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Abstract

The coupling between the solar wind, magnetosphere, and ionosphere is crucial for un-
derstanding the space environment and its impact on Earth. The Earth’s polar upper
atmosphere, and the auroral zone in particular, constitutes a region of convergence of
the electromagnetic and kinetic energy provided by the magnetosphere. As such, the
morphology of the region where auroral activity concentrates, typically known as the
auroral oval, has been widely investigated in recent decades. The influx of charged parti-
cles guided by magnetic field lines connecting the magnetosphere and ionosphere, along
with magnetic field disturbances, offer distinct perspectives on the aurora and, more
broadly, on the solar wind-magnetosphere-ionosphere coupling.

This thesis aims to investigate the auroral region morphology, with a focus on asymme-
tries, to contribute to the understanding of the complex interplay between the magneto-
sphere and Earth’s upper atmosphere. Notably, we place a large emphasis on elucidating
the role of the planet’s rotation in shaping convection flows within the magnetosphere,
which in turn influence the auroral zone.

In Papers I and II, we develop a statistical method to characterise the auroral region
morphology by deriving the occurrence probability of aurora based on measurements of
particle precipitation (Paper I) and magnetic field fluctuations (Paper II) in the polar
ionosphere. Despite major differences, these two studies reveal interesting common fea-
tures in terms of spatial distributions in magnetic latitude and local time. Statistically,
there is an extended region of high occurrence probability for both particle precipitation
and magnetic field fluctuations, indicating large-scale, long-term patterns. This region of
high probability forms, to first order, an oval around the pole and exhibits a dawn-dusk
asymmetry, with a persistently wider oval in the dawn sector compared to dusk. In Pa-
per I, we suggest that, from a fluid perspective, the width asymmetry in the occurrence
probability of electron precipitation may reflect the amount of magnetospheric magnetic
flux being convected around Earth. In this picture, the Earth’s rotation could play a role
in transporting more plasma toward dawn. Following this hypothesis, in Paper III, we
estimate the extent to which magnetospheric plasma corotates at large distances from
the ionosphere. We find that some regions in the magnetosphere follow Earth’s rotation,
despite a lag in the corotation velocity, while others are stationary. We show that the
sub-corotation of the magnetospheric plasma may have broader implications in terms of
ionospheric electrodynamics and magnetic field topology, further impacting the auroral
region.

When considered as a whole, the studies constituting this thesis emphasise that electron
precipitation and magnetic field fluctuations in the ionosphere can be used as indicators
of the large-scale coupling between magnetospheric dynamics and auroral region. Our
findings demonstrate that the dawn-dusk asymmetry in the auroral region is partly due
to the Earth’s rotation driving plasma more eastwards than westwards in the magneto-
spheric plasma sheet.

Abstract

Thecouplingbetweenthesolarwind,magnetosphere,andionosphereiscrucialforun-
derstandingthespaceenvironmentanditsimpactonEarth.TheEarth’spolarupper
atmosphere,andtheauroralzoneinparticular,constitutesaregionofconvergenceof
theelectromagneticandkineticenergyprovidedbythemagnetosphere.Assuch,the
morphologyoftheregionwhereauroralactivityconcentrates,typicallyknownasthe
auroraloval,hasbeenwidelyinvestigatedinrecentdecades.Theinfluxofchargedparti-
clesguidedbymagneticfieldlinesconnectingthemagnetosphereandionosphere,along
withmagneticfielddisturbances,offerdistinctperspectivesontheauroraand,more
broadly,onthesolarwind-magnetosphere-ionospherecoupling.

Thisthesisaimstoinvestigatetheauroralregionmorphology,withafocusonasymme-
tries,tocontributetotheunderstandingofthecomplexinterplaybetweenthemagneto-
sphereandEarth’supperatmosphere.Notably,weplacealargeemphasisonelucidating
theroleoftheplanet’srotationinshapingconvectionflowswithinthemagnetosphere,
whichinturninfluencetheauroralzone.

InPapersIandII,wedevelopastatisticalmethodtocharacterisetheauroralregion
morphologybyderivingtheoccurrenceprobabilityofaurorabasedonmeasurementsof
particleprecipitation(PaperI)andmagneticfieldfluctuations(PaperII)inthepolar
ionosphere.Despitemajordifferences,thesetwostudiesrevealinterestingcommonfea-
turesintermsofspatialdistributionsinmagneticlatitudeandlocaltime.Statistically,
thereisanextendedregionofhighoccurrenceprobabilityforbothparticleprecipitation
andmagneticfieldfluctuations,indicatinglarge-scale,long-termpatterns.Thisregionof
highprobabilityforms,tofirstorder,anovalaroundthepoleandexhibitsadawn-dusk
asymmetry,withapersistentlywiderovalinthedawnsectorcomparedtodusk.InPa-
perI,wesuggestthat,fromafluidperspective,thewidthasymmetryintheoccurrence
probabilityofelectronprecipitationmayreflecttheamountofmagnetosphericmagnetic
fluxbeingconvectedaroundEarth.Inthispicture,theEarth’srotationcouldplayarole
intransportingmoreplasmatowarddawn.Followingthishypothesis,inPaperIII,we
estimatetheextenttowhichmagnetosphericplasmacorotatesatlargedistancesfrom
theionosphere.WefindthatsomeregionsinthemagnetospherefollowEarth’srotation,
despitealaginthecorotationvelocity,whileothersarestationary.Weshowthatthe
sub-corotationofthemagnetosphericplasmamayhavebroaderimplicationsintermsof
ionosphericelectrodynamicsandmagneticfieldtopology,furtherimpactingtheauroral
region.

Whenconsideredasawhole,thestudiesconstitutingthisthesisemphasisethatelectron
precipitationandmagneticfieldfluctuationsintheionospherecanbeusedasindicators
ofthelarge-scalecouplingbetweenmagnetosphericdynamicsandauroralregion.Our
findingsdemonstratethatthedawn-duskasymmetryintheauroralregionispartlydue
totheEarth’srotationdrivingplasmamoreeastwardsthanwestwardsinthemagneto-
sphericplasmasheet.
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clesguidedbymagneticfieldlinesconnectingthemagnetosphereandionosphere,along
withmagneticfielddisturbances,offerdistinctperspectivesontheauroraand,more
broadly,onthesolarwind-magnetosphere-ionospherecoupling.

Thisthesisaimstoinvestigatetheauroralregionmorphology,withafocusonasymme-
tries,tocontributetotheunderstandingofthecomplexinterplaybetweenthemagneto-
sphereandEarth’supperatmosphere.Notably,weplacealargeemphasisonelucidating
theroleoftheplanet’srotationinshapingconvectionflowswithinthemagnetosphere,
whichinturninfluencetheauroralzone.

InPapersIandII,wedevelopastatisticalmethodtocharacterisetheauroralregion
morphologybyderivingtheoccurrenceprobabilityofaurorabasedonmeasurementsof
particleprecipitation(PaperI)andmagneticfieldfluctuations(PaperII)inthepolar
ionosphere.Despitemajordifferences,thesetwostudiesrevealinterestingcommonfea-
turesintermsofspatialdistributionsinmagneticlatitudeandlocaltime.Statistically,
thereisanextendedregionofhighoccurrenceprobabilityforbothparticleprecipitation
andmagneticfieldfluctuations,indicatinglarge-scale,long-termpatterns.Thisregionof
highprobabilityforms,tofirstorder,anovalaroundthepoleandexhibitsadawn-dusk
asymmetry,withapersistentlywiderovalinthedawnsectorcomparedtodusk.InPa-
perI,wesuggestthat,fromafluidperspective,thewidthasymmetryintheoccurrence
probabilityofelectronprecipitationmayreflecttheamountofmagnetosphericmagnetic
fluxbeingconvectedaroundEarth.Inthispicture,theEarth’srotationcouldplayarole
intransportingmoreplasmatowarddawn.Followingthishypothesis,inPaperIII,we
estimatetheextenttowhichmagnetosphericplasmacorotatesatlargedistancesfrom
theionosphere.WefindthatsomeregionsinthemagnetospherefollowEarth’srotation,
despitealaginthecorotationvelocity,whileothersarestationary.Weshowthatthe
sub-corotationofthemagnetosphericplasmamayhavebroaderimplicationsintermsof
ionosphericelectrodynamicsandmagneticfieldtopology,furtherimpactingtheauroral
region.

Whenconsideredasawhole,thestudiesconstitutingthisthesisemphasisethatelectron
precipitationandmagneticfieldfluctuationsintheionospherecanbeusedasindicators
ofthelarge-scalecouplingbetweenmagnetosphericdynamicsandauroralregion.Our
findingsdemonstratethatthedawn-duskasymmetryintheauroralregionispartlydue
totheEarth’srotationdrivingplasmamoreeastwardsthanwestwardsinthemagneto-
sphericplasmasheet.
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Sammendrag

Koblingen mellom solvinden, magnetosfæren, og ionosfæren er avgjørende for å forstå
verdensrommet og dens påvirkning på Jorden. I de øvre lagene av atmosfæren ved polene,
spesielt i området kjent som auroraregionen, møtes elektromagnetisk og kinetisk energi
fra magnetosfæren. Dette området, ofte kalt auroraovalen, har blitt mye studert de
siste tiårene. Strømmen av ladde partikler langs magnetfeltlinjer fra magnetosfæren til
ionosfæren, og forstyrrelser i magnetfeltet, gir oss unike innsikter i auroraen og solvind-
magnetosfære-ionosfære koblingen.

Denne avhandlingen undersøker formen og asymmetriene i auroraområdet for å bedre
forstå det komplekse samspillet mellom magnetosfæren og jordens øvre atmosfære. Vi
ser spesielt på hvordan jordens rotasjon påvirker strømmen av plasma i magnetosfæren,
som igjen påvirker auroraen.

I Artikkel I og II utvikler vi en statistisk metode for å beskrive auroraområdets form ved
å utlede sannsynligheten for forekomst av aurora basert på målinger av partikkelnedbør
(Artikkel I) og svigninger i magnetifeltet (Artikkel II) i den polare ionosfæren. Til tross
for store forskjeller, avslører studiene interessante felles trekk med hensyn til fordelinger i
magnetisk bredde og lokal tid. Statistisk sett er det en utvidet region med høy forekom-
stsannsynlighet for både partikkelnedbør og magnetfeltsvingninger, noe som indikerer
store, langsiktige mønstre. Denne regionen med høy sannsynlighet danner, i første or-
den, en oval rundt polen og viser en morgen-kveld asymmetri, med en vedvarende bredere
oval i morgensektoren sammenlignet med kveld. I Artikkel I foreslår vi, fra et væskeper-
spektiv, at breddeasymmetrien i forekomstsannsynligheten for elektronnedbør reflektere
mengden av magnetisk fluks i magnetosfæren som blir transportert rundt Jorden. Videre
foreslår vi at jordens rotasjon kanskje spille en rolle i å transportere mer plasma mot
morgesektoren. Basert på denne hypotesen, anslår vi i Artikkel III i hvilken grad det
magnetosfæriske plasmaet koroterer med store avstander fra ionosfæren. Vi finner at
noen regioner i magnetosfæren følger jordens rotasjon, til tross for en forsinkelse i ko-
rotasjonshastigheten, mens andre er stasjonære. Vi viser at sub-korotasjonen av det
magnetosfæriske plasmaet kan ha bredere implikasjoner for hvordan ionosfæren og mag-
netfeltet oppfører seg, og påvirker auroraområdet.

Samlet sett viser disse studiene at observasjoner av elektronnedbør og magnetfeltsv-
ingninger kan fortelle oss mye om samspillet mellom magnetosfæren og auroraområdet.
Våre funn tyder på at forskjellen mellom morgen- og kveldssiden i auroraområdet delvis
kan forklares med jordens rotasjon, som skyver plasmaet mer mot øst enn mot vest i det
magnetosfæriske plasmaskjiktet.

Sammendrag

Koblingenmellomsolvinden,magnetosfæren,ogionosfæreneravgjørendeforåforstå
verdensrommetogdenspåvirkningpåJorden.Ideøvrelageneavatmosfærenvedpolene,
spesieltiområdetkjentsomauroraregionen,møteselektromagnetiskogkinetiskenergi
framagnetosfæren.Detteområdet,oftekaltauroraovalen,harblittmyestudertde
sistetiårene.Strømmenavladdepartiklerlangsmagnetfeltlinjerframagnetosfærentil
ionosfæren,ogforstyrrelserimagnetfeltet,girossunikeinnsikteriauroraenogsolvind-
magnetosfære-ionosfærekoblingen.

Denneavhandlingenundersøkerformenogasymmetrieneiauroraområdetforåbedre
forstådetkompleksesamspilletmellommagnetosfærenogjordensøvreatmosfære.Vi
serspesieltpåhvordanjordensrotasjonpåvirkerstrømmenavplasmaimagnetosfæren,
somigjenpåvirkerauroraen.

IArtikkelIogIIutviklervienstatistiskmetodeforåbeskriveauroraområdetsformved
åutledesannsynlighetenforforekomstavaurorabasertpåmålingeravpartikkelnedbør
(ArtikkelI)ogsvigningerimagnetifeltet(ArtikkelII)idenpolareionosfæren.Tiltross
forstoreforskjeller,avslørerstudieneinteressantefellestrekkmedhensyntilfordelingeri
magnetiskbreddeoglokaltid.Statistisksetterdetenutvidetregionmedhøyforekom-
stsannsynlighetforbådepartikkelnedbørogmagnetfeltsvingninger,noesomindikerer
store,langsiktigemønstre.Denneregionenmedhøysannsynlighetdanner,iførsteor-
den,enovalrundtpolenogviserenmorgen-kveldasymmetri,medenvedvarendebredere
ovalimorgensektorensammenlignetmedkveld.IArtikkelIforeslårvi,fraetvæskeper-
spektiv,atbreddeasymmetrieniforekomstsannsynlighetenforelektronnedbørreflektere
mengdenavmagnetiskfluksimagnetosfærensomblirtransportertrundtJorden.Videre
foreslårviatjordensrotasjonkanskjespilleenrolleiåtransporteremerplasmamot
morgesektoren.Basertpådennehypotesen,anslårviiArtikkelIIIihvilkengraddet
magnetosfæriskeplasmaetkoroterermedstoreavstanderfraionosfæren.Vifinnerat
noenregionerimagnetosfærenfølgerjordensrotasjon,tiltrossforenforsinkelseiko-
rotasjonshastigheten,mensandreerstasjonære.Viviseratsub-korotasjonenavdet
magnetosfæriskeplasmaetkanhabredereimplikasjonerforhvordanionosfærenogmag-
netfeltetoppførerseg,ogpåvirkerauroraområdet.

Samletsettviserdissestudieneatobservasjoneravelektronnedbørogmagnetfeltsv-
ingningerkanfortelleossmyeomsamspilletmellommagnetosfærenogauroraområdet.
Vårefunntyderpåatforskjellenmellommorgen-ogkveldssideniauroraområdetdelvis
kanforklaresmedjordensrotasjon,somskyverplasmaetmermotøstennmotvestidet
magnetosfæriskeplasmaskjiktet.
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1 Introduction

The Sun continually releases energy through a flux of charged particles known as the
solar wind. The Sun’s magnetic field lines are frozen into the solar wind as the latter
propagates away from the star into interplanetary space. When in proximity to mag-
netised planets (notably Earth, but also Jupiter and Saturn, for example), the solar
wind and its embedded interplanetary magnetic field (IMF) interact with the celestial
body’s magnetic environment – the magnetosphere –, inducing changes in its configu-
ration. At Earth, the inner magnetosphere, located near the planet’s surface, exhibits
a dipole shape, while the influence of the solar wind causes the outer magnetosphere
to deviate from this dipolar configuration. The outer magnetosphere is positioned at
around 10 Earth radii (RE) on the dayside (facing the Sun) and extends over hundreds
of RE on the nightside, forming the region referred to as the magnetotail. The solar wind
plasma is consequently mainly deflected around the magnetosphere, and separated from
the geomagnetic field by the magnetopause. Although this boundary restricts mass, mo-
mentum, and energy transfers between the two environments, the solar wind plasma may
penetrate into the magnetosphere when the interplanetary and planetary magnetic field
lines merge on the dayside. This process is known as dayside reconnection and results
in the opening of Earth’s magnetic field lines to interplanetary space. Open field lines
are subsequently dragged to the nightside to form the magnetospheric lobes, where the
kinetic energy from the solar wind is converted into magnetic energy. This is followed
by a rearrangement of magnetic field lines in the magnetotail, namely nightside recon-
nection. These magnetic reconnections initiate a large-scale movement of plasma within
the Earth’s magnetosphere, which, according to the prevailing paradigm, is largely gov-
erned by the solar wind and IMF conditions (Cowley and Lockwood , 1992). Figure 1.1
shows an artist’s view of the solar wind and Earth’s magnetosphere.

Figure 1.1: NASA illustration of the solar wind interacting with the magnetosphere surrounding
Earth.
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2 Introduction

The dynamics of the magnetosphere and its internal plasma transport significantly in-
fluence the planet’s upper atmosphere. In particular, the ionosphere – a region where
a significant fraction of the atmosphere’s constituents are ionised, as opposed to the
neutral atmosphere – has an intricate relationship with the magnetosphere, commonly
identified as magnetosphere-ionosphere (M-I) coupling (Blanc, 1988). Various phenom-
ena contribute to geospace dynamics. Particularly, currents and wave propagation play
crucial roles in facilitating the exchange of energy, mass, and momentum between the
magnetosphere and ionosphere (Vasyli , 2012; Thayer and Semeter , 2004; Borovsky and
Valdivia , 2018). Additionally, the transfer of magnetic energy into kinetic energy during
nightside reconnection drives charged particles towards Earth. As protons and electrons
travel along magnetic field lines with footpoints in the polar ionosphere, they may precip-
itate and collide with atmospheric constituents such as oxygen and nitrogen, ultimately
leading to the formation of light displays known as aurora (see Figure 1.2).

The aurora has been observed by humans for thousands of years. One of the earliest sci-
entific descriptions of the Aurora Borealis (“Northern Dawn”, in Latin) was documented
by Galileo Galilei in the 1600s. The next couple of centuries saw more systematic observa-
tions and the development of mathematical models to explain the aurora. In particular,
in the late 19th – early 20th centuries, Kristian Birkeland, a Norwegian scientist and
early pioneer in space physics, made significant contributions to our understanding of
the interactions between the solar wind, Earth’s magnetosphere, and aurora. With the
advent of space exploration in the mid-20th century, the deployment of satellites and
high-altitude rockets equipped with instruments and sensors provided a new perspective
on the aurora and marked a significant advancement in our knowledge of auroral phe-
nomena and their connection to magnetospheric dynamics. Auroral studies led to the
establishment of the auroral oval concept in the 1960s (Feldstein , 2016). More recent
advances in technology, including satellite observations, ground-based instruments, nu-
merical simulations, and modelling, have allowed for more detailed and comprehensive
studies of the aurora. It is now generally accepted that the auroral region exhibits an
approximate oval shape, at high latitudes, centered around the magnetic poles (Zmuda,
2012). Additionally, it is well known that the intensity and extent of the auroral region
are governed by geomagnetic activity (Akasofu, 1963). However, the precise dynamics of
the boundaries of the auroral region, and, thereby, the interconnection between magne-
tospheric mechanisms and auroral region morphology, remain an active field of research
(Ohma et al., 2023).

Objectives The underlying purpose behind most space physics studies is to enhance
our predictive capabilities regarding the variety of dynamic complex events occurring in
the near-Earth space environment that are influenced by the Sun – commonly referred to
as space weather events. A comprehensive understanding of space weather is indispens-
able for forecasting and minimizing potential impacts on communication, navigation,
and other technologies reliant on space-based infrastructure.

On a less pragmatic yet fascinating note, space weather also significantly impacts auroral
phenomena. In fact, the connections between magnetospheric dynamics and the auroral
region morphology serve as the focal point of the investigations carried out in this thesis.
Ultimately, the aim is to unravel the complexities of the M-I coupling. Moreover, while
conventional approaches often overlook the impact of planetary rotation in favour of the
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2 Introduction

The dynamics of the magnetosphere and its internal plasma transport significantly in-
fluence the planet’s upper atmosphere. In particular, the ionosphere – a region where
a significant fraction of the atmosphere’s constituents are ionised, as opposed to the
neutral atmosphere – has an intricate relationship with the magnetosphere, commonly
identified as magnetosphere-ionosphere (M-I) coupling (Blanc, 1988). Various phenom-
ena contribute to geospace dynamics. Particularly, currents and wave propagation play
crucial roles in facilitating the exchange of energy, mass, and momentum between the
magnetosphere and ionosphere (Vasyli , 2012; Thayer and Semeter , 2004; Borovsky and
Valdivia , 2018). Additionally, the transfer of magnetic energy into kinetic energy during
nightside reconnection drives charged particles towards Earth. As protons and electrons
travel along magnetic field lines with footpoints in the polar ionosphere, they may precip-
itate and collide with atmospheric constituents such as oxygen and nitrogen, ultimately
leading to the formation of light displays known as aurora (see Figure 1.2).

The aurora has been observed by humans for thousands of years. One of the earliest sci-
entific descriptions of the Aurora Borealis (“Northern Dawn”, in Latin) was documented
by Galileo Galilei in the 1600s. The next couple of centuries saw more systematic observa-
tions and the development of mathematical models to explain the aurora. In particular,
in the late 19th – early 20th centuries, Kristian Birkeland, a Norwegian scientist and
early pioneer in space physics, made significant contributions to our understanding of
the interactions between the solar wind, Earth’s magnetosphere, and aurora. With the
advent of space exploration in the mid-20th century, the deployment of satellites and
high-altitude rockets equipped with instruments and sensors provided a new perspective
on the aurora and marked a significant advancement in our knowledge of auroral phe-
nomena and their connection to magnetospheric dynamics. Auroral studies led to the
establishment of the auroral oval concept in the 1960s (Feldstein , 2016). More recent
advances in technology, including satellite observations, ground-based instruments, nu-
merical simulations, and modelling, have allowed for more detailed and comprehensive
studies of the aurora. It is now generally accepted that the auroral region exhibits an
approximate oval shape, at high latitudes, centered around the magnetic poles (Zmuda,
2012). Additionally, it is well known that the intensity and extent of the auroral region
are governed by geomagnetic activity (Akasofu, 1963). However, the precise dynamics of
the boundaries of the auroral region, and, thereby, the interconnection between magne-
tospheric mechanisms and auroral region morphology, remain an active field of research
(Ohma et al., 2023).

Objectives The underlying purpose behind most space physics studies is to enhance
our predictive capabilities regarding the variety of dynamic complex events occurring in
the near-Earth space environment that are influenced by the Sun – commonly referred to
as space weather events. A comprehensive understanding of space weather is indispens-
able for forecasting and minimizing potential impacts on communication, navigation,
and other technologies reliant on space-based infrastructure.

On a less pragmatic yet fascinating note, space weather also significantly impacts auroral
phenomena. In fact, the connections between magnetospheric dynamics and the auroral
region morphology serve as the focal point of the investigations carried out in this thesis.
Ultimately, the aim is to unravel the complexities of the M-I coupling. Moreover, while
conventional approaches often overlook the impact of planetary rotation in favour of the
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solar wind’s influence, we place a particular emphasis on understanding the effect of
Earth’s rotation in shaping the near-Earth space environment.

The overarching research questions guiding the work conducted in this thesis can be
summarised as follows:

• What do ionospheric observations from the auroral region tell us about
magnetospheric dynamics?

• What is the influence of Earth’s rotation on shaping the auroral region?

The papers composing this thesis aim to provide insights into these questions by ad-
dressing specific aspects.

In Paper I, our main emphasis is on analysing the morphology of the auroral region
in terms of asymmetries between dawn and dusk. Using a large dataset of ionospheric
electron energy flux measurements, we derive the occurrence probability of detecting
aurora in the polar region and examine the variation in auroral extent depending on
the magnetic local time and geomagnetic conditions. Assuming a topological mapping
between auroral electron precipitation and the magnetosphere, we implement a simple
fluid model representing the magnetospheric magnetic flux to explore the potential role
of Earth’s rotation in shaping the asymmetric auroral region.

Paper II aims to further explore the auroral zone morphology and investigate connections
between magnetic perturbations measured in the polar ionosphere and magnetospheric
dynamics. We analyse the occurrence probability of detecting substantial magnetic field
fluctuations across various frequency bands and external conditions, and determine which
mode of the M-I coupling (direct/dynamic or indirect/large-scale steady-state) is rep-
resented by each frequency range. Furthermore, we evaluate whether magnetic field
fluctuations can serve as a proxy for the auroral region by comparing their spatial oc-
currence probability distribution with that of auroral electron precipitation from Paper
I.

Paper III builds upon the findings of the two preceding papers and concentrates on un-
covering the influence of Earth’s rotation on the magnetosphere and the auroral region.
We seek to empirically validate the hypothesis proposed in Paper I, which suggests that
Earth’s rotation plays a role in the transport of magnetic flux within the magnetosphere.
Using magnetospheric convection measurements, we measure the in-situ eastward veloc-
ity and assess the degree of synchronisation between Earth’s rotation and plasma motion
across different regions of the magnetosphere. We further relate our findings to the au-
roral zone and the dawn-dusk asymmetry observed in Papers I and II.

Outline Chapter 2 offers a thorough review of the current understanding of the mech-
anisms and main features of the coupling between the solar wind, magnetosphere, and
ionosphere, with a particular focus on the auroral region. Basic concepts in space plasma
physics are introduced along the way, and the chapter concludes with a discussion on
the contrasting fluid and kinetic descriptions of plasma within the M-I system. Ulti-
mately, this chapter provides the reader with the theoretical framework necessary for
understanding the research papers forming the core of this thesis. Chapter 3 describes
the data employed in this thesis, and Chapter 4 outlines the methodologies used to de-
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themagneticlocaltimeandgeomagneticconditions.Assumingatopologicalmapping
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fluidmodelrepresentingthemagnetosphericmagneticfluxtoexplorethepotentialrole
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modeoftheM-Icoupling(direct/dynamicorindirect/large-scalesteady-state)isrep-
resentedbyeachfrequencyrange.Furthermore,weevaluatewhethermagneticfield
fluctuationscanserveasaproxyfortheauroralregionbycomparingtheirspatialoc-
currenceprobabilitydistributionwiththatofauroralelectronprecipitationfromPaper
I.

PaperIIIbuildsuponthefindingsofthetwoprecedingpapersandconcentratesonun-
coveringtheinfluenceofEarth’srotationonthemagnetosphereandtheauroralregion.
WeseektoempiricallyvalidatethehypothesisproposedinPaperI,whichsuggeststhat
Earth’srotationplaysaroleinthetransportofmagneticfluxwithinthemagnetosphere.
Usingmagnetosphericconvectionmeasurements,wemeasurethein-situeastwardveloc-
ityandassessthedegreeofsynchronisationbetweenEarth’srotationandplasmamotion
acrossdifferentregionsofthemagnetosphere.Wefurtherrelateourfindingstotheau-
roralzoneandthedawn-duskasymmetryobservedinPapersIandII.

OutlineChapter2offersathoroughreviewofthecurrentunderstandingofthemech-
anismsandmainfeaturesofthecouplingbetweenthesolarwind,magnetosphere,and
ionosphere,withaparticularfocusontheauroralregion.Basicconceptsinspaceplasma
physicsareintroducedalongtheway,andthechapterconcludeswithadiscussionon
thecontrastingfluidandkineticdescriptionsofplasmawithintheM-Isystem.Ulti-
mately,thischapterprovidesthereaderwiththetheoreticalframeworknecessaryfor
understandingtheresearchpapersformingthecoreofthisthesis.Chapter3describes
thedataemployedinthisthesis,andChapter4outlinesthemethodologiesusedtode-
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summarised as follows:

• What do ionospheric observations from the auroral region tell us about
magnetospheric dynamics?

• What is the influence of Earth’s rotation on shaping the auroral region?

The papers composing this thesis aim to provide insights into these questions by ad-
dressing specific aspects.

In Paper I, our main emphasis is on analysing the morphology of the auroral region
in terms of asymmetries between dawn and dusk. Using a large dataset of ionospheric
electron energy flux measurements, we derive the occurrence probability of detecting
aurora in the polar region and examine the variation in auroral extent depending on
the magnetic local time and geomagnetic conditions. Assuming a topological mapping
between auroral electron precipitation and the magnetosphere, we implement a simple
fluid model representing the magnetospheric magnetic flux to explore the potential role
of Earth’s rotation in shaping the asymmetric auroral region.

Paper II aims to further explore the auroral zone morphology and investigate connections
between magnetic perturbations measured in the polar ionosphere and magnetospheric
dynamics. We analyse the occurrence probability of detecting substantial magnetic field
fluctuations across various frequency bands and external conditions, and determine which
mode of the M-I coupling (direct/dynamic or indirect/large-scale steady-state) is rep-
resented by each frequency range. Furthermore, we evaluate whether magnetic field
fluctuations can serve as a proxy for the auroral region by comparing their spatial oc-
currence probability distribution with that of auroral electron precipitation from Paper
I.

Paper III builds upon the findings of the two preceding papers and concentrates on un-
covering the influence of Earth’s rotation on the magnetosphere and the auroral region.
We seek to empirically validate the hypothesis proposed in Paper I, which suggests that
Earth’s rotation plays a role in the transport of magnetic flux within the magnetosphere.
Using magnetospheric convection measurements, we measure the in-situ eastward veloc-
ity and assess the degree of synchronisation between Earth’s rotation and plasma motion
across different regions of the magnetosphere. We further relate our findings to the au-
roral zone and the dawn-dusk asymmetry observed in Papers I and II.

Outline Chapter 2 offers a thorough review of the current understanding of the mech-
anisms and main features of the coupling between the solar wind, magnetosphere, and
ionosphere, with a particular focus on the auroral region. Basic concepts in space plasma
physics are introduced along the way, and the chapter concludes with a discussion on
the contrasting fluid and kinetic descriptions of plasma within the M-I system. Ulti-
mately, this chapter provides the reader with the theoretical framework necessary for
understanding the research papers forming the core of this thesis. Chapter 3 describes
the data employed in this thesis, and Chapter 4 outlines the methodologies used to de-
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solarwind’sinfluence,weplaceaparticularemphasisonunderstandingtheeffectof
Earth’srotationinshapingthenear-Earthspaceenvironment.

Theoverarchingresearchquestionsguidingtheworkconductedinthisthesiscanbe
summarisedasfollows:

•Whatdoionosphericobservationsfromtheauroralregiontellusabout
magnetosphericdynamics?

•WhatistheinfluenceofEarth’srotationonshapingtheauroralregion?

Thepaperscomposingthisthesisaimtoprovideinsightsintothesequestionsbyad-
dressingspecificaspects.

InPaperI,ourmainemphasisisonanalysingthemorphologyoftheauroralregion
intermsofasymmetriesbetweendawnanddusk.Usingalargedatasetofionospheric
electronenergyfluxmeasurements,wederivetheoccurrenceprobabilityofdetecting
aurorainthepolarregionandexaminethevariationinauroralextentdependingon
themagneticlocaltimeandgeomagneticconditions.Assumingatopologicalmapping
betweenauroralelectronprecipitationandthemagnetosphere,weimplementasimple
fluidmodelrepresentingthemagnetosphericmagneticfluxtoexplorethepotentialrole
ofEarth’srotationinshapingtheasymmetricauroralregion.

PaperIIaimstofurtherexploretheauroralzonemorphologyandinvestigateconnections
betweenmagneticperturbationsmeasuredinthepolarionosphereandmagnetospheric
dynamics.Weanalysetheoccurrenceprobabilityofdetectingsubstantialmagneticfield
fluctuationsacrossvariousfrequencybandsandexternalconditions,anddeterminewhich
modeoftheM-Icoupling(direct/dynamicorindirect/large-scalesteady-state)isrep-
resentedbyeachfrequencyrange.Furthermore,weevaluatewhethermagneticfield
fluctuationscanserveasaproxyfortheauroralregionbycomparingtheirspatialoc-
currenceprobabilitydistributionwiththatofauroralelectronprecipitationfromPaper
I.

PaperIIIbuildsuponthefindingsofthetwoprecedingpapersandconcentratesonun-
coveringtheinfluenceofEarth’srotationonthemagnetosphereandtheauroralregion.
WeseektoempiricallyvalidatethehypothesisproposedinPaperI,whichsuggeststhat
Earth’srotationplaysaroleinthetransportofmagneticfluxwithinthemagnetosphere.
Usingmagnetosphericconvectionmeasurements,wemeasurethein-situeastwardveloc-
ityandassessthedegreeofsynchronisationbetweenEarth’srotationandplasmamotion
acrossdifferentregionsofthemagnetosphere.Wefurtherrelateourfindingstotheau-
roralzoneandthedawn-duskasymmetryobservedinPapersIandII.

OutlineChapter2offersathoroughreviewofthecurrentunderstandingofthemech-
anismsandmainfeaturesofthecouplingbetweenthesolarwind,magnetosphere,and
ionosphere,withaparticularfocusontheauroralregion.Basicconceptsinspaceplasma
physicsareintroducedalongtheway,andthechapterconcludeswithadiscussionon
thecontrastingfluidandkineticdescriptionsofplasmawithintheM-Isystem.Ulti-
mately,thischapterprovidesthereaderwiththetheoreticalframeworknecessaryfor
understandingtheresearchpapersformingthecoreofthisthesis.Chapter3describes
thedataemployedinthisthesis,andChapter4outlinesthemethodologiesusedtode-

3

solarwind’sinfluence,weplaceaparticularemphasisonunderstandingtheeffectof
Earth’srotationinshapingthenear-Earthspaceenvironment.

Theoverarchingresearchquestionsguidingtheworkconductedinthisthesiscanbe
summarisedasfollows:

•Whatdoionosphericobservationsfromtheauroralregiontellusabout
magnetosphericdynamics?

•WhatistheinfluenceofEarth’srotationonshapingtheauroralregion?

Thepaperscomposingthisthesisaimtoprovideinsightsintothesequestionsbyad-
dressingspecificaspects.

InPaperI,ourmainemphasisisonanalysingthemorphologyoftheauroralregion
intermsofasymmetriesbetweendawnanddusk.Usingalargedatasetofionospheric
electronenergyfluxmeasurements,wederivetheoccurrenceprobabilityofdetecting
aurorainthepolarregionandexaminethevariationinauroralextentdependingon
themagneticlocaltimeandgeomagneticconditions.Assumingatopologicalmapping
betweenauroralelectronprecipitationandthemagnetosphere,weimplementasimple
fluidmodelrepresentingthemagnetosphericmagneticfluxtoexplorethepotentialrole
ofEarth’srotationinshapingtheasymmetricauroralregion.

PaperIIaimstofurtherexploretheauroralzonemorphologyandinvestigateconnections
betweenmagneticperturbationsmeasuredinthepolarionosphereandmagnetospheric
dynamics.Weanalysetheoccurrenceprobabilityofdetectingsubstantialmagneticfield
fluctuationsacrossvariousfrequencybandsandexternalconditions,anddeterminewhich
modeoftheM-Icoupling(direct/dynamicorindirect/large-scalesteady-state)isrep-
resentedbyeachfrequencyrange.Furthermore,weevaluatewhethermagneticfield
fluctuationscanserveasaproxyfortheauroralregionbycomparingtheirspatialoc-
currenceprobabilitydistributionwiththatofauroralelectronprecipitationfromPaper
I.

PaperIIIbuildsuponthefindingsofthetwoprecedingpapersandconcentratesonun-
coveringtheinfluenceofEarth’srotationonthemagnetosphereandtheauroralregion.
WeseektoempiricallyvalidatethehypothesisproposedinPaperI,whichsuggeststhat
Earth’srotationplaysaroleinthetransportofmagneticfluxwithinthemagnetosphere.
Usingmagnetosphericconvectionmeasurements,wemeasurethein-situeastwardveloc-
ityandassessthedegreeofsynchronisationbetweenEarth’srotationandplasmamotion
acrossdifferentregionsofthemagnetosphere.Wefurtherrelateourfindingstotheau-
roralzoneandthedawn-duskasymmetryobservedinPapersIandII.

OutlineChapter2offersathoroughreviewofthecurrentunderstandingofthemech-
anismsandmainfeaturesofthecouplingbetweenthesolarwind,magnetosphere,and
ionosphere,withaparticularfocusontheauroralregion.Basicconceptsinspaceplasma
physicsareintroducedalongtheway,andthechapterconcludeswithadiscussionon
thecontrastingfluidandkineticdescriptionsofplasmawithintheM-Isystem.Ulti-
mately,thischapterprovidesthereaderwiththetheoreticalframeworknecessaryfor
understandingtheresearchpapersformingthecoreofthisthesis.Chapter3describes
thedataemployedinthisthesis,andChapter4outlinesthemethodologiesusedtode-

3

solarwind’sinfluence,weplaceaparticularemphasisonunderstandingtheeffectof
Earth’srotationinshapingthenear-Earthspaceenvironment.

Theoverarchingresearchquestionsguidingtheworkconductedinthisthesiscanbe
summarisedasfollows:

•Whatdoionosphericobservationsfromtheauroralregiontellusabout
magnetosphericdynamics?

•WhatistheinfluenceofEarth’srotationonshapingtheauroralregion?

Thepaperscomposingthisthesisaimtoprovideinsightsintothesequestionsbyad-
dressingspecificaspects.

InPaperI,ourmainemphasisisonanalysingthemorphologyoftheauroralregion
intermsofasymmetriesbetweendawnanddusk.Usingalargedatasetofionospheric
electronenergyfluxmeasurements,wederivetheoccurrenceprobabilityofdetecting
aurorainthepolarregionandexaminethevariationinauroralextentdependingon
themagneticlocaltimeandgeomagneticconditions.Assumingatopologicalmapping
betweenauroralelectronprecipitationandthemagnetosphere,weimplementasimple
fluidmodelrepresentingthemagnetosphericmagneticfluxtoexplorethepotentialrole
ofEarth’srotationinshapingtheasymmetricauroralregion.

PaperIIaimstofurtherexploretheauroralzonemorphologyandinvestigateconnections
betweenmagneticperturbationsmeasuredinthepolarionosphereandmagnetospheric
dynamics.Weanalysetheoccurrenceprobabilityofdetectingsubstantialmagneticfield
fluctuationsacrossvariousfrequencybandsandexternalconditions,anddeterminewhich
modeoftheM-Icoupling(direct/dynamicorindirect/large-scalesteady-state)isrep-
resentedbyeachfrequencyrange.Furthermore,weevaluatewhethermagneticfield
fluctuationscanserveasaproxyfortheauroralregionbycomparingtheirspatialoc-
currenceprobabilitydistributionwiththatofauroralelectronprecipitationfromPaper
I.

PaperIIIbuildsuponthefindingsofthetwoprecedingpapersandconcentratesonun-
coveringtheinfluenceofEarth’srotationonthemagnetosphereandtheauroralregion.
WeseektoempiricallyvalidatethehypothesisproposedinPaperI,whichsuggeststhat
Earth’srotationplaysaroleinthetransportofmagneticfluxwithinthemagnetosphere.
Usingmagnetosphericconvectionmeasurements,wemeasurethein-situeastwardveloc-
ityandassessthedegreeofsynchronisationbetweenEarth’srotationandplasmamotion
acrossdifferentregionsofthemagnetosphere.Wefurtherrelateourfindingstotheau-
roralzoneandthedawn-duskasymmetryobservedinPapersIandII.

OutlineChapter2offersathoroughreviewofthecurrentunderstandingofthemech-
anismsandmainfeaturesofthecouplingbetweenthesolarwind,magnetosphere,and
ionosphere,withaparticularfocusontheauroralregion.Basicconceptsinspaceplasma
physicsareintroducedalongtheway,andthechapterconcludeswithadiscussionon
thecontrastingfluidandkineticdescriptionsofplasmawithintheM-Isystem.Ulti-
mately,thischapterprovidesthereaderwiththetheoreticalframeworknecessaryfor
understandingtheresearchpapersformingthecoreofthisthesis.Chapter3describes
thedataemployedinthisthesis,andChapter4outlinesthemethodologiesusedtode-

3

solarwind’sinfluence,weplaceaparticularemphasisonunderstandingtheeffectof
Earth’srotationinshapingthenear-Earthspaceenvironment.

Theoverarchingresearchquestionsguidingtheworkconductedinthisthesiscanbe
summarisedasfollows:

•Whatdoionosphericobservationsfromtheauroralregiontellusabout
magnetosphericdynamics?

•WhatistheinfluenceofEarth’srotationonshapingtheauroralregion?

Thepaperscomposingthisthesisaimtoprovideinsightsintothesequestionsbyad-
dressingspecificaspects.

InPaperI,ourmainemphasisisonanalysingthemorphologyoftheauroralregion
intermsofasymmetriesbetweendawnanddusk.Usingalargedatasetofionospheric
electronenergyfluxmeasurements,wederivetheoccurrenceprobabilityofdetecting
aurorainthepolarregionandexaminethevariationinauroralextentdependingon
themagneticlocaltimeandgeomagneticconditions.Assumingatopologicalmapping
betweenauroralelectronprecipitationandthemagnetosphere,weimplementasimple
fluidmodelrepresentingthemagnetosphericmagneticfluxtoexplorethepotentialrole
ofEarth’srotationinshapingtheasymmetricauroralregion.

PaperIIaimstofurtherexploretheauroralzonemorphologyandinvestigateconnections
betweenmagneticperturbationsmeasuredinthepolarionosphereandmagnetospheric
dynamics.Weanalysetheoccurrenceprobabilityofdetectingsubstantialmagneticfield
fluctuationsacrossvariousfrequencybandsandexternalconditions,anddeterminewhich
modeoftheM-Icoupling(direct/dynamicorindirect/large-scalesteady-state)isrep-
resentedbyeachfrequencyrange.Furthermore,weevaluatewhethermagneticfield
fluctuationscanserveasaproxyfortheauroralregionbycomparingtheirspatialoc-
currenceprobabilitydistributionwiththatofauroralelectronprecipitationfromPaper
I.

PaperIIIbuildsuponthefindingsofthetwoprecedingpapersandconcentratesonun-
coveringtheinfluenceofEarth’srotationonthemagnetosphereandtheauroralregion.
WeseektoempiricallyvalidatethehypothesisproposedinPaperI,whichsuggeststhat
Earth’srotationplaysaroleinthetransportofmagneticfluxwithinthemagnetosphere.
Usingmagnetosphericconvectionmeasurements,wemeasurethein-situeastwardveloc-
ityandassessthedegreeofsynchronisationbetweenEarth’srotationandplasmamotion
acrossdifferentregionsofthemagnetosphere.Wefurtherrelateourfindingstotheau-
roralzoneandthedawn-duskasymmetryobservedinPapersIandII.

OutlineChapter2offersathoroughreviewofthecurrentunderstandingofthemech-
anismsandmainfeaturesofthecouplingbetweenthesolarwind,magnetosphere,and
ionosphere,withaparticularfocusontheauroralregion.Basicconceptsinspaceplasma
physicsareintroducedalongtheway,andthechapterconcludeswithadiscussionon
thecontrastingfluidandkineticdescriptionsofplasmawithintheM-Isystem.Ulti-
mately,thischapterprovidesthereaderwiththetheoreticalframeworknecessaryfor
understandingtheresearchpapersformingthecoreofthisthesis.Chapter3describes
thedataemployedinthisthesis,andChapter4outlinesthemethodologiesusedtode-



4 Introduction

rive the results presented herein. The uncertainties related to the data and methods are
discussed at the end of Chapter 4. Detailed summaries of the three papers constituting
the thesis are given in Chapter 5. In Chapter 6, we establish a clear connection between
the central questions and objectives posed in this thesis and the insights emerging from
the trio of papers comprising the body of this work. Expanding upon the main findings,
prospective research is also briefly discussed in this chapter. Finally, the three papers
are showcased in the last chapter of this thesis.
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2 The Solar wind – magnetosphere – ionosphere coupling

This chapter provides the scientific foundation to understand the fundamental interac-
tions between the solar wind, magnetosphere and ionosphere that shape the geospace
and auroral region. Most of the concepts presented in the following chapter rely on a
fluid description of the plasma in the system. Section 2.1 introduces the basic space
plasma physics principles associated with such a fluid perspective. Section 2.2 reviews
essential aspects of the coupling between the solar wind and magnetosphere. Section 2.3
describes how magnetospheric and ionospheric dynamics are connected through plasma
circulation. Section 2.4 details the fundamental features of the auroral region. Finally,
Section 2.5 concludes the chapter with a discussion regarding the benefits and limitations
of the fluid and kinetic approaches.

2.1 The fluid perspective

A plasma is an ionised gas in which electrons and ions are approximately in equal abun-
dance and move freely within the system. While plasmas are most accurately described
by particle distribution functions derived from kinetic theory, analysing their macro-
scopic quantities, such as density, momentum and energy, gives further insight into the
plasma’s physical properties. This approach is particularly valid when investigating the
large-scale dynamics of plasmas, as they are governed by collective behaviours rather
than individual particle interactions.

Magnetohydrodynamics (MHD) is widely used in physics to describe the macroscopic
behaviour of electrically conducting fluids, such as plasmas, in the presence of a mag-
netic field. In MHD, conservation laws for mass, momentum and energy are coupled
with Maxwell’s equations, which describe the interaction between charged particles and
electromagnetic fields. MHD principles provide a useful framework for describing many
large-scale plasma phenomena from a fluid perspective (e.g., Parker , 1996; Vasyli , 2010).

In MHD, the plasma is treated as a single fluid with mass density ρ = nimi+neme ≈ nmi

under the quasi-neutral approximation (ni ≈ ne ≈ n), where only one ion species is
considered. In the ideal MHD approximation, more assumptions are made to simplify
the description. Notably, the plasma is assumed to be a perfectly conducting adiabatic
fluid, i.e., the electric charges move freely without any diffusion or dissipation and there
is no heat exchange with the plasma’s surroundings. The plasma is also considered
collisionless, meaning that the particles primarily interact through electromagnetic forces
rather than collisions with each other. Additionally, the frozen-in assumption states that,
in an ideal MHD plasma, the magnetic field lines are frozen into the plasma. That means
that the bulk motion of plasma does not cross magnetic field lines. In other words, as
long as the ideal MHD approximation holds, the magnetic field lines remain frozen in
the plasma, and any movement or deformation of the plasma will carry the magnetic
field lines along with it. In turn, the magnetic field exerts tension and pressure forces
back on the plasma.

2TheSolarwind–magnetosphere–ionospherecoupling

Thischapterprovidesthescientificfoundationtounderstandthefundamentalinterac-
tionsbetweenthesolarwind,magnetosphereandionospherethatshapethegeospace
andauroralregion.Mostoftheconceptspresentedinthefollowingchapterrelyona
fluiddescriptionoftheplasmainthesystem.Section2.1introducesthebasicspace
plasmaphysicsprinciplesassociatedwithsuchafluidperspective.Section2.2reviews
essentialaspectsofthecouplingbetweenthesolarwindandmagnetosphere.Section2.3
describeshowmagnetosphericandionosphericdynamicsareconnectedthroughplasma
circulation.Section2.4detailsthefundamentalfeaturesoftheauroralregion.Finally,
Section2.5concludesthechapterwithadiscussionregardingthebenefitsandlimitations
ofthefluidandkineticapproaches.

2.1Thefluidperspective

Aplasmaisanionisedgasinwhichelectronsandionsareapproximatelyinequalabun-
danceandmovefreelywithinthesystem.Whileplasmasaremostaccuratelydescribed
byparticledistributionfunctionsderivedfromkinetictheory,analysingtheirmacro-
scopicquantities,suchasdensity,momentumandenergy,givesfurtherinsightintothe
plasma’sphysicalproperties.Thisapproachisparticularlyvalidwheninvestigatingthe
large-scaledynamicsofplasmas,astheyaregovernedbycollectivebehavioursrather
thanindividualparticleinteractions.

Magnetohydrodynamics(MHD)iswidelyusedinphysicstodescribethemacroscopic
behaviourofelectricallyconductingfluids,suchasplasmas,inthepresenceofamag-
neticfield.InMHD,conservationlawsformass,momentumandenergyarecoupled
withMaxwell’sequations,whichdescribetheinteractionbetweenchargedparticlesand
electromagneticfields.MHDprinciplesprovideausefulframeworkfordescribingmany
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2 The Solar wind – magnetosphere – ionosphere coupling

This chapter provides the scientific foundation to understand the fundamental interac-
tions between the solar wind, magnetosphere and ionosphere that shape the geospace
and auroral region. Most of the concepts presented in the following chapter rely on a
fluid description of the plasma in the system. Section 2.1 introduces the basic space
plasma physics principles associated with such a fluid perspective. Section 2.2 reviews
essential aspects of the coupling between the solar wind and magnetosphere. Section 2.3
describes how magnetospheric and ionospheric dynamics are connected through plasma
circulation. Section 2.4 details the fundamental features of the auroral region. Finally,
Section 2.5 concludes the chapter with a discussion regarding the benefits and limitations
of the fluid and kinetic approaches.

2.1 The fluid perspective

A plasma is an ionised gas in which electrons and ions are approximately in equal abun-
dance and move freely within the system. While plasmas are most accurately described
by particle distribution functions derived from kinetic theory, analysing their macro-
scopic quantities, such as density, momentum and energy, gives further insight into the
plasma’s physical properties. This approach is particularly valid when investigating the
large-scale dynamics of plasmas, as they are governed by collective behaviours rather
than individual particle interactions.

Magnetohydrodynamics (MHD) is widely used in physics to describe the macroscopic
behaviour of electrically conducting fluids, such as plasmas, in the presence of a mag-
netic field. In MHD, conservation laws for mass, momentum and energy are coupled
with Maxwell’s equations, which describe the interaction between charged particles and
electromagnetic fields. MHD principles provide a useful framework for describing many
large-scale plasma phenomena from a fluid perspective (e.g., Parker , 1996; Vasyli , 2010).

In MHD, the plasma is treated as a single fluid with mass density ρ = nimi+neme ≈ nmi

under the quasi-neutral approximation (ni ≈ ne ≈ n), where only one ion species is
considered. In the ideal MHD approximation, more assumptions are made to simplify
the description. Notably, the plasma is assumed to be a perfectly conducting adiabatic
fluid, i.e., the electric charges move freely without any diffusion or dissipation and there
is no heat exchange with the plasma’s surroundings. The plasma is also considered
collisionless, meaning that the particles primarily interact through electromagnetic forces
rather than collisions with each other. Additionally, the frozen-in assumption states that,
in an ideal MHD plasma, the magnetic field lines are frozen into the plasma. That means
that the bulk motion of plasma does not cross magnetic field lines. In other words, as
long as the ideal MHD approximation holds, the magnetic field lines remain frozen in
the plasma, and any movement or deformation of the plasma will carry the magnetic
field lines along with it. In turn, the magnetic field exerts tension and pressure forces
back on the plasma.
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circulation.Section2.4detailsthefundamentalfeaturesoftheauroralregion.Finally,
Section2.5concludesthechapterwithadiscussionregardingthebenefitsandlimitations
ofthefluidandkineticapproaches.

2.1Thefluidperspective

Aplasmaisanionisedgasinwhichelectronsandionsareapproximatelyinequalabun-
danceandmovefreelywithinthesystem.Whileplasmasaremostaccuratelydescribed
byparticledistributionfunctionsderivedfromkinetictheory,analysingtheirmacro-
scopicquantities,suchasdensity,momentumandenergy,givesfurtherinsightintothe
plasma’sphysicalproperties.Thisapproachisparticularlyvalidwheninvestigatingthe
large-scaledynamicsofplasmas,astheyaregovernedbycollectivebehavioursrather
thanindividualparticleinteractions.

Magnetohydrodynamics(MHD)iswidelyusedinphysicstodescribethemacroscopic
behaviourofelectricallyconductingfluids,suchasplasmas,inthepresenceofamag-
neticfield.InMHD,conservationlawsformass,momentumandenergyarecoupled
withMaxwell’sequations,whichdescribetheinteractionbetweenchargedparticlesand
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large-scaleplasmaphenomenafromafluidperspective(e.g.,Parker,1996;Vasyli,2010).
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underthequasi-neutralapproximation(ni≈ne≈n),whereonlyoneionspeciesis
considered.IntheidealMHDapproximation,moreassumptionsaremadetosimplify
thedescription.Notably,theplasmaisassumedtobeaperfectlyconductingadiabatic
fluid,i.e.,theelectricchargesmovefreelywithoutanydiffusionordissipationandthere
isnoheatexchangewiththeplasma’ssurroundings.Theplasmaisalsoconsidered
collisionless,meaningthattheparticlesprimarilyinteractthroughelectromagneticforces
ratherthancollisionswitheachother.Additionally,thefrozen-inassumptionstatesthat,
inanidealMHDplasma,themagneticfieldlinesarefrozenintotheplasma.Thatmeans
thatthebulkmotionofplasmadoesnotcrossmagneticfieldlines.Inotherwords,as
longastheidealMHDapproximationholds,themagneticfieldlinesremainfrozenin
theplasma,andanymovementordeformationoftheplasmawillcarrythemagnetic
fieldlinesalongwithit.Inturn,themagneticfieldexertstensionandpressureforces
backontheplasma.
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8 The Solar wind – magnetosphere – ionosphere coupling

The frozen-in assumption is fundamental for understanding plasma convection and the
dynamics of the solar wind interacting with the magnetosphere. Ideal MHD conditions
are typically valid in the solar wind, magnetosphere and upper ionosphere (Schunk and
Nagy , 2018). However, some exceptions arise in the magnetosphere, for example in
regions of magnetic reconnection and acceleration of auroral particles (Baumjohann and
Treumann, 2012). In such regions, ideal MHD falls short of capturing the complexity of
plasma behaviour.

In summary, the fluid description allows for a conceptual understanding of the large-
scale plasma dynamics in the magnetosphere. In the subsequent sections, the coupling
between the solar wind, magnetosphere and ionosphere is explored from a fluid perspec-
tive. However, we will see that a kinetic treatment is required when describing auroral
dynamics. In Section 2.5, we elaborate on the fluid approximation, further highlighting
its benefits and limitations.

2.2 Solar wind - magnetosphere coupling

The solar wind plasma and its frozen-in magnetic field (the IMF) transport energy and
mass from the Sun to the Earth. Upon reaching the magnetic environment surrounding
Earth, the IMF and geomagnetic field interact through complex mechanisms.

The Earth’s magnetic field deflects most of the solar wind, thereby creating the magne-
topause, a boundary determined by the pressure balance between the solar wind and the
geomagnetic field. However, at the front magnetopause, interplanetary and geomagnetic
field lines can reconnect if they have anti-parallel components, giving the magnetosphere
its characteristic shape and transferring parts of the solar wind energy and mass to the
magnetospheric plasma population. Figure 2.1 illustrates the magnetosphere’s charac-
teristic shape, main regions and magnetic reconnection sites. Figure 2.2 shows the flanks
of the magnetosphere, as seen from the tail, in an attempt to capture its 3D aspect.

The IMF orientation controls the reconnection geometry. A pure southward pointing
IMF gives the most suitable configuration for reconnection at the subsolar point (de-
fined by the intersection of the Earth-Sun axis and the magnetopause). However, IMF
orientations with a northward component can also result in reconnection at the magne-
topause, generally at higher latitudes compared to the subsolar point, in the lobes (Frey
et al., 2019).

Numerous attempts have been made to characterise the efficiency of magnetic reconnec-
tion at the magnetopause in terms of energy transfer between the solar wind and the
magnetosphere (e.g. Perreault and Akasofu , 1978; Kan and Lee , 1979; Wygant et al.,
1983; Milan et al., 2012). A commonly used proxy is the Newell’s coupling function
(Newell et al., 2007):

ϵN = v4/3
(√

B2
y +B2

z

)2/3

sin8/3 (θc/2) , (2.1)

where v denotes the solar wind speed, By and Bz are components of the IMF in the
Geocentric Solar Magnetospheric (GSM) coordinate system and θc = arctan2(By, Bz) is
the IMF clock angle. In GSM coordinates, the X-axis points from the centre of Earth
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towards the Sun, the XZ plane contains the Earth-Sun line and the magnetic dipole
axis, and the Y-axis points towards dusk, perpendicular to the XZ plane (Laundal and
Richmond , 2017). In this system, “northward” and “southward” oriented magnetic field
relate to IMF Bz > 0 and Bz < 0, respectively (Milan, 2015).

While the process of magnetic reconnection is usually described by kinetics, its effects
can be effectively interpreted within a fluid framework (see the following sections).

2.3 Plasma Circulation in the magnetosphere-ionosphere system

The magnetic reconnection process between the IMF and Earth’s magnetosphere recon-
figures field lines, resulting in the redistribution of plasma and magnetic flux within
the magnetosphere (Cowley , 1981). This, in turn, primarily controls the M-I coupling
(Moore et al., 1989).

2.3.1 The Dungey cycle

The Dungey cycle describes a steady-state magnetic flux transport in the magnetosphere,
initiated by the dayside reconnection between the IMF and closed geomagnetic field lines
(Dungey , 1961).

The dayside reconnection comes with the opening of the previously closed terrestrial
magnetic flux. The open magnetic field lines are still connected to Earth but at one
end only, while the other end is connected to the solar wind. As the magnetic field is
frozen into the plasma, the newly open magnetic field lines are dragged anti-sunward by
the solar wind flow and stretched hundreds of RE , forming the magnetotail lobes on the
nightside of Earth. Magnetic field lines have opposite orientations between the Northern
and Southern Hemisphere lobes. Consequently, they can merge again and close the open
magnetic flux, such that the newly closed field lines have both footpoints on Earth. This
process is referred to as nightside reconnection. The closed field lines form a region in
the magnetotail known as the plasma sheet.

During nightside reconnection, the magnetic energy stored in the lobes is transferred to
the plasma sheet, resulting in a bursty (i.e., not steady state) flux of plasma towards the
Earth. As the plasma flow approaches the Earth, the stretched field lines forming the
plasma sheet become more and more dipolar. Upon reaching just a few RE , the plasma
is finally diverted towards the flanks of the magnetosphere (see Figure 2.2). The Dungey
cycle is completed as the closed flux proceeds to the dayside, where the magnetic field
lines can once again merge with the IMF and start a new cycle. Figure 2.3 summarises
the different stages of the Dungey cycle.

Since plasma and magnetic fields largely move together in the magnetosphere and iono-
sphere (i.e., frozen-in condition), the global plasma circulation in the magnetosphere, as
described by the Dungey cycle, consequently maps down to the ionosphere. We return
to this in Sections 2.3.2 and 2.3.4.

The Dungey cycle is a simplistic model that does not capture all aspects of the com-
plex solar wind-magnetosphere interactions and subsequent dynamics. For example, it
assumes identical rates of dayside and nightside reconnection and does not describe the
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towardstheSun,theXZplanecontainstheEarth-Sunlineandthemagneticdipole
axis,andtheY-axispointstowardsdusk,perpendiculartotheXZplane(Laundaland
Richmond,2017).Inthissystem,“northward”and“southward”orientedmagneticfield
relatetoIMFBz>0andBz<0,respectively(Milan,2015).

Whiletheprocessofmagneticreconnectionisusuallydescribedbykinetics,itseffects
canbeeffectivelyinterpretedwithinafluidframework(seethefollowingsections).

2.3PlasmaCirculationinthemagnetosphere-ionospheresystem

ThemagneticreconnectionprocessbetweentheIMFandEarth’smagnetosphererecon-
figuresfieldlines,resultingintheredistributionofplasmaandmagneticfluxwithin
themagnetosphere(Cowley,1981).This,inturn,primarilycontrolstheM-Icoupling
(Mooreetal.,1989).

2.3.1TheDungeycycle

TheDungeycycledescribesasteady-statemagneticfluxtransportinthemagnetosphere,
initiatedbythedaysidereconnectionbetweentheIMFandclosedgeomagneticfieldlines
(Dungey,1961).

Thedaysidereconnectioncomeswiththeopeningofthepreviouslyclosedterrestrial
magneticflux.TheopenmagneticfieldlinesarestillconnectedtoEarthbutatone
endonly,whiletheotherendisconnectedtothesolarwind.Asthemagneticfieldis
frozenintotheplasma,thenewlyopenmagneticfieldlinesaredraggedanti-sunwardby
thesolarwindflowandstretchedhundredsofRE,formingthemagnetotaillobesonthe
nightsideofEarth.MagneticfieldlineshaveoppositeorientationsbetweentheNorthern
andSouthernHemispherelobes.Consequently,theycanmergeagainandclosetheopen
magneticflux,suchthatthenewlyclosedfieldlineshavebothfootpointsonEarth.This
processisreferredtoasnightsidereconnection.Theclosedfieldlinesformaregionin
themagnetotailknownastheplasmasheet.

Duringnightsidereconnection,themagneticenergystoredinthelobesistransferredto
theplasmasheet,resultinginabursty(i.e.,notsteadystate)fluxofplasmatowardsthe
Earth.AstheplasmaflowapproachestheEarth,thestretchedfieldlinesformingthe
plasmasheetbecomemoreandmoredipolar.UponreachingjustafewRE,theplasma
isfinallydivertedtowardstheflanksofthemagnetosphere(seeFigure2.2).TheDungey
cycleiscompletedastheclosedfluxproceedstothedayside,wherethemagneticfield
linescanonceagainmergewiththeIMFandstartanewcycle.Figure2.3summarises
thedifferentstagesoftheDungeycycle.

Sinceplasmaandmagneticfieldslargelymovetogetherinthemagnetosphereandiono-
sphere(i.e.,frozen-incondition),theglobalplasmacirculationinthemagnetosphere,as
describedbytheDungeycycle,consequentlymapsdowntotheionosphere.Wereturn
tothisinSections2.3.2and2.3.4.

TheDungeycycleisasimplisticmodelthatdoesnotcaptureallaspectsofthecom-
plexsolarwind-magnetosphereinteractionsandsubsequentdynamics.Forexample,it
assumesidenticalratesofdaysideandnightsidereconnectionanddoesnotdescribethe

10TheSolarwind–magnetosphere–ionospherecoupling

towardstheSun,theXZplanecontainstheEarth-Sunlineandthemagneticdipole
axis,andtheY-axispointstowardsdusk,perpendiculartotheXZplane(Laundaland
Richmond,2017).Inthissystem,“northward”and“southward”orientedmagneticfield
relatetoIMFBz>0andBz<0,respectively(Milan,2015).

Whiletheprocessofmagneticreconnectionisusuallydescribedbykinetics,itseffects
canbeeffectivelyinterpretedwithinafluidframework(seethefollowingsections).

2.3PlasmaCirculationinthemagnetosphere-ionospheresystem

ThemagneticreconnectionprocessbetweentheIMFandEarth’smagnetosphererecon-
figuresfieldlines,resultingintheredistributionofplasmaandmagneticfluxwithin
themagnetosphere(Cowley,1981).This,inturn,primarilycontrolstheM-Icoupling
(Mooreetal.,1989).

2.3.1TheDungeycycle

TheDungeycycledescribesasteady-statemagneticfluxtransportinthemagnetosphere,
initiatedbythedaysidereconnectionbetweentheIMFandclosedgeomagneticfieldlines
(Dungey,1961).

Thedaysidereconnectioncomeswiththeopeningofthepreviouslyclosedterrestrial
magneticflux.TheopenmagneticfieldlinesarestillconnectedtoEarthbutatone
endonly,whiletheotherendisconnectedtothesolarwind.Asthemagneticfieldis
frozenintotheplasma,thenewlyopenmagneticfieldlinesaredraggedanti-sunwardby
thesolarwindflowandstretchedhundredsofRE,formingthemagnetotaillobesonthe
nightsideofEarth.MagneticfieldlineshaveoppositeorientationsbetweentheNorthern
andSouthernHemispherelobes.Consequently,theycanmergeagainandclosetheopen
magneticflux,suchthatthenewlyclosedfieldlineshavebothfootpointsonEarth.This
processisreferredtoasnightsidereconnection.Theclosedfieldlinesformaregionin
themagnetotailknownastheplasmasheet.

Duringnightsidereconnection,themagneticenergystoredinthelobesistransferredto
theplasmasheet,resultinginabursty(i.e.,notsteadystate)fluxofplasmatowardsthe
Earth.AstheplasmaflowapproachestheEarth,thestretchedfieldlinesformingthe
plasmasheetbecomemoreandmoredipolar.UponreachingjustafewRE,theplasma
isfinallydivertedtowardstheflanksofthemagnetosphere(seeFigure2.2).TheDungey
cycleiscompletedastheclosedfluxproceedstothedayside,wherethemagneticfield
linescanonceagainmergewiththeIMFandstartanewcycle.Figure2.3summarises
thedifferentstagesoftheDungeycycle.

Sinceplasmaandmagneticfieldslargelymovetogetherinthemagnetosphereandiono-
sphere(i.e.,frozen-incondition),theglobalplasmacirculationinthemagnetosphere,as
describedbytheDungeycycle,consequentlymapsdowntotheionosphere.Wereturn
tothisinSections2.3.2and2.3.4.

TheDungeycycleisasimplisticmodelthatdoesnotcaptureallaspectsofthecom-
plexsolarwind-magnetosphereinteractionsandsubsequentdynamics.Forexample,it
assumesidenticalratesofdaysideandnightsidereconnectionanddoesnotdescribethe

10 The Solar wind – magnetosphere – ionosphere coupling

towards the Sun, the XZ plane contains the Earth-Sun line and the magnetic dipole
axis, and the Y-axis points towards dusk, perpendicular to the XZ plane (Laundal and
Richmond , 2017). In this system, “northward” and “southward” oriented magnetic field
relate to IMF Bz > 0 and Bz < 0, respectively (Milan, 2015).

While the process of magnetic reconnection is usually described by kinetics, its effects
can be effectively interpreted within a fluid framework (see the following sections).

2.3 Plasma Circulation in the magnetosphere-ionosphere system

The magnetic reconnection process between the IMF and Earth’s magnetosphere recon-
figures field lines, resulting in the redistribution of plasma and magnetic flux within
the magnetosphere (Cowley , 1981). This, in turn, primarily controls the M-I coupling
(Moore et al., 1989).

2.3.1 The Dungey cycle

The Dungey cycle describes a steady-state magnetic flux transport in the magnetosphere,
initiated by the dayside reconnection between the IMF and closed geomagnetic field lines
(Dungey , 1961).

The dayside reconnection comes with the opening of the previously closed terrestrial
magnetic flux. The open magnetic field lines are still connected to Earth but at one
end only, while the other end is connected to the solar wind. As the magnetic field is
frozen into the plasma, the newly open magnetic field lines are dragged anti-sunward by
the solar wind flow and stretched hundreds of RE , forming the magnetotail lobes on the
nightside of Earth. Magnetic field lines have opposite orientations between the Northern
and Southern Hemisphere lobes. Consequently, they can merge again and close the open
magnetic flux, such that the newly closed field lines have both footpoints on Earth. This
process is referred to as nightside reconnection. The closed field lines form a region in
the magnetotail known as the plasma sheet.

During nightside reconnection, the magnetic energy stored in the lobes is transferred to
the plasma sheet, resulting in a bursty (i.e., not steady state) flux of plasma towards the
Earth. As the plasma flow approaches the Earth, the stretched field lines forming the
plasma sheet become more and more dipolar. Upon reaching just a few RE , the plasma
is finally diverted towards the flanks of the magnetosphere (see Figure 2.2). The Dungey
cycle is completed as the closed flux proceeds to the dayside, where the magnetic field
lines can once again merge with the IMF and start a new cycle. Figure 2.3 summarises
the different stages of the Dungey cycle.

Since plasma and magnetic fields largely move together in the magnetosphere and iono-
sphere (i.e., frozen-in condition), the global plasma circulation in the magnetosphere, as
described by the Dungey cycle, consequently maps down to the ionosphere. We return
to this in Sections 2.3.2 and 2.3.4.

The Dungey cycle is a simplistic model that does not capture all aspects of the com-
plex solar wind-magnetosphere interactions and subsequent dynamics. For example, it
assumes identical rates of dayside and nightside reconnection and does not describe the
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towardstheSun,theXZplanecontainstheEarth-Sunlineandthemagneticdipole
axis,andtheY-axispointstowardsdusk,perpendiculartotheXZplane(Laundaland
Richmond,2017).Inthissystem,“northward”and“southward”orientedmagneticfield
relatetoIMFBz>0andBz<0,respectively(Milan,2015).

Whiletheprocessofmagneticreconnectionisusuallydescribedbykinetics,itseffects
canbeeffectivelyinterpretedwithinafluidframework(seethefollowingsections).

2.3PlasmaCirculationinthemagnetosphere-ionospheresystem

ThemagneticreconnectionprocessbetweentheIMFandEarth’smagnetosphererecon-
figuresfieldlines,resultingintheredistributionofplasmaandmagneticfluxwithin
themagnetosphere(Cowley,1981).This,inturn,primarilycontrolstheM-Icoupling
(Mooreetal.,1989).

2.3.1TheDungeycycle

TheDungeycycledescribesasteady-statemagneticfluxtransportinthemagnetosphere,
initiatedbythedaysidereconnectionbetweentheIMFandclosedgeomagneticfieldlines
(Dungey,1961).

Thedaysidereconnectioncomeswiththeopeningofthepreviouslyclosedterrestrial
magneticflux.TheopenmagneticfieldlinesarestillconnectedtoEarthbutatone
endonly,whiletheotherendisconnectedtothesolarwind.Asthemagneticfieldis
frozenintotheplasma,thenewlyopenmagneticfieldlinesaredraggedanti-sunwardby
thesolarwindflowandstretchedhundredsofRE,formingthemagnetotaillobesonthe
nightsideofEarth.MagneticfieldlineshaveoppositeorientationsbetweentheNorthern
andSouthernHemispherelobes.Consequently,theycanmergeagainandclosetheopen
magneticflux,suchthatthenewlyclosedfieldlineshavebothfootpointsonEarth.This
processisreferredtoasnightsidereconnection.Theclosedfieldlinesformaregionin
themagnetotailknownastheplasmasheet.

Duringnightsidereconnection,themagneticenergystoredinthelobesistransferredto
theplasmasheet,resultinginabursty(i.e.,notsteadystate)fluxofplasmatowardsthe
Earth.AstheplasmaflowapproachestheEarth,thestretchedfieldlinesformingthe
plasmasheetbecomemoreandmoredipolar.UponreachingjustafewRE,theplasma
isfinallydivertedtowardstheflanksofthemagnetosphere(seeFigure2.2).TheDungey
cycleiscompletedastheclosedfluxproceedstothedayside,wherethemagneticfield
linescanonceagainmergewiththeIMFandstartanewcycle.Figure2.3summarises
thedifferentstagesoftheDungeycycle.

Sinceplasmaandmagneticfieldslargelymovetogetherinthemagnetosphereandiono-
sphere(i.e.,frozen-incondition),theglobalplasmacirculationinthemagnetosphere,as
describedbytheDungeycycle,consequentlymapsdowntotheionosphere.Wereturn
tothisinSections2.3.2and2.3.4.

TheDungeycycleisasimplisticmodelthatdoesnotcaptureallaspectsofthecom-
plexsolarwind-magnetosphereinteractionsandsubsequentdynamics.Forexample,it
assumesidenticalratesofdaysideandnightsidereconnectionanddoesnotdescribethe
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Figure 2.3: Schematic illustration of the Dungey cycle, which describes the large-scale circula-
tion of plasma and magnetic flux initiated by dayside reconnection between interplanetary and
geomagnetic field lines, during southward IMF. The solar wind comes from the left. Open and
closed magnetic field lines are shown in blue and red, respectively.

plasma circulation driven by a northward IMF. However, despite its limitations, the
Dungey model provides a fundamental framework for understanding the coupling be-
tween the solar wind and the Earth’s magnetosphere.

2.3.2 Expanding-contracting polar cap paradigm

The Expanding-Contracting Polar Cap (ECPC) paradigm is a modern view of the
Dungey cycle in which the convection is described in relation to reconnection, mag-
netic flux transport within the magnetosphere, associated polar ionospheric flows and
changes of the polar cap size (Cowley and Lockwood , 1992; Milan, 2015). In this model,
the magnetosphere is topologically connected to the ionosphere, and dayside and night-
side reconnection processes are no longer assumed to occur at the same rate.

In the ionosphere, there is a magnetic boundary between the regions of open and closed
magnetic field lines. This boundary is referred to as the “open-closed boundary” (OCB),
and further delimits the polar cap. Figures 2.1 and 2.3 depict the mapping between
magnetospheric regions and the ionosphere. The open magnetic field lines forming the
magnetotail lobes map to the polar cap, while the closed magnetic field lines constituting
the plasma sheet map equatorward of the OCB.

The auroral oval is the preferred region for the precipitation of particles originating from
the magnetospheric plasma sheet, which often results in auroral activity (see Section 2.4).
In the ECPC paradigm, OCB and poleward boundary of the auroral oval correspond to
the same limit, which is a widely used assumption. Since the amount of open flux varies
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Figure2.3:SchematicillustrationoftheDungeycycle,whichdescribesthelarge-scalecircula-
tionofplasmaandmagneticfluxinitiatedbydaysidereconnectionbetweeninterplanetaryand
geomagneticfieldlines,duringsouthwardIMF.Thesolarwindcomesfromtheleft.Openand
closedmagneticfieldlinesareshowninblueandred,respectively.

plasmacirculationdrivenbyanorthwardIMF.However,despiteitslimitations,the
Dungeymodelprovidesafundamentalframeworkforunderstandingthecouplingbe-
tweenthesolarwindandtheEarth’smagnetosphere.

2.3.2Expanding-contractingpolarcapparadigm

TheExpanding-ContractingPolarCap(ECPC)paradigmisamodernviewofthe
Dungeycycleinwhichtheconvectionisdescribedinrelationtoreconnection,mag-
neticfluxtransportwithinthemagnetosphere,associatedpolarionosphericflowsand
changesofthepolarcapsize(CowleyandLockwood,1992;Milan,2015).Inthismodel,
themagnetosphereistopologicallyconnectedtotheionosphere,anddaysideandnight-
sidereconnectionprocessesarenolongerassumedtooccuratthesamerate.

Intheionosphere,thereisamagneticboundarybetweentheregionsofopenandclosed
magneticfieldlines.Thisboundaryisreferredtoasthe“open-closedboundary”(OCB),
andfurtherdelimitsthepolarcap.Figures2.1and2.3depictthemappingbetween
magnetosphericregionsandtheionosphere.Theopenmagneticfieldlinesformingthe
magnetotaillobesmaptothepolarcap,whiletheclosedmagneticfieldlinesconstituting
theplasmasheetmapequatorwardoftheOCB.

Theauroralovalisthepreferredregionfortheprecipitationofparticlesoriginatingfrom
themagnetosphericplasmasheet,whichoftenresultsinauroralactivity(seeSection2.4).
IntheECPCparadigm,OCBandpolewardboundaryoftheauroralovalcorrespondto
thesamelimit,whichisawidelyusedassumption.Sincetheamountofopenfluxvaries
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magnetospheric regions and the ionosphere. The open magnetic field lines forming the
magnetotail lobes map to the polar cap, while the closed magnetic field lines constituting
the plasma sheet map equatorward of the OCB.

The auroral oval is the preferred region for the precipitation of particles originating from
the magnetospheric plasma sheet, which often results in auroral activity (see Section 2.4).
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throughout the Dungey cycle, the size of the polar cap varies and so does the location
of the OCB, consequently impacting the auroral region. Specifically, the opening of
magnetic flux results in the OCB being displaced equatorward. Conversely, the closure of
magnetic flux leads to a decrease in the polar cap surface and shifts the OCB poleward.
Therefore, monitoring the polar cap size provides a reliable method for assessing the
balance between dayside and nightside reconnection rates (Siscoe and Huang , 1985).

The ECPC paradigm primarily predicts the size of the polar cap. In a simplistic ex-
tension of this model, we posit that the auroral region expands and contracts at a rate
proportional to the nightside and dayside reconnection rates. Figure 2.4 demonstrates
the variation in polar cap (P) and auroral oval (A) areas (fluxes) along with the corre-
sponding displacement of OCB (red line) associated with variations in the open/closed
flux. In Figure 2.4 (a), the low latitude OCB is characteristic of a period of greater re-
connection rate on the dayside compared to the nightside. The hashed area illustrates
the contraction of the polar cap following an impulse of nightside reconnection (closure
of flux), and the associated expansion of the auroral oval. In contrast, the OCB lies
at higher latitudes in Figure 2.4 (b), indicative of a period of higher nightside recon-
nection rate compared to the dayside. This time the hashed area depicts an impulse of
dayside reconnection (opening of flux), leading to the expansion of the polar cap, which
consequently reduces the size of the auroral oval.
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Figure 2.4: Expanding-contracting polar cap and auroral oval, viewed from above the pole; a)
contraction of the polar cap in response to nightside reconnection b) expansion of the polar
cap in response to dayside reconnection. The OCB is represented by the red line, encircling
the polar cap and delimiting the poleward edge of the auroral oval. Taken from Ohma et al.
(2023).

This model of auroral flux is applied in Paper I to represent the 1D steady-state plasma
sheet magnetic flux. However, the notion that dayside reconnection reduces the spa-
tial extent of the aurora was found to be either too simplistic or undetectable by the
UV camera on the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite (Ohma et al., 2023).

Many studies have explored the intricate connection between magnetospheric processes,
OCB position and auroral region dynamics (e.g. Milan et al., 2003; Newell et al., 2004;
Laundal et al., 2010; Milan, 2015; Chisham et al., 2022). In contrast, the current knowl-
edge about the equatorward boundary of the auroral oval and its behaviour within the

12TheSolarwind–magnetosphere–ionospherecoupling

throughouttheDungeycycle,thesizeofthepolarcapvariesandsodoesthelocation
oftheOCB,consequentlyimpactingtheauroralregion.Specifically,theopeningof
magneticfluxresultsintheOCBbeingdisplacedequatorward.Conversely,theclosureof
magneticfluxleadstoadecreaseinthepolarcapsurfaceandshiftstheOCBpoleward.
Therefore,monitoringthepolarcapsizeprovidesareliablemethodforassessingthe
balancebetweendaysideandnightsidereconnectionrates(SiscoeandHuang,1985).

TheECPCparadigmprimarilypredictsthesizeofthepolarcap.Inasimplisticex-
tensionofthismodel,wepositthattheauroralregionexpandsandcontractsatarate
proportionaltothenightsideanddaysidereconnectionrates.Figure2.4demonstrates
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flux.InFigure2.4(a),thelowlatitudeOCBischaracteristicofaperiodofgreaterre-
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thecontractionofthepolarcapfollowinganimpulseofnightsidereconnection(closure
offlux),andtheassociatedexpansionoftheauroraloval.Incontrast,theOCBlies
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Figure2.4:Expanding-contractingpolarcapandauroraloval,viewedfromabovethepole;a)
contractionofthepolarcapinresponsetonightsidereconnectionb)expansionofthepolar
capinresponsetodaysidereconnection.TheOCBisrepresentedbytheredline,encircling
thepolarcapanddelimitingthepolewardedgeoftheauroraloval.TakenfromOhmaetal.
(2023).

ThismodelofauroralfluxisappliedinPaperItorepresentthe1Dsteady-stateplasma
sheetmagneticflux.However,thenotionthatdaysidereconnectionreducesthespa-
tialextentoftheaurorawasfoundtobeeithertoosimplisticorundetectablebythe
UVcameraontheImagerforMagnetopause-to-AuroraGlobalExploration(IMAGE)
satellite(Ohmaetal.,2023).

Manystudieshaveexploredtheintricateconnectionbetweenmagnetosphericprocesses,
OCBpositionandauroralregiondynamics(e.g.Milanetal.,2003;Newelletal.,2004;
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throughout the Dungey cycle, the size of the polar cap varies and so does the location
of the OCB, consequently impacting the auroral region. Specifically, the opening of
magnetic flux results in the OCB being displaced equatorward. Conversely, the closure of
magnetic flux leads to a decrease in the polar cap surface and shifts the OCB poleward.
Therefore, monitoring the polar cap size provides a reliable method for assessing the
balance between dayside and nightside reconnection rates (Siscoe and Huang , 1985).

The ECPC paradigm primarily predicts the size of the polar cap. In a simplistic ex-
tension of this model, we posit that the auroral region expands and contracts at a rate
proportional to the nightside and dayside reconnection rates. Figure 2.4 demonstrates
the variation in polar cap (P) and auroral oval (A) areas (fluxes) along with the corre-
sponding displacement of OCB (red line) associated with variations in the open/closed
flux. In Figure 2.4 (a), the low latitude OCB is characteristic of a period of greater re-
connection rate on the dayside compared to the nightside. The hashed area illustrates
the contraction of the polar cap following an impulse of nightside reconnection (closure
of flux), and the associated expansion of the auroral oval. In contrast, the OCB lies
at higher latitudes in Figure 2.4 (b), indicative of a period of higher nightside recon-
nection rate compared to the dayside. This time the hashed area depicts an impulse of
dayside reconnection (opening of flux), leading to the expansion of the polar cap, which
consequently reduces the size of the auroral oval.
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Figure 2.4: Expanding-contracting polar cap and auroral oval, viewed from above the pole; a)
contraction of the polar cap in response to nightside reconnection b) expansion of the polar
cap in response to dayside reconnection. The OCB is represented by the red line, encircling
the polar cap and delimiting the poleward edge of the auroral oval. Taken from Ohma et al.
(2023).

This model of auroral flux is applied in Paper I to represent the 1D steady-state plasma
sheet magnetic flux. However, the notion that dayside reconnection reduces the spa-
tial extent of the aurora was found to be either too simplistic or undetectable by the
UV camera on the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite (Ohma et al., 2023).

Many studies have explored the intricate connection between magnetospheric processes,
OCB position and auroral region dynamics (e.g. Milan et al., 2003; Newell et al., 2004;
Laundal et al., 2010; Milan, 2015; Chisham et al., 2022). In contrast, the current knowl-
edge about the equatorward boundary of the auroral oval and its behaviour within the
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Figure2.4:Expanding-contractingpolarcapandauroraloval,viewedfromabovethepole;a)
contractionofthepolarcapinresponsetonightsidereconnectionb)expansionofthepolar
capinresponsetodaysidereconnection.TheOCBisrepresentedbytheredline,encircling
thepolarcapanddelimitingthepolewardedgeoftheauroraloval.TakenfromOhmaetal.
(2023).

ThismodelofauroralfluxisappliedinPaperItorepresentthe1Dsteady-stateplasma
sheetmagneticflux.However,thenotionthatdaysidereconnectionreducesthespa-
tialextentoftheaurorawasfoundtobeeithertoosimplisticorundetectablebythe
UVcameraontheImagerforMagnetopause-to-AuroraGlobalExploration(IMAGE)
satellite(Ohmaetal.,2023).
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OCBpositionandauroralregiondynamics(e.g.Milanetal.,2003;Newelletal.,2004;
Laundaletal.,2010;Milan,2015;Chishametal.,2022).Incontrast,thecurrentknowl-
edgeabouttheequatorwardboundaryoftheauroralovalanditsbehaviourwithinthe
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Figure2.4:Expanding-contractingpolarcapandauroraloval,viewedfromabovethepole;a)
contractionofthepolarcapinresponsetonightsidereconnectionb)expansionofthepolar
capinresponsetodaysidereconnection.TheOCBisrepresentedbytheredline,encircling
thepolarcapanddelimitingthepolewardedgeoftheauroraloval.TakenfromOhmaetal.
(2023).
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sheetmagneticflux.However,thenotionthatdaysidereconnectionreducesthespa-
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framework of the ECPC paradigm remains limited. While it has been shown to evolve
over longer time scales than the auroral oval poleward boundary (Ohma et al., 2023),
there is no established model or standardised method for predicting the location of the
equatorward boundary. A better understanding of the full spatial distribution of the
auroral region is crucial for a thorough comprehension of M-I dynamics (see Section
2.4).

Equatorward of the auroral oval, the low to mid-latitude ionosphere maps to the mag-
netospheric plasmasphere (see Figure 2.1–2.3). This region is characterised by a cold,
dense plasma environment, where magnetic field lines have a dipole-like configuration.
Located in the inner magnetosphere (plasmapause at about 2 − 7 RE (Moldwin et al.,
2002)), the plasmasphere is only occasionally directly impacted by interactions between
the solar wind and magnetosphere. Nevertheless, it is commonly accepted that the ro-
tation of the Earth impacts the plasma circulation in this region (Sandel et al., 2003;
Burch et al., 2004) (see also Sections 2.3.3 and 2.5 regarding the influence of planetary
rotation on plasma convection).

2.3.3 Plasma circulation on other planets

The Dungey cycle predominantly influences magnetospheric convection on slow-rotating
planets like Earth and Mercury (Dungey , 1961; Slavin et al., 2009; Blanc et al., 2005).
Conversely, on Jupiter and Saturn, which are rapid rotators with strong magnetic fields,
plasma convection is primarily driven by the planetary rotation and the solar wind only
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frameworkoftheECPCparadigmremainslimited.Whileithasbeenshowntoevolve
overlongertimescalesthantheauroralovalpolewardboundary(Ohmaetal.,2023),
thereisnoestablishedmodelorstandardisedmethodforpredictingthelocationofthe
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there is no established model or standardised method for predicting the location of the
equatorward boundary. A better understanding of the full spatial distribution of the
auroral region is crucial for a thorough comprehension of M-I dynamics (see Section
2.4).

Equatorward of the auroral oval, the low to mid-latitude ionosphere maps to the mag-
netospheric plasmasphere (see Figure 2.1–2.3). This region is characterised by a cold,
dense plasma environment, where magnetic field lines have a dipole-like configuration.
Located in the inner magnetosphere (plasmapause at about 2 − 7 RE (Moldwin et al.,
2002)), the plasmasphere is only occasionally directly impacted by interactions between
the solar wind and magnetosphere. Nevertheless, it is commonly accepted that the ro-
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nightside, the mass-loaded flux tubes are gradually elongated into the tail under the
effect of inertia (centrifugal force) of their mass content. On the nightside, the outward
mass transport leads to significant stretching of the field lines, resulting in their break
off (through magnetic reconnection) and release of their plasma content into a plasmoid.
Subsequently, the field lines in the tail lobes may reconnect, sunward of the plasmoid.
This process ejects the plasmoid down the tail and concurrently generates empty closed
flux tubes that can be convected back towards the planet. The cycle of magnetic flux
transport is completed as the closed field lines corotate back to the dayside via the dawn
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field lines, eventually forming the X-line, where magnetic field lines can reconnect (step
4). The resulting magnetic stress pulls the field lines towards the planet, restoring the
flow to corotation, while the plasmoid is pushed tailward.

Although the giant planets’ magnetospheres are predominantly controlled by the Vasyli-
unas cycle, it is actively debated whether the plasma convection is a combination of two
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2.3.4 Convection and currents in the polar ionosphere

High-latitude ionosphere

The ionosphere constitutes the transition region, spanning approximately 100 − 1000
km altitude, between the fully ionised magnetospheric plasma environment and the neu-
tral atmosphere. As such, the ionosphere comprises a mixture of plasma (ionised gas)
and neutral particles (∼ 99%) (Schunk and Nagy , 2018; Baumjohann and Treumann ,
2012). The two main sources of ionisation in the upper atmosphere are solar UV radia-
tion and particle precipitation. At polar latitudes, in the 80−200 km altitude range, the
ionisation by precipitation often exceeds the photoionisation. In addition to the dissipa-
tion of kinetic energy flux by particle precipitation, the excess energy resulting from the
interactions between the solar wind and magnetosphere dissipates in the high-latitude
ionosphere through Joule heating (dissipation of electromagnetic flux). Therefore, the
polar ionosphere constitutes a key region for the transfer of mass, momentum and en-
ergy between the magnetosphere and the upper atmosphere (Thayer and Semeter , 2004;
Rae et al., 2022).

In this thesis, we are primarily interested in the F-region (> 150 km), the highest and
most ionised ionospheric layer, where ideal MHD conditions prevail. At lower altitudes
(E-region and below), the collisional coupling between ions and neutrals becomes signif-
icant and the ideal MHD approximation is no longer valid.

Ionospheric convection

As magnetic field lines convect within the magnetosphere (see Section 2.3.1), their motion
is communicated to the ionosphere (Cowley , 2000).

Figure 2.6: Schematic of the horizontal motion
(black lines) of the footpoints of magnetic field
lines in the ionosphere, following the stages of
the Dungey cycle. The illustration primarily
shows the dusk side of the two-cell ionospheric
convection pattern. The polar cap is delimited
by the OCB, depicted by the red line.

Figure 2.6 shows the ionospheric convec-
tion pattern resulting from the reconfig-
urations of magnetic field lines during
southward IMF, as per the Dungey cy-
cle. The opening of field lines at the mag-
netopause subsolar point and their sub-
sequent transport to the nightside of the
magnetosphere by the solar wind flow re-
sults in the antisunward motion of their
ionospheric footpoints across the polar
cap. On the other hand, the sunward
convection of closed magnetic field lines
around the Earth’s flanks results in the
ionospheric “return flow” from the night-
side to the dayside. The return flow takes
place at auroral latitudes, below the OCB.
Overall, these dynamics generate a two-
cell convection pattern, whose precise ge-
ometry is largely determined by the IMF
orientation (Reistad et al., 2021).
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mostionisedionosphericlayer,whereidealMHDconditionsprevail.Atloweraltitudes
(E-regionandbelow),thecollisionalcouplingbetweenionsandneutralsbecomessignif-
icantandtheidealMHDapproximationisnolongervalid.

Ionosphericconvection

Asmagneticfieldlinesconvectwithinthemagnetosphere(seeSection2.3.1),theirmotion
iscommunicatedtotheionosphere(Cowley,2000).
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Figure2.6showstheionosphericconvec-
tionpatternresultingfromthereconfig-
urationsofmagneticfieldlinesduring
southwardIMF,aspertheDungeycy-
cle.Theopeningoffieldlinesatthemag-
netopausesubsolarpointandtheirsub-
sequenttransporttothenightsideofthe
magnetospherebythesolarwindflowre-
sultsintheantisunwardmotionoftheir
ionosphericfootpointsacrossthepolar
cap.Ontheotherhand,thesunward
convectionofclosedmagneticfieldlines
aroundtheEarth’sflanksresultsinthe
ionospheric“returnflow”fromthenight-
sidetothedayside.Thereturnflowtakes
placeataurorallatitudes,belowtheOCB.
Overall,thesedynamicsgenerateatwo-
cellconvectionpattern,whoseprecisege-
ometryislargelydeterminedbytheIMF
orientation(Reistadetal.,2021).
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In this thesis, we are primarily interested in the F-region (> 150 km), the highest and
most ionised ionospheric layer, where ideal MHD conditions prevail. At lower altitudes
(E-region and below), the collisional coupling between ions and neutrals becomes signif-
icant and the ideal MHD approximation is no longer valid.

Ionospheric convection

As magnetic field lines convect within the magnetosphere (see Section 2.3.1), their motion
is communicated to the ionosphere (Cowley , 2000).

Figure 2.6: Schematic of the horizontal motion
(black lines) of the footpoints of magnetic field
lines in the ionosphere, following the stages of
the Dungey cycle. The illustration primarily
shows the dusk side of the two-cell ionospheric
convection pattern. The polar cap is delimited
by the OCB, depicted by the red line.

Figure 2.6 shows the ionospheric convec-
tion pattern resulting from the reconfig-
urations of magnetic field lines during
southward IMF, as per the Dungey cy-
cle. The opening of field lines at the mag-
netopause subsolar point and their sub-
sequent transport to the nightside of the
magnetosphere by the solar wind flow re-
sults in the antisunward motion of their
ionospheric footpoints across the polar
cap. On the other hand, the sunward
convection of closed magnetic field lines
around the Earth’s flanks results in the
ionospheric “return flow” from the night-
side to the dayside. The return flow takes
place at auroral latitudes, below the OCB.
Overall, these dynamics generate a two-
cell convection pattern, whose precise ge-
ometry is largely determined by the IMF
orientation (Reistad et al., 2021).
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2.3.4Convectionandcurrentsinthepolarionosphere

High-latitudeionosphere

Theionosphereconstitutesthetransitionregion,spanningapproximately100−1000
kmaltitude,betweenthefullyionisedmagnetosphericplasmaenvironmentandtheneu-
tralatmosphere.Assuch,theionospherecomprisesamixtureofplasma(ionisedgas)
andneutralparticles(∼99%)(SchunkandNagy,2018;BaumjohannandTreumann,
2012).ThetwomainsourcesofionisationintheupperatmospherearesolarUVradia-
tionandparticleprecipitation.Atpolarlatitudes,inthe80−200kmaltituderange,the
ionisationbyprecipitationoftenexceedsthephotoionisation.Inadditiontothedissipa-
tionofkineticenergyfluxbyparticleprecipitation,theexcessenergyresultingfromthe
interactionsbetweenthesolarwindandmagnetospheredissipatesinthehigh-latitude
ionospherethroughJouleheating(dissipationofelectromagneticflux).Therefore,the
polarionosphereconstitutesakeyregionforthetransferofmass,momentumanden-
ergybetweenthemagnetosphereandtheupperatmosphere(ThayerandSemeter,2004;
Raeetal.,2022).

Inthisthesis,weareprimarilyinterestedintheF-region(>150km),thehighestand
mostionisedionosphericlayer,whereidealMHDconditionsprevail.Atloweraltitudes
(E-regionandbelow),thecollisionalcouplingbetweenionsandneutralsbecomessignif-
icantandtheidealMHDapproximationisnolongervalid.

Ionosphericconvection

Asmagneticfieldlinesconvectwithinthemagnetosphere(seeSection2.3.1),theirmotion
iscommunicatedtotheionosphere(Cowley,2000).

Figure2.6:Schematicofthehorizontalmotion
(blacklines)ofthefootpointsofmagneticfield
linesintheionosphere,followingthestagesof
theDungeycycle.Theillustrationprimarily
showsthedusksideofthetwo-cellionospheric
convectionpattern.Thepolarcapisdelimited
bytheOCB,depictedbytheredline.

Figure2.6showstheionosphericconvec-
tionpatternresultingfromthereconfig-
urationsofmagneticfieldlinesduring
southwardIMF,aspertheDungeycy-
cle.Theopeningoffieldlinesatthemag-
netopausesubsolarpointandtheirsub-
sequenttransporttothenightsideofthe
magnetospherebythesolarwindflowre-
sultsintheantisunwardmotionoftheir
ionosphericfootpointsacrossthepolar
cap.Ontheotherhand,thesunward
convectionofclosedmagneticfieldlines
aroundtheEarth’sflanksresultsinthe
ionospheric“returnflow”fromthenight-
sidetothedayside.Thereturnflowtakes
placeataurorallatitudes,belowtheOCB.
Overall,thesedynamicsgenerateatwo-
cellconvectionpattern,whoseprecisege-
ometryislargelydeterminedbytheIMF
orientation(Reistadetal.,2021).
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16 The Solar wind – magnetosphere – ionosphere coupling

Ionospheric current system

In the F-region, the convection of magnetic field lines induces an electric field E perpen-
dicular to the magnetic field B. Since the electrons are frozen into the plasma and have
high mobility along the magnetic field lines, the convection electric field maps down to
lower altitudes. In the E-region differential motion between ions and electrons gives rise
to the Hall and Pederson currents, which flow horizontally in the ionosphere, given radial
magnetic field lines (which is usually a reasonable assumption at high latitudes). The
steady-state horizontal ionospheric current system can be described by the ionospheric
Ohm’s law, here in its height integrated form (with E given in the reference frame of the
neutrals) (e.g., Baumjohann and Treumann , 2012):

J = ΣPE+ ΣH(b̂× E), (2.2)

where J is the horizontal sheet current density and ΣH and ΣP represent the Hall
and Pedersen conductances, respectively. b̂ is the unit vector of the magnetic field B.
The ionospheric Ohm’s law is most relevant in the E-region at 110 km altitude (see
also Section 4.3.3), which corresponds to where the Hall and Pederson conductivities
peak in the ionosphere (Richmond , 2007). The ionospheric Ohm’s law is derived from
the momentum fluid equation, under specific assumptions such as steady-state, charge
neutrality, known neutral wind velocity, thermal equilibrium and isotropic pressure.

The Field-Aligned Currents (FACs) (also named Birkeland currents) complete the iono-
spheric current system by flowing in and out of the ionosphere, parallel to the magnetic
field lines. These currents can be described in terms of the divergence of J.

Figure 2.7 illustrates the ionospheric high-latitude steady-state current system. The
large-scale average FAC flows in two distinctive regions, namely Regions 1 and 2 (Iijima
and Potemra , 1976a,b, 1978). Region 1 FACs are coincident with the OCB at the
poleward edge of the auroral zone, while Region 2 FACs are located near the equatorward
edge of the auroral zone (Burrell et al., 2020; Xiong et al., 2014). At dusk, the Region 1
current is upward, and the Region 2 current is downward, while the dawn side exhibits
an opposite configuration. Pointing in the same direction as the ionospheric electric field,
Pedersen currents flow across the auroral region between downward and upward FACs,
as well as from dawn to dusk across the polar cap to close the Region 1 FACs. Anti-
parallel to the convection direction, Hall currents flow sunward across the polar cap and
anti-sunward on the flanks, forming the eastward and westward auroral electrojets in the
dusk and dawn auroral region, respectively. The strength of Hall and Pedersen currents
depends on the collisional friction between plasma and neutrals, quantified in terms of
ionospheric conductance. The conductance is determined by the level of insolation and
the ionisation of the atmosphere (see also Section 2.4.1). As such, the conductance varies
diurnally, seasonally and with the 11-year solar cycle, but is generally low in the polar
cap and enhanced in the auroral oval as well as sunward of the solar terminator (Milan
et al., 2017). This results in strong currents flowing in the auroral region (as indicated
by the large arrows).

As depicted in Figure 2.7, the Region 1 and 2 currents are typically oriented in the
east-west direction around the pole. The resulting current sheets are associated with
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IntheF-region,theconvectionofmagneticfieldlinesinducesanelectricfieldEperpen-
diculartothemagneticfieldB.Sincetheelectronsarefrozenintotheplasmaandhave
highmobilityalongthemagneticfieldlines,theconvectionelectricfieldmapsdownto
loweraltitudes.IntheE-regiondifferentialmotionbetweenionsandelectronsgivesrise
totheHallandPedersoncurrents,whichflowhorizontallyintheionosphere,givenradial
magneticfieldlines(whichisusuallyareasonableassumptionathighlatitudes).The
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Ohm’slaw,hereinitsheightintegratedform(withEgiveninthereferenceframeofthe
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whereJisthehorizontalsheetcurrentdensityandΣHandΣPrepresenttheHall
andPedersenconductances,respectively.b̂istheunitvectorofthemagneticfieldB.
TheionosphericOhm’slawismostrelevantintheE-regionat110kmaltitude(see
alsoSection4.3.3),whichcorrespondstowheretheHallandPedersonconductivities
peakintheionosphere(Richmond,2007).TheionosphericOhm’slawisderivedfrom
themomentumfluidequation,underspecificassumptionssuchassteady-state,charge
neutrality,knownneutralwindvelocity,thermalequilibriumandisotropicpressure.

TheField-AlignedCurrents(FACs)(alsonamedBirkelandcurrents)completetheiono-
sphericcurrentsystembyflowinginandoutoftheionosphere,paralleltothemagnetic
fieldlines.ThesecurrentscanbedescribedintermsofthedivergenceofJ.

Figure2.7illustratestheionospherichigh-latitudesteady-statecurrentsystem.The
large-scaleaverageFACflowsintwodistinctiveregions,namelyRegions1and2(Iijima
andPotemra,1976a,b,1978).Region1FACsarecoincidentwiththeOCBatthe
polewardedgeoftheauroralzone,whileRegion2FACsarelocatedneartheequatorward
edgeoftheauroralzone(Burrelletal.,2020;Xiongetal.,2014).Atdusk,theRegion1
currentisupward,andtheRegion2currentisdownward,whilethedawnsideexhibits
anoppositeconfiguration.Pointinginthesamedirectionastheionosphericelectricfield,
PedersencurrentsflowacrosstheauroralregionbetweendownwardandupwardFACs,
aswellasfromdawntoduskacrossthepolarcaptoclosetheRegion1FACs.Anti-
paralleltotheconvectiondirection,Hallcurrentsflowsunwardacrossthepolarcapand
anti-sunwardontheflanks,formingtheeastwardandwestwardauroralelectrojetsinthe
duskanddawnauroralregion,respectively.ThestrengthofHallandPedersencurrents
dependsonthecollisionalfrictionbetweenplasmaandneutrals,quantifiedintermsof
ionosphericconductance.Theconductanceisdeterminedbythelevelofinsolationand
theionisationoftheatmosphere(seealsoSection2.4.1).Assuch,theconductancevaries
diurnally,seasonallyandwiththe11-yearsolarcycle,butisgenerallylowinthepolar
capandenhancedintheauroralovalaswellassunwardofthesolarterminator(Milan
etal.,2017).Thisresultsinstrongcurrentsflowingintheauroralregion(asindicated
bythelargearrows).

AsdepictedinFigure2.7,theRegion1and2currentsaretypicallyorientedinthe
east-westdirectionaroundthepole.Theresultingcurrentsheetsareassociatedwith
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Figure 2.7: Schematic illustration of the steady-state current system in the polar ionosphere
during southward IMF. The horizontal Hall and Pederson currents are depicted by the coloured
arrows. Upward and downward FACs are shown as blue and red circles, respectively. The black
lines and arrows form two cells and indicate the magnetic field line convection pattern. The
dayside and auroral regions are coloured in light yellow to highlight enhanced conductance.
Credit: Mîchéllė Mãdelàirę.

large-scale perturbations in the magnetic field. While FACs constitute quasi-static large-
scale structures coupling the magnetosphere and high-latitude ionosphere, Alfvén waves
propagate along the magnetic field lines and reflect the smaller-scale dynamic coupling
(Nagatsuma et al., 1996), further communicating the motion of the magnetospheric field
lines to the ionosphere. Together, they facilitate the exchange of energy, mass and
momentum between the magnetosphere and ionosphere (Lysak and Song , 2006). Fur-
thermore, FACs and Alfvén waves are associated with the precipitation of electrons along
magnetic field lines in the auroral region (see Section 2.4), and Alfvén waves also play
a key role in particle acceleration processes (Hasegawa and Mima , 1976; Goertz , 1984;
Seki et al.).
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large-scaleperturbationsinthemagneticfield.WhileFACsconstitutequasi-staticlarge-
scalestructurescouplingthemagnetosphereandhigh-latitudeionosphere,Alfvénwaves
propagatealongthemagneticfieldlinesandreflectthesmaller-scaledynamiccoupling
(Nagatsumaetal.,1996),furthercommunicatingthemotionofthemagnetosphericfield
linestotheionosphere.Together,theyfacilitatetheexchangeofenergy,massand
momentumbetweenthemagnetosphereandionosphere(LysakandSong,2006).Fur-
thermore,FACsandAlfvénwavesareassociatedwiththeprecipitationofelectronsalong
magneticfieldlinesintheauroralregion(seeSection2.4),andAlfvénwavesalsoplay
akeyroleinparticleaccelerationprocesses(HasegawaandMima,1976;Goertz,1984;
Sekietal.).
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2.3.5 Magnetospheric substorms

Dayside reconnection facilitates the conversion of solar wind kinetic energy into mag-
netic energy. As a result, the magnetotail lobes constitute a region of accumulation of
magnetic flux and energy. At some point, the field lines from the two lobes can recon-
nect and close the open magnetic flux. Among the various magnetospheric mechanisms
initiated by the magnetic reconnection process, magnetospheric substorms play a signif-
icant role in redistributing energy and plasma within the M-I system, beyond the scope
of the Dungey cycle model. Substorms are dynamic transient events occurring in the
magnetotail and resulting in a variety of phenomena such as magnetic field disturbances,
particle acceleration, and enhanced auroral activity.

A substorm can be decomposed into three phases (McPherron, 1970; Akasofu, 1964).
The loading of open magnetic flux in the magnetotail lobes corresponds to the substorm
growth phase. The sudden and explosive release of the energy stored in the lobes fol-
lowing the closing of open flux through nightside reconnection determines the onset of
the substorm. This is immediately followed by a brief expansion phase, often associated
with the reconfiguration of the stretched field lines in the tail, which become increas-
ingly dipolar, simultaneously accelerating plasma towards Earth. The expansion phase
leads to dynamic and intense auroral activity, along with an intensification of ionospheric
currents (particularly, the westward auroral electrojet) and enhanced ionospheric convec-
tion. In particular, the dipolarisation region in the magnetosphere maps to the “bulge”,
which corresponds to the region of most intense auroral activity (Liou et al., 2002). Fol-
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As introduced in the preceding sections, the aurora results from the large-scale circu-
lation of plasma and magnetic flux initiated by dayside reconnection between the IMF
and magnetosphere. The auroral region commonly refers to the preferred region for the
precipitation of particles in the ionosphere, generally associated with FACs and Alfvén
waves. Given the mapping between the ionosphere and magnetosphere (Figures 2.1–2.3),
ionospheric processes related to auroral activity can, in turn, significantly impact magne-
tospheric dynamics. For instance, the particles responsible for producing the aurora also
enhance ionospheric conductivity, thereby altering interactions between the ionosphere
and magnetosphere, including plasma convection. Hence, a thorough understanding of
the aurora allows us to gain insights into the dynamics of the magnetosphere and the
broader M-I coupling (Chisham et al., 2008).

This section offers a comprehensive overview of the auroral region and its intrinsic phe-
nomena. Note that our focus shifts from the collective behaviour of plasma as a fluid
to the individual motion of particles within it (kinetic approach). We begin by explor-
ing the characteristics of the auroral region in terms of particle precipitation in Section
2.4.1. In Section 2.4.2, we provide a summary of how the global dynamics and morphol-
ogy of the auroral region are ordinarily characterised based on particle precipitation and
magnetic field perturbations in the ionosphere.

2.4.1 Auroral particle precipitation

This subsection starts with an examination of the primary magnetospheric source regions
for precipitating particles. We then describe the basic plasma physics principles regarding
particle precipitation and the specific mechanisms that give rise to the spectacular aurora.
We end the subsection with a review of the various types of auroral precipitation.

Source regions for auroral particles

The dayside reconnection between the IMF and the geomagnetic field opens the magneto-
sphere to the solar wind and provides energy to the local plasma populations. Energetic
particles can consequently precipitate into the upper atmosphere. Precipitating particles
relate to source regions and processes in the magnetosphere; different regions of the mag-
netosphere correspond to different plasma populations, with different energies, mapping
to specific ionospheric regions (Newell et al., 1996).

Auroral precipitation consists of particles with typical energies ranging from hundreds
to thousands of electronvolts (eV) , characterised by intense fluxes. Such particles cause
detectable emissions that can be utilised to infer the boundaries of the auroral region
and the topology of the magnetosphere (Sotirelis et al., 1998). On the nightside, the
main source regions for precipitation are the high-latitude (at the edge of the lobes)
and central plasma sheet (Borovsky et al., 1998; Elphic et al., 1999). While both are
regions of hot dense plasma confined within closed magnetic field lines, they have different
plasma properties (Baumjohann et al., 1988, 1989; Boakes et al., 2014), thus inducing
different types of aurora (see dedicated subsection hereafter). The inner boundary of the
plasma sheet aligns with very low-energy particles, often coinciding with the plasmapause
(Horwitz et al., 1986). Most of the auroral precipitation is observed poleward of this
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boundary (Newell et al., 1996). The auroral region poleward boundary is marked by a
significant decay of the energy flux over a narrow latitude range. Beyond this limit, the
polar cap region is dominated by very low-energy (∼ eV) particle precipitation, referred
to as the polar rain (Newell et al., 2004).

Although auroral precipitation predominantly occurs along closed field lines, some low-
energy precipitation may occur along open field lines and generate dayside aurora, which
can be of various types (Frey , 2007; Frey et al., 2019). For example, the cusp aurora
is associated with the polar cusp, which is the region in the magnetosphere formed by
newly open magnetic field lines (see Figure 2.1), such that the cusp particles reflect their
original solar wind kinetic energy, that is approximately ∼ 1 keV (Newell et al., 1991a;
Newell and Meng , 1992; Newell et al., 2004).

Particle motion and precipitation

Charged particles of various origin are trapped within the magnetosphere. One signifi-
cant source is the solar wind, where the particles can enter the magnetosphere through
interactions between the IMF and the magnetosphere. Assuming a dipole magnetic
field, individual particles undergo three types of motion: they gyrate around the field
line, bounce back and forth between mirror points in either hemisphere and drift ei-
ther eastwards or westwards, depending on the particle charge, as shown in Figure 2.8
(Baumjohann and Treumann , 2012).

A particle’s mirror point is defined as the point along the field line where the angle
between the particle’s velocity vector and the local magnetic field lines (pitch angle α)
reaches 90◦. When the mirror point is located deep in the atmosphere, the particle’s pitch
angle lies within the “loss cone” (see Figure 2.8); this results in the particle precipitating
and becoming lost to the atmosphere as its kinetic energy is lost due to collisions with
the atmospheric neutral constituents (Baumjohann and Treumann , 2012). Pitch-angle
scattering into the atmospheric loss cone is usually driven by wave-particle interactions
in the magnetosphere (Koskinen and Kilpua , 2022).

Figure 2.8: Schematic of the trajectory of a particle having its pitch angle (α) within the loss
cone. The three types of motion experienced by a particle trapped in a dipole field are shown.
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boundary(Newelletal.,1996).Theauroralregionpolewardboundaryismarkedbya
significantdecayoftheenergyfluxoveranarrowlatituderange.Beyondthislimit,the
polarcapregionisdominatedbyverylow-energy(∼eV)particleprecipitation,referred
toasthepolarrain(Newelletal.,2004).

Althoughauroralprecipitationpredominantlyoccursalongclosedfieldlines,somelow-
energyprecipitationmayoccuralongopenfieldlinesandgeneratedaysideaurora,which
canbeofvarioustypes(Frey,2007;Freyetal.,2019).Forexample,thecuspaurora
isassociatedwiththepolarcusp,whichistheregioninthemagnetosphereformedby
newlyopenmagneticfieldlines(seeFigure2.1),suchthatthecuspparticlesreflecttheir
originalsolarwindkineticenergy,thatisapproximately∼1keV(Newelletal.,1991a;
NewellandMeng,1992;Newelletal.,2004).

Particlemotionandprecipitation

Chargedparticlesofvariousoriginaretrappedwithinthemagnetosphere.Onesignifi-
cantsourceisthesolarwind,wheretheparticlescanenterthemagnetospherethrough
interactionsbetweentheIMFandthemagnetosphere.Assumingadipolemagnetic
field,individualparticlesundergothreetypesofmotion:theygyratearoundthefield
line,bouncebackandforthbetweenmirrorpointsineitherhemisphereanddriftei-
thereastwardsorwestwards,dependingontheparticlecharge,asshowninFigure2.8
(BaumjohannandTreumann,2012).

Aparticle’smirrorpointisdefinedasthepointalongthefieldlinewheretheangle
betweentheparticle’svelocityvectorandthelocalmagneticfieldlines(pitchangleα)
reaches90◦.Whenthemirrorpointislocateddeepintheatmosphere,theparticle’spitch
anglelieswithinthe“losscone”(seeFigure2.8);thisresultsintheparticleprecipitating
andbecominglosttotheatmosphereasitskineticenergyislostduetocollisionswith
theatmosphericneutralconstituents(BaumjohannandTreumann,2012).Pitch-angle
scatteringintotheatmosphericlossconeisusuallydrivenbywave-particleinteractions
inthemagnetosphere(KoskinenandKilpua,2022).

Figure2.8:Schematicofthetrajectoryofaparticlehavingitspitchangle(α)withintheloss
cone.Thethreetypesofmotionexperiencedbyaparticletrappedinadipolefieldareshown.
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Although auroral precipitation predominantly occurs along closed field lines, some low-
energy precipitation may occur along open field lines and generate dayside aurora, which
can be of various types (Frey , 2007; Frey et al., 2019). For example, the cusp aurora
is associated with the polar cusp, which is the region in the magnetosphere formed by
newly open magnetic field lines (see Figure 2.1), such that the cusp particles reflect their
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cantsourceisthesolarwind,wheretheparticlescanenterthemagnetospherethrough
interactionsbetweentheIMFandthemagnetosphere.Assumingadipolemagnetic
field,individualparticlesundergothreetypesofmotion:theygyratearoundthefield
line,bouncebackandforthbetweenmirrorpointsineitherhemisphereanddriftei-
thereastwardsorwestwards,dependingontheparticlecharge,asshowninFigure2.8
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The higher the energy of particles, the further they penetrate the atmosphere. For
example, electrons with an energy of 300 keV can reach as far down as about 70 km
altitude, while those with an energy of 1 keV are typically stopped at around 150 km
altitude (Baumjohann and Treumann , 2012). Particles stop their progression down when
their kinetic energy is lost to various processes: heating (50%) of the neutral atmosphere
(similar to the deposition of electromagnetic flux through Joule heating), as well as
ionisation (45%) and excitation of the neutral molecules (5%) (Thayer and Semeter ,
2004; Vasyli , 2010).

The aurora

The population of auroral particles consists primarily of electrons and ions (protons)
with energies from a few eV to hundreds of keV originating from the magnetospheric
plasma sheet and polar cusp. Auroral particles precipitate into the ionosphere at high
latitudes, generally poleward of 70◦ magnetic latitude.

When atmospheric neutral constituents are excited by such charged particles, they relax
to their original energy state by photo-emission, potentially in the visible light spectrum,
giving rise to the aurora. The wavelength of the aurora is primarily determined by the
excited atom or molecule and the degree to which it is excited. Oxygen atoms, which are
predominantly found between 100 and 200 km altitude, primarily emit green light (“au-
roral green line” at 557.7 nm), yielding the prevalent colour of auroras. Charged particles
can also excite higher-altitude (above 300 km) oxygen atoms to a different energy state,
usually resulting in red aurora. Weaker shades of red, as well as violet and blue aurora
(more scarce), are produced by lower-energy particles colliding with nitrogen molecules,
principally found at 100− 200 km altitude. Other wavelengths of the aurora, including
emission lines in the ultraviolet and infrared ranges, can arise depending on the energy of
the precipitating particles, as well as the specific atmospheric conditions. The strongest
auroral emissions occur at an altitude of approximately 110 km, coincident with the peak
in Hall and Pederson conductances (Brekke, 2013; Baumjohann and Treumann , 2012).

Figure 2.9: Aurora australis (southern lights)
captured by the IMAGE satellite. Image cour-
tesy NASA.

Imaging the aurora using ground-based
optical (all-sky) cameras and space-based
imagers (see Figure 2.9) showed that the
large-scale aurora exhibits a characteris-
tic shape, often forming an oval at high
latitudes around the geomagnetic poles,
therefore commonly referred to as the “au-
roral oval” (Feldstein , 2016). Note that
the auroral region encompasses more than
just the auroral displays perceivable to the
naked eye. The aurora can be faint yet ex-
ert significant influence on the ionosphere
(for example diffuse aurora, see next sub-
section).
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theprecipitatingparticles,aswellasthespecificatmosphericconditions.Thestrongest
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22 The Solar wind – magnetosphere – ionosphere coupling

Different types of auroral precipitation

Aurora can be classified into various types based on the precipitation characteristics,
including distinctions in energy spectrum or whether the precipitating particles have un-
dergone specific acceleration processes (which are not detailed here). While ion precipita-
tion also induces auroral phenomena (proton aurora), electron precipitation contributes
approximately 80 − 85% of the particle energy input into the ionosphere, making it a
crucial factor in the transfer of solar wind energy to the Earth via M-I coupling (Newell
et al., 2009; Dombeck et al., 2018). In this subsection, we discuss the different types of
electron aurora as categorised by Newell et al. (2009).

Discrete aurora When electrons are accelerated along the field lines, leading to their
precipitation, they can produce discrete aurora. Depending on the energy spectrum
of the precipitating particles, the discrete aurora can be of two types. If the auroral
electrons are characterised by high fluxes in only a small range of energies, dominating
over the other energies, the precipitation is classified as “monoenergetic”. This is the most
common type of discrete aurora in terms of deposition of energy flux in the ionosphere
(Newell et al., 2009). These monoenergetic events are usually associated with quasi-
static electric fields aligned with the magnetic field. On the other hand, “broadband”
precipitation refers to high fluxes of electrons occurring over a wide range of energies.
Broadband aurora is produced by dispersive Alfvén waves and is often called wave aurora,
or even Alfvén aurora (Ergun et al., 1998; Chaston et al., 2003). The broadband aurora
does not contribute much to the global precipitation budget during quiet times but
becomes important during active conditions. As such, it is the most dynamic auroral
type. Broadband aurora is further thought to affect ionospheric heating (Newell et al.,
2009). The magnetospheric source region for discrete aurora is typically the high-latitude
plasma sheet (Newell et al., 1991a).

Diffuse aurora When electrons precipitate into the ionosphere without prior accel-
eration, they can generate diffuse aurora. The low-energy electrons (from a few eV to
hundreds of eV) that produce this type of aurora indirectly originate from the central
plasma sheet (Newell et al., 1991a; Thorne et al., 2010; Dombeck et al., 2018). Diffuse au-
roral precipitation is often initiated by wave-particle interaction processes scattering the
trapped magnetospheric electrons into the loss cone (e.g., Khazanov and Glocer , 2020;
Thorne et al., 2010). Although generally not visible, electron diffuse aurora represents
approximately 60% of the energy flux into the ionosphere. When including the proton
aurora, which is of the diffuse type, diffuse aurora contributes up to ∼ 75% of the total
precipitating energy flux. Although not as dynamic as discrete aurora, diffuse precipi-
tation also increases rapidly with heightened solar wind driving, bringing the faction of
the total precipitating budget to almost 85% (Newell et al., 2009).

A table from Newell et al. (2009) is displayed in Figure 2.10, which permits a compre-
hensive comparison of the hemispheric contribution of each type of aurora, highlighting
the predominance of electron diffuse aurora over the three other types of auroral precip-
itation.
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Figure 2.10: Fractions of the total precipitating energy flux for each type of aurora. Taken from
Newell et al. (2009).

2.4.2 Dynamics and morphology of the auroral region

The auroral region is traditionally characterised by examining the average auroral energy
flux, or by deriving particle precipitation boundaries (Shue et al., 2001; Newell et al.,
2009, 2014; Dombeck et al., 2018). While in-situ precipitating particle measurements
offer the most direct approach to studying the auroral zone and its dynamics and mor-
phology, observations of magnetic field perturbations of field-aligned current sheets also
yield valuable information (e.g., Wu et al., 2017; Nagatsuma et al., 1996; Xiong et al.,
2014; Xiong and Lühr , 2014). Additionally, several studies have underscored the global
role and impact of Alfvén waves in the dynamics of the aurora, notably in accelerating
auroral electrons (e.g., Goertz , 1984; Knudsen et al., 1998; Chaston et al., 1999, 2003; Wu
et al., 2020; Stasiewicz et al., 2000), leading to the recent introduction of the “Alfvénic
oval” concept (Keiling , 2021), emphasising the importance of FACs and Alfvén waves in
shaping the auroral region.

While it exhibits distinct features, the Alfvénic oval shares many similarities with the
well-established auroral oval, which commonly refers to particle precipitation. Further-
more, studies using simultaneous magnetic field and particle precipitation measurements
have demonstrated the relationship between FAC signatures and precipitating particle
energy flux (Xiong et al., 2020), supporting the idea that both types of measurements
can be used as proxies for the auroral region.

The auroral region morphology has been investigated in average energy flux studies
(e.g., Newell et al., 2009) and discussed in relation to changes in geomagnetic activity
(Feldstein , 1964; Feldsten and Starkov , 1967; Holzworth and Meng , 1975). While highly
variable, the auroral region shows repeatable patterns, such as asymmetries between
dayside and nightside as well as between dawn and dusk (e.g., Karlsson et al., 2017).
The dawn-dusk asymmetry has standardly been explained through the scope of kinetic
dynamics (e.g. Ni et al., 2016). In this context, the prevalent eastward transport of
electrons that leads to the prominent dawn sector in the auroral region is typically
interpreted as resulting from a combination of the sunward E×B drift and the gradient
drift (see Figure 2.8).

Nevertheless, while average precipitating energy flux models explain the dynamics of the
intense discrete aurora, they often fail to accurately describe the weaker diffuse auroral
precipitation. This is problematic since diffuse aurora constitutes most of the total auro-

2.4Theauroralregion23
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2.4.2Dynamicsandmorphologyoftheauroralregion

Theauroralregionistraditionallycharacterisedbyexaminingtheaverageauroralenergy
flux,orbyderivingparticleprecipitationboundaries(Shueetal.,2001;Newelletal.,
2009,2014;Dombecketal.,2018).Whilein-situprecipitatingparticlemeasurements
offerthemostdirectapproachtostudyingtheauroralzoneanditsdynamicsandmor-
phology,observationsofmagneticfieldperturbationsoffield-alignedcurrentsheetsalso
yieldvaluableinformation(e.g.,Wuetal.,2017;Nagatsumaetal.,1996;Xiongetal.,
2014;XiongandLühr,2014).Additionally,severalstudieshaveunderscoredtheglobal
roleandimpactofAlfvénwavesinthedynamicsoftheaurora,notablyinaccelerating
auroralelectrons(e.g.,Goertz,1984;Knudsenetal.,1998;Chastonetal.,1999,2003;Wu
etal.,2020;Stasiewiczetal.,2000),leadingtotherecentintroductionofthe“Alfvénic
oval”concept(Keiling,2021),emphasisingtheimportanceofFACsandAlfvénwavesin
shapingtheauroralregion.

Whileitexhibitsdistinctfeatures,theAlfvénicovalsharesmanysimilaritieswiththe
well-establishedauroraloval,whichcommonlyreferstoparticleprecipitation.Further-
more,studiesusingsimultaneousmagneticfieldandparticleprecipitationmeasurements
havedemonstratedtherelationshipbetweenFACsignaturesandprecipitatingparticle
energyflux(Xiongetal.,2020),supportingtheideathatbothtypesofmeasurements
canbeusedasproxiesfortheauroralregion.

Theauroralregionmorphologyhasbeeninvestigatedinaverageenergyfluxstudies
(e.g.,Newelletal.,2009)anddiscussedinrelationtochangesingeomagneticactivity
(Feldstein,1964;FeldstenandStarkov,1967;HolzworthandMeng,1975).Whilehighly
variable,theauroralregionshowsrepeatablepatterns,suchasasymmetriesbetween
daysideandnightsideaswellasbetweendawnanddusk(e.g.,Karlssonetal.,2017).
Thedawn-duskasymmetryhasstandardlybeenexplainedthroughthescopeofkinetic
dynamics(e.g.Nietal.,2016).Inthiscontext,theprevalenteastwardtransportof
electronsthatleadstotheprominentdawnsectorintheauroralregionistypically
interpretedasresultingfromacombinationofthesunwardE×Bdriftandthegradient
drift(seeFigure2.8).

Nevertheless,whileaverageprecipitatingenergyfluxmodelsexplainthedynamicsofthe
intensediscreteaurora,theyoftenfailtoaccuratelydescribetheweakerdiffuseauroral
precipitation.Thisisproblematicsincediffuseauroraconstitutesmostofthetotalauro-
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ral energy precipitated into the ionosphere. Moreover, boundary models commonly rely
on a circular or elliptical fit of the auroral oval shape, which hinders their ability to cap-
ture subtle asymmetries in the spatial distribution of the auroral region. Additionally,
these models are typically scaled by a single parameter (such as the geomagnetic Kp in-
dex), which falls short of capturing the complexity of auroral dynamics. Consequently,
traditional models of the auroral region overlook crucial information, particularly re-
garding the soft auroral precipitation, and asymmetries within the auroral region.

In this thesis and its associated papers, we develop a novel method of characterisation
of the auroral region which does not rely on boundaries nor average precipitating en-
ergy flux, notably preserving information about weak precipitation and ideally suited to
explore the spatial distribution of the auroral region, specifically in terms of its extent
asymmetries. The method relies on the probability of occurrence of the aurora, with au-
rora as defined from both electron precipitation (Paper I) and magnetic field fluctuation
measurements (Paper II). The method is described in detail in Section 4.2. Furthermore,
we argue that the dawn-dusk asymmetry observed in our auroral occurrence probabil-
ity can be partly explained from a fluid perspective, in addition to the typical kinetic
framework (see next section).

2.5 Fluid versus kinetic descriptions of the plasma

Geospace dynamics can be understood from both fluid and kinetic perspectives, each
offering unique insights. The Dungey cycle and the ECPC paradigm describe the com-
bined action of subsolar and magnetotail reconnections and the consecutive circulation
of magnetic flux and plasma in the magnetosphere through a fluid point of view. This
entails an emphasis on the bulk motion of plasma rather than on the behaviour of in-
dividual particles within the plasma. On the other hand, we saw in Section 2.4 that a
kinetic description becomes essential to describe the mechanisms leading to the aurora.
In this section, we address the benefits and limitations of both types of perspectives
within the context of this thesis.

Kinetic perspective

The behaviour of individual particles might significantly deviate from the bulk plasma
motion, particularly in high-energy particle populations. A conventional MHD descrip-
tion is no longer appropriate when the distribution of particle velocities stops following
a Maxwellian distribution; necessitating a kinetic approach to accurately model the par-
ticle dynamics. The kinetic theory treats the plasma as a collection of particles and
accounts for the simultaneous gyration, bouncing and drift motions experienced by par-
ticles trapped in a dipole magnetic field (Baumjohann and Treumann , 2012) (see Section
2.4.1 and Figure 2.8). The kinetic approach also distinguishes between electron and ion
behaviour. This is particularly relevant in understanding the auroral region morphol-
ogy, as the differential drift motion between electrons and ions is responsible for the
dawn-dusk asymmetric pattern in the auroral electron precipitation (see Section 2.4.2)
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roraasdefinedfrombothelectronprecipitation(PaperI)andmagneticfieldfluctuation
measurements(PaperII).ThemethodisdescribedindetailinSection4.2.Furthermore,
wearguethatthedawn-duskasymmetryobservedinourauroraloccurrenceprobabil-
itycanbepartlyexplainedfromafluidperspective,inadditiontothetypicalkinetic
framework(seenextsection).

2.5Fluidversuskineticdescriptionsoftheplasma

Geospacedynamicscanbeunderstoodfrombothfluidandkineticperspectives,each
offeringuniqueinsights.TheDungeycycleandtheECPCparadigmdescribethecom-
binedactionofsubsolarandmagnetotailreconnectionsandtheconsecutivecirculation
ofmagneticfluxandplasmainthemagnetospherethroughafluidpointofview.This
entailsanemphasisonthebulkmotionofplasmaratherthanonthebehaviourofin-
dividualparticleswithintheplasma.Ontheotherhand,wesawinSection2.4thata
kineticdescriptionbecomesessentialtodescribethemechanismsleadingtotheaurora.
Inthissection,weaddressthebenefitsandlimitationsofbothtypesofperspectives
withinthecontextofthisthesis.

Kineticperspective

Thebehaviourofindividualparticlesmightsignificantlydeviatefromthebulkplasma
motion,particularlyinhigh-energyparticlepopulations.AconventionalMHDdescrip-
tionisnolongerappropriatewhenthedistributionofparticlevelocitiesstopsfollowing
aMaxwelliandistribution;necessitatingakineticapproachtoaccuratelymodelthepar-
ticledynamics.Thekinetictheorytreatstheplasmaasacollectionofparticlesand
accountsforthesimultaneousgyration,bouncinganddriftmotionsexperiencedbypar-
ticlestrappedinadipolemagneticfield(BaumjohannandTreumann,2012)(seeSection
2.4.1andFigure2.8).Thekineticapproachalsodistinguishesbetweenelectronandion
behaviour.Thisisparticularlyrelevantinunderstandingtheauroralregionmorphol-
ogy,asthedifferentialdriftmotionbetweenelectronsandionsisresponsibleforthe
dawn-duskasymmetricpatternintheauroralelectronprecipitation(seeSection2.4.2)

24TheSolarwind–magnetosphere–ionospherecoupling

ralenergyprecipitatedintotheionosphere.Moreover,boundarymodelscommonlyrely
onacircularorellipticalfitoftheauroralovalshape,whichhinderstheirabilitytocap-
turesubtleasymmetriesinthespatialdistributionoftheauroralregion.Additionally,
thesemodelsaretypicallyscaledbyasingleparameter(suchasthegeomagneticKpin-
dex),whichfallsshortofcapturingthecomplexityofauroraldynamics.Consequently,
traditionalmodelsoftheauroralregionoverlookcrucialinformation,particularlyre-
gardingthesoftauroralprecipitation,andasymmetrieswithintheauroralregion.

Inthisthesisanditsassociatedpapers,wedevelopanovelmethodofcharacterisation
oftheauroralregionwhichdoesnotrelyonboundariesnoraverageprecipitatingen-
ergyflux,notablypreservinginformationaboutweakprecipitationandideallysuitedto
explorethespatialdistributionoftheauroralregion,specificallyintermsofitsextent
asymmetries.Themethodreliesontheprobabilityofoccurrenceoftheaurora,withau-
roraasdefinedfrombothelectronprecipitation(PaperI)andmagneticfieldfluctuation
measurements(PaperII).ThemethodisdescribedindetailinSection4.2.Furthermore,
wearguethatthedawn-duskasymmetryobservedinourauroraloccurrenceprobabil-
itycanbepartlyexplainedfromafluidperspective,inadditiontothetypicalkinetic
framework(seenextsection).

2.5Fluidversuskineticdescriptionsoftheplasma

Geospacedynamicscanbeunderstoodfrombothfluidandkineticperspectives,each
offeringuniqueinsights.TheDungeycycleandtheECPCparadigmdescribethecom-
binedactionofsubsolarandmagnetotailreconnectionsandtheconsecutivecirculation
ofmagneticfluxandplasmainthemagnetospherethroughafluidpointofview.This
entailsanemphasisonthebulkmotionofplasmaratherthanonthebehaviourofin-
dividualparticleswithintheplasma.Ontheotherhand,wesawinSection2.4thata
kineticdescriptionbecomesessentialtodescribethemechanismsleadingtotheaurora.
Inthissection,weaddressthebenefitsandlimitationsofbothtypesofperspectives
withinthecontextofthisthesis.

Kineticperspective

Thebehaviourofindividualparticlesmightsignificantlydeviatefromthebulkplasma
motion,particularlyinhigh-energyparticlepopulations.AconventionalMHDdescrip-
tionisnolongerappropriatewhenthedistributionofparticlevelocitiesstopsfollowing
aMaxwelliandistribution;necessitatingakineticapproachtoaccuratelymodelthepar-
ticledynamics.Thekinetictheorytreatstheplasmaasacollectionofparticlesand
accountsforthesimultaneousgyration,bouncinganddriftmotionsexperiencedbypar-
ticlestrappedinadipolemagneticfield(BaumjohannandTreumann,2012)(seeSection
2.4.1andFigure2.8).Thekineticapproachalsodistinguishesbetweenelectronandion
behaviour.Thisisparticularlyrelevantinunderstandingtheauroralregionmorphol-
ogy,asthedifferentialdriftmotionbetweenelectronsandionsisresponsibleforthe
dawn-duskasymmetricpatternintheauroralelectronprecipitation(seeSection2.4.2)

24 The Solar wind – magnetosphere – ionosphere coupling

ral energy precipitated into the ionosphere. Moreover, boundary models commonly rely
on a circular or elliptical fit of the auroral oval shape, which hinders their ability to cap-
ture subtle asymmetries in the spatial distribution of the auroral region. Additionally,
these models are typically scaled by a single parameter (such as the geomagnetic Kp in-
dex), which falls short of capturing the complexity of auroral dynamics. Consequently,
traditional models of the auroral region overlook crucial information, particularly re-
garding the soft auroral precipitation, and asymmetries within the auroral region.

In this thesis and its associated papers, we develop a novel method of characterisation
of the auroral region which does not rely on boundaries nor average precipitating en-
ergy flux, notably preserving information about weak precipitation and ideally suited to
explore the spatial distribution of the auroral region, specifically in terms of its extent
asymmetries. The method relies on the probability of occurrence of the aurora, with au-
rora as defined from both electron precipitation (Paper I) and magnetic field fluctuation
measurements (Paper II). The method is described in detail in Section 4.2. Furthermore,
we argue that the dawn-dusk asymmetry observed in our auroral occurrence probabil-
ity can be partly explained from a fluid perspective, in addition to the typical kinetic
framework (see next section).

2.5 Fluid versus kinetic descriptions of the plasma

Geospace dynamics can be understood from both fluid and kinetic perspectives, each
offering unique insights. The Dungey cycle and the ECPC paradigm describe the com-
bined action of subsolar and magnetotail reconnections and the consecutive circulation
of magnetic flux and plasma in the magnetosphere through a fluid point of view. This
entails an emphasis on the bulk motion of plasma rather than on the behaviour of in-
dividual particles within the plasma. On the other hand, we saw in Section 2.4 that a
kinetic description becomes essential to describe the mechanisms leading to the aurora.
In this section, we address the benefits and limitations of both types of perspectives
within the context of this thesis.

Kinetic perspective

The behaviour of individual particles might significantly deviate from the bulk plasma
motion, particularly in high-energy particle populations. A conventional MHD descrip-
tion is no longer appropriate when the distribution of particle velocities stops following
a Maxwellian distribution; necessitating a kinetic approach to accurately model the par-
ticle dynamics. The kinetic theory treats the plasma as a collection of particles and
accounts for the simultaneous gyration, bouncing and drift motions experienced by par-
ticles trapped in a dipole magnetic field (Baumjohann and Treumann , 2012) (see Section
2.4.1 and Figure 2.8). The kinetic approach also distinguishes between electron and ion
behaviour. This is particularly relevant in understanding the auroral region morphol-
ogy, as the differential drift motion between electrons and ions is responsible for the
dawn-dusk asymmetric pattern in the auroral electron precipitation (see Section 2.4.2)
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asymmetries.Themethodreliesontheprobabilityofoccurrenceoftheaurora,withau-
roraasdefinedfrombothelectronprecipitation(PaperI)andmagneticfieldfluctuation
measurements(PaperII).ThemethodisdescribedindetailinSection4.2.Furthermore,
wearguethatthedawn-duskasymmetryobservedinourauroraloccurrenceprobabil-
itycanbepartlyexplainedfromafluidperspective,inadditiontothetypicalkinetic
framework(seenextsection).

2.5Fluidversuskineticdescriptionsoftheplasma

Geospacedynamicscanbeunderstoodfrombothfluidandkineticperspectives,each
offeringuniqueinsights.TheDungeycycleandtheECPCparadigmdescribethecom-
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ofmagneticfluxandplasmainthemagnetospherethroughafluidpointofview.This
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Kineticperspective

Thebehaviourofindividualparticlesmightsignificantlydeviatefromthebulkplasma
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ticledynamics.Thekinetictheorytreatstheplasmaasacollectionofparticlesand
accountsforthesimultaneousgyration,bouncinganddriftmotionsexperiencedbypar-
ticlestrappedinadipolemagneticfield(BaumjohannandTreumann,2012)(seeSection
2.4.1andFigure2.8).Thekineticapproachalsodistinguishesbetweenelectronandion
behaviour.Thisisparticularlyrelevantinunderstandingtheauroralregionmorphol-
ogy,asthedifferentialdriftmotionbetweenelectronsandionsisresponsibleforthe
dawn-duskasymmetricpatternintheauroralelectronprecipitation(seeSection2.4.2)
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Why is the fluid description valuable?

While kinetic theory provides a detailed understanding of plasma dynamics at the par-
ticle level, it is a complex approach which can present challenges in both computation
and interpretation. The kinetic description involves solving a set of non-linear equations
to determine the distribution function, which represents the probability of finding parti-
cles within an abstract mathematical coordinate system (the phase space). By deriving
physical quantities related to the bulk plasma properties (density, velocity, pressure,
etc.) from the velocity moments of the particles’ distribution function, fluid models of-
fer a simplified yet insightful view of the plasma behaviour. MHD specifically gives a
“human-readable” description of the collective behaviour of charged particles and how
they induce variations in the surrounding electromagnetic field, which the kinetic theory
fails to do.

In summary, both perspectives complement each other. While kinetic descriptions are
indispensable for understanding fine-scale processes and high-energy particle behaviour
within the magnetosphere, the fluid perspective is valuable for comprehending large-scale
plasma dynamics both qualitatively and quantitatively.

In this thesis, the emphasis is on the large-scale qualitative description of the M-I cou-
pling. Therefore, our findings, interpretations and hypotheses largely stem from a fluid
depiction of the plasma and frozen-in magnetic field lines in the M-I system. In partic-
ular, our conceptual reflections concerning the influence of Earth’s rotation on the M-I
coupling are derived from the fluid perspective. The naive view is that the particles from
the neutral atmosphere – presumed to be synchronised with the Earth’s rotation – trans-
fer some of their momentum to the plasma in the upper atmosphere through frictional
forces. As such, Earth’s rotation contributes to dragging the ionospheric plasma at high
altitudes. Given the topological mapping between the ionosphere and magnetosphere,
the momentum and associated bulk motion in the ionosphere are further communicated
to the magnetosphere, illustrating that the M-I coupling goes both ways (e.g., Dai et al.,
2024; Chisham et al., 2008).

The perspective wherein Earth’s rotation plays a role in moving the large-scale fluid in the
magnetosphere is commonly accepted in the plasmasphere, which is known to corotate
with Earth to some extent, and has also been largely described on planets such as Jupiter
and Saturn (see Section 2.3.3). Moreover, it has been shown that the corotation-driven
ionospheric and magnetospheric flows and currents shape the aurora on the giant planets
(Cowley et al., 2004; Cowley and Bunce , 2003; Cowley et al., 2003; Zhang et al., 2021).
In this thesis, we expand upon this conceptual framework to encompass Earth’s outer
magnetosphere. When treated as a fluid sensitive to the motion of the atmosphere, how
does the magnetospheric plasma shape the auroral region?
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3 Data

This chapter offers an overview of the various datasets used in this thesis. Sections 3.1
and 3.2 introduce particle precipitation and magnetic field data, respectively, sourced
from ionospheric observations. Section 3.3 outlines plasma convection data obtained from
the magnetosphere. Section 3.4 presents the IMF measurements and geomagnetic indices
that are integrated with our main datasets. The particle precipitation and magnetic
field data are complemented by a list of substorms briefly detailed in Section 3.5. We
employed the Python library Vaex (Breddels, Maarten A. and Veljanoski, Jovan , 2018) to
efficiently handle and analyse the large particle precipitation and magnetic field datasets
since they respectively contain approximately 109 and 108 data points.

3.1 Particle precipitation – DMSP/SSJ

The auroral particle precipitation measurements from the US Defense Meteorological
Satellite Program (DMSP) constitute one subset of the three main datasets used in this
work. They are the basis of our work in Paper I.

DMSP consists of a series of polar, low Earth (∼ 850 km altitude), Sun-synchronous, or-
biting satellites operated by the US Air Force Space Command and the National Oceanic
and Atmospheric Administration. Typically used to deliver environmental information
related to weather and climate, DMSP is also equipped to detect particles from the
near-Earth space environment that precipitate into the ionosphere.

Precipitating particles are magnetospheric particles with pitch angles within the loss
cone, resulting in their loss into the atmosphere (see Section 2.4.1). The Special Sensor
J (SSJ) consists of four electrostatic analyzers (two low-energy and two high-energy)
that record precipitating particles as they flow past the spacecraft towards the Earth,
providing a complete energy spectrum of electron and ion fluxes ranging from 30 eV to
30 keV, captured at a 1-second cadence. SSJ versions 4 and 5 are particularly well-suited
to monitor particles that cause the aurora due to the sensors’ optimal viewing geometry,
making them sensitive to particles within the loss cone at auroral latitudes. Additionally,
SSJ5 has the advantage of a wider field of view compared to SSJ4 (Redmon et al., 2017).

The DMSP/SSJ data has been widely used and proven valuable for investigating the
auroral region and its boundaries (e.g., Hardy et al., 1985; Newell et al., 1996, 2009;
Kilcommons et al., 2017; Burrell et al., 2020). In Paper I, we use measurements from
the 10 energy channels of the high-energy electron detector, covering auroral electron
energies from approximately 1 to 30 keV. Using Redmon et al. (2017)’s new DMSP
database of precipitating electrons and ions, our dataset assembles measurements from
SSJ4 on board DMSP F12, F13, F15, F16, and from SSJ5 on board DMSP F18, covering
non-continuous data from 2000 to 2016. Figure 3.1 displays the latitude versus local time
coverage resulting from our selection of satellites, presented in geographic and magnetic
coordinates for both hemispheres. All orbits are dawn-dusk oriented and form thin lines
in geographic latitude and local time as DMSP spacecraft are Sun-synchronous. However,
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in magnetic coordinates, the satellites’ orbital planes span a broader area due to the offset
between the magnetic and geographic poles. This offset is larger in the south, leading to
better coverage for the Southern Hemisphere compared to the Northern Hemisphere. In
Section 4.1, we discuss how the Sun-synchronous orbits can constitute a source of bias
in the detection of the auroral region boundaries.

Figure 3.1: Combined coverage obtained from DMSP F12, F13, F15, F16 and F18’s orbits,
shown in the geographic (left) and magnetic (right) latitude vs local time planes. Only 0.1% of
the data is displayed.

In the end, we gather a substantial electron energy flux dataset covering approximately
20 years at a resolution of 1 second (about a billion measurements). This provides
us with adequate material for conducting a robust statistical analysis of the auroral
region, with a comprehensive coverage of all MLT sectors between 60◦ and 90◦ MLat
when both hemispheres are combined. However, coverage of the post-noon and post-
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region,withacomprehensivecoverageofallMLTsectorsbetween60◦and90◦MLat
whenbothhemispheresarecombined.However,coverageofthepost-noonandpost-
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in magnetic coordinates, the satellites’ orbital planes span a broader area due to the offset
between the magnetic and geographic poles. This offset is larger in the south, leading to
better coverage for the Southern Hemisphere compared to the Northern Hemisphere. In
Section 4.1, we discuss how the Sun-synchronous orbits can constitute a source of bias
in the detection of the auroral region boundaries.

Figure 3.1: Combined coverage obtained from DMSP F12, F13, F15, F16 and F18’s orbits,
shown in the geographic (left) and magnetic (right) latitude vs local time planes. Only 0.1% of
the data is displayed.
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structure (optical bench) located halfway along the satellite’s boom, the VFM sensor
is coupled with star trackers, which provide extremely accurate attitude measurements,
ensuring the precise determination of the magnetic field vector with a resolution of up
to 50 Hz. The combination of a multi-satellite configuration, sophisticated instrument
design, and optimised data calibration enables unique accuracy and precision. Figure
3.2 shows an artist’s representation of the Swarm constellation, highlighting the charac-
teristic boom.

Figure 3.2: Artist’s illustration of the constellation of Swarm satellites, notably depicting the
distinctive instrument setup.

Swarm/VFM has been featured in several studies related to the electric current systems
of the auroral zone, which are often focused on field-aligned currents (Wu et al., 2020;
Ritter et al., 2013; Lühr et al., 2019). In Paper II, we use the Level 1B high-resolution
magnetic field vector data from Swarm A and B between 2014 and 2021. The original
data product is downsampled to 10 Hz by selecting every fifth measurement. Using the
International Geomagnetic Reference Field (IGRF) model of the Earth’s main magnetic
field, we extract the magnetic field perturbation vector from the total magnetic field
measured by Swarm: ∆B = Bmeas−BIGRF. We further isolate the east-west component
of ∆B in magnetic Apex coordinates (Richmond , 1995), such that time series of ∆BEW

specifically inform us about the large-scale fluctuations in the auroral region (Hatch
et al., 2020).

This dataset ultimately comprises approximately 100 million measurements of east-west
magnetic field fluctuations, identified from nearly 2 · 105 polar region crossings in both
hemispheres. Unlike the DMSP spacecraft, the Swarm constellation’s orbit ensures cov-
erage of all local times within five years (Lühr et al., 2019). Thus, our dataset provides
complete coverage of the auroral region.
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3.3 Magnetospheric convection – Cluster/EDI

The magnetospheric convection measurements from the Cluster satellites constitute the
third main dataset used in this thesis (Paper III).

Cluster is a 4-spacecraft ESA mission designed to provide insight into the Earth’s mag-
netic environment and its interaction with the solar wind. The four identical satellites
(C1–C4) fly in tetrahedral formation between roughly 20.000 and 120.000 km above the
Earth. They operate in an elliptical polar orbit, with their perigee and apogee at ap-
proximately 4 and 19 RE geocentric distance, respectively. This orbit allows Cluster to
sample the magnetotail and the cusp regions of the magnetosphere where the plasma
structures can be explored in three dimensions, enabled by the simultaneous four-point
measurements. Of interest for this study, the Electron Drift Instrument (EDI) , onboard
satellites C1 to C3, monitors the plasma convection velocity.

The electron-drift technique determines the strength of the ambient electric and magnetic
fields by measuring the drift velocity of artificially injected electrons after one gyration
orbit around the spacecraft (Paschmann et al., 2001; Quinn et al., 2001). EDI is par-
ticularly well suited for regions of low plasma density and stable magnetic fields such as
the lobe regions (low plasma parameter β). In such domains, the drift velocity is propor-
tional to the convective electric field. EDI thus offers a high-quality set of high-latitude
convection measurements (Förster and Haaland , 2015). In contrast, plasma instruments
usually suffer from poor accuracy due to low count rates and wake effects caused by
photo emissions in these regions (e.g., Grard et al., 1983).

Cluster/EDI has been employed in several studies on plasma convection in the magne-
tosphere (Paschmann et al., 2021; Haaland et al., 2008; Matsui et al., 2004; Förster
et al., 2007). In Paper III, we use EDI convection measurements that have been
mapped from the Cluster orbit into the polar ionosphere at 300 km altitude, us-
ing the T2001 magnetic field model (Tsyganenko, 2002a,b) and assuming equipo-
tential conditions along the geomagnetic field lines. The mapping procedure is de-
scribed in detail in Haaland et al. (2007). Such mapping enables the combination of
magnetospheric measurements along a given field line, facilitating a robust statistical
analysis and allowing the comparison between magnetospheric convection and iono-
spheric observations. Uncertainties related to this mapping are discussed in Section 4.4

Figure 3.3: Distribution of Cluster/EDI mea-
surements in the magnetosphere.

Figure 3.3 depicts the distribution of our
Cluster/EDI dataset in the GSM XZ
plane, with Earth centred at (0,0). It
can be seen that the central plasma sheet
(small Z values) is mostly not sampled,
such that the majority of our dataset orig-
inates from the high-latitude plasma sheet
and the lobes. The measurements are
largely taken at radial geocentric distances
between 5 and 8 RE .
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4 Methods

This chapter presents an overview of the diverse methodologies used in this thesis for
characterising the morphology of the auroral region, extracting insights from ionospheric
observations into the dynamics of the magnetosphere, and evaluating the role of Earth’s
rotation on magnetospheric convection patterns. Section 4.1 briefly describes a method
for describing the shape of the auroral region that, while ultimately not utilised in our
analysis, had a role in shaping our research trajectory and refining our methodology.
Section 4.2 provides condensed summaries of the methodologies implemented for deter-
mining the “auroral occurrence probability”, as extensive explanations are available in
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which proved to be more effective in achieving our research objectives.

4.2 Auroral occurrence probability (AOP)

4.2.1 Concept

The auroral occurrence probability (AOP) offers an alternative approach to address the
problem of local time bias inherent in statistical analyses derived from in situ Sun-
synchronous satellite measurements. The concept of auroral occurrence probability is
based on the first steps of Kilcommons et al. (2017)’s algorithm for auroral boundary
identification, that is, the determination of the portions of the satellite orbit crossing
the aurora. Using the DMSP/SSJ dataset in the context of this thesis, “aurora” refers
specifically to auroral electron precipitation. In this context, an auroral observation is
recorded whenever an electron energy flux measurement surpasses a specified threshold
indicative of auroral precipitation. The determination of whether a portion of the orbit
is identified as aurora depends solely on this threshold and is completely independent of
the number of measurements in the corresponding MLat–MLT sector, thus excluding a
potential local time bias. Additionally, statistics based on a dataset of auroral occurrence
probabilities have the advantage of making use of all available observations, including
observations of no or low precipitation. In contrast, such observations are discarded when
detecting auroral region boundaries, which introduces biases in the data distribution.

The AOP is thereby ideally suited for statistically investigating the morphology of the
auroral region. Note the distinction between “auroral region” and “auroral oval”. On the
one hand, the auroral oval commonly refers to the high-latitude region where particle
precipitation results in visible aurora. On the other hand, the AOP is a broader concept
that serves the investigation of the auroral region in general and doesn’t presume the
type of electron aurora (discrete versus diffuse). In fact, in Paper I, we point to the pre-
dominance of diffuse aurora in our AOP dataset, which is typically orders of magnitude
below the 1 mW/m2 auroral brightness that Keiling et al. (2003) define as visible aurora.
Therefore, the AOP may not align precisely with the region enclosed by the auroral oval
boundaries. In Paper I, we did not explicitly address this difference, as the terms “au-
roral electron precipitation” and “auroral oval” were used interchangeably. However, in
this chapter, we are more meticulous and precise in our terminology. Furthermore, while
we have introduced the concept of AOP as relating to DMSP/SSJ measurements, i.e.,
auroral electron precipitation (see also Section 4.2.2), we will see that it can be extended
beyond precipitation data, notably using satellite-based magnetic field measurements in
the auroral region (see Section 4.2.3).

4.2.2 Auroral electron precipitation occurrence probability (POP)

The auroral electron precipitation occurrence probability (POP) is established through
a binary time series indicating whether a specific energy flux spectrum of loss-cone elec-
trons, as measured by the DMSP/SSJ instrument, corresponds to an observation of
auroral electron precipitation. Using the integrated electron energy flux in the range
1.392 − 30 keV (Hardy et al., 1985), each entry in our DMSP/SSJ dataset is assessed
against an electron energy flux threshold of 2 · 109 eV/cm2/s/sr, identifying it as ei-
ther auroral or non-auroral precipitation based on whether it exceeds the threshold.
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which proved to be more effective in achieving our research objectives.

4.2 Auroral occurrence probability (AOP)

4.2.1 Concept

The auroral occurrence probability (AOP) offers an alternative approach to address the
problem of local time bias inherent in statistical analyses derived from in situ Sun-
synchronous satellite measurements. The concept of auroral occurrence probability is
based on the first steps of Kilcommons et al. (2017)’s algorithm for auroral boundary
identification, that is, the determination of the portions of the satellite orbit crossing
the aurora. Using the DMSP/SSJ dataset in the context of this thesis, “aurora” refers
specifically to auroral electron precipitation. In this context, an auroral observation is
recorded whenever an electron energy flux measurement surpasses a specified threshold
indicative of auroral precipitation. The determination of whether a portion of the orbit
is identified as aurora depends solely on this threshold and is completely independent of
the number of measurements in the corresponding MLat–MLT sector, thus excluding a
potential local time bias. Additionally, statistics based on a dataset of auroral occurrence
probabilities have the advantage of making use of all available observations, including
observations of no or low precipitation. In contrast, such observations are discarded when
detecting auroral region boundaries, which introduces biases in the data distribution.

The AOP is thereby ideally suited for statistically investigating the morphology of the
auroral region. Note the distinction between “auroral region” and “auroral oval”. On the
one hand, the auroral oval commonly refers to the high-latitude region where particle
precipitation results in visible aurora. On the other hand, the AOP is a broader concept
that serves the investigation of the auroral region in general and doesn’t presume the
type of electron aurora (discrete versus diffuse). In fact, in Paper I, we point to the pre-
dominance of diffuse aurora in our AOP dataset, which is typically orders of magnitude
below the 1 mW/m2 auroral brightness that Keiling et al. (2003) define as visible aurora.
Therefore, the AOP may not align precisely with the region enclosed by the auroral oval
boundaries. In Paper I, we did not explicitly address this difference, as the terms “au-
roral electron precipitation” and “auroral oval” were used interchangeably. However, in
this chapter, we are more meticulous and precise in our terminology. Furthermore, while
we have introduced the concept of AOP as relating to DMSP/SSJ measurements, i.e.,
auroral electron precipitation (see also Section 4.2.2), we will see that it can be extended
beyond precipitation data, notably using satellite-based magnetic field measurements in
the auroral region (see Section 4.2.3).

4.2.2 Auroral electron precipitation occurrence probability (POP)

The auroral electron precipitation occurrence probability (POP) is established through
a binary time series indicating whether a specific energy flux spectrum of loss-cone elec-
trons, as measured by the DMSP/SSJ instrument, corresponds to an observation of
auroral electron precipitation. Using the integrated electron energy flux in the range
1.392 − 30 keV (Hardy et al., 1985), each entry in our DMSP/SSJ dataset is assessed
against an electron energy flux threshold of 2 · 109 eV/cm2/s/sr, identifying it as ei-
ther auroral or non-auroral precipitation based on whether it exceeds the threshold.
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4.2 Auroral occurrence probability (AOP) 35

The probability of occurrence of auroral electron precipitation is calculated across vari-
ous MLat–MLT sectors covering the polar regions by dividing all positive observations
(measurement identified as auroral electron precipitation) by the total number of mea-
surements in each sector. An example of POP distribution can be found in Figure 3 of
Paper I.

We use the resulting POP distributions associated with various external conditions,
such as geomagnetic activity and substorm phases, to investigate the global shape of
the auroral electron precipitation region and its latitudinal extent depending on MLT.
We emphasise that the POP distributions constitute a major outcome for this thesis as
they not only comprise the base for all results and discussions presented in Paper I but
additionally contribute to Paper II’s discussion and lead to the conceptual framework of
Paper III.

Note that in this thesis, we employ the term POP to denote the precipitation occurrence
probability, whereas in Paper I, we refer to the same quantity as AOP for auroral occur-
rence probability. Although technically accurate, we later recognised the value of using
a more specific term since the auroral electron precipitation occurrence probability is
only one aspect of the broader concept of AOP. In fact, the AOP is of a different nature
in Paper II as it relies on magnetic field perturbations (see next section). In this thesis,
auroral occurrence probability designates the general concept encompassing both auro-
ral electron precipitation occurrence probability and auroral disturbed magnetic field
occurrence probability.

4.2.3 Disturbed magnetic field occurrence probability (dBOP)

The disturbed magnetic field occurrence probability (dBOP) relies on a similar concept
as the POP but uses magnetic field measurements from the VFM instrument on the
Swarm satellites. The data processing leading to the calculation of dBOP also involves a
few additional steps compared to the POP. Using the perturbation magnetic field in the
magnetic east-west direction, the identification as “disturbed” magnetic field depends
on a wave power threshold, necessitating the estimation of ∆BEW spectrograms and
integrated power spectral density in different frequency bands. The frequency ranges
are as follows: 0.05− 0.5, 0.1− 1 and 2.5− 5 Hz. The spectral power estimate for each
entry of our Swarm/VFM dataset is deemed disturbed magnetic field when exceeding
the 75th percentile in each frequency band. The probability of occurrence of a disturbed
magnetic field is eventually calculated in the same MLat–MLT sectors as the POP. The
complete methodology for deriving MLat–MLT dBOP distributions is detailed in Paper
II, and an overview is provided in Figure 4.1. Examples of dBOP distributions at low
and high frequency can be found in Figures 4 and 5, in Paper II.

The resulting dBOP distributions are used to examine the auroral region morphology
and its connection to magnetospheric dynamics under varying external conditions. It’s
important to highlight that while we posit a direct connection between POP and aurora,
the corresponding relationship between dBOP and aurora is less evident. However, by
definition, the dBOP constitutes a measure of the magnetic field conditions at high
latitudes, such that its analysis contributes to characterising the auroral region.
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The probability of occurrence of auroral electron precipitation is calculated across vari-
ous MLat–MLT sectors covering the polar regions by dividing all positive observations
(measurement identified as auroral electron precipitation) by the total number of mea-
surements in each sector. An example of POP distribution can be found in Figure 3 of
Paper I.

We use the resulting POP distributions associated with various external conditions,
such as geomagnetic activity and substorm phases, to investigate the global shape of
the auroral electron precipitation region and its latitudinal extent depending on MLT.
We emphasise that the POP distributions constitute a major outcome for this thesis as
they not only comprise the base for all results and discussions presented in Paper I but
additionally contribute to Paper II’s discussion and lead to the conceptual framework of
Paper III.

Note that in this thesis, we employ the term POP to denote the precipitation occurrence
probability, whereas in Paper I, we refer to the same quantity as AOP for auroral occur-
rence probability. Although technically accurate, we later recognised the value of using
a more specific term since the auroral electron precipitation occurrence probability is
only one aspect of the broader concept of AOP. In fact, the AOP is of a different nature
in Paper II as it relies on magnetic field perturbations (see next section). In this thesis,
auroral occurrence probability designates the general concept encompassing both auro-
ral electron precipitation occurrence probability and auroral disturbed magnetic field
occurrence probability.

4.2.3 Disturbed magnetic field occurrence probability (dBOP)

The disturbed magnetic field occurrence probability (dBOP) relies on a similar concept
as the POP but uses magnetic field measurements from the VFM instrument on the
Swarm satellites. The data processing leading to the calculation of dBOP also involves a
few additional steps compared to the POP. Using the perturbation magnetic field in the
magnetic east-west direction, the identification as “disturbed” magnetic field depends
on a wave power threshold, necessitating the estimation of ∆BEW spectrograms and
integrated power spectral density in different frequency bands. The frequency ranges
are as follows: 0.05− 0.5, 0.1− 1 and 2.5− 5 Hz. The spectral power estimate for each
entry of our Swarm/VFM dataset is deemed disturbed magnetic field when exceeding
the 75th percentile in each frequency band. The probability of occurrence of a disturbed
magnetic field is eventually calculated in the same MLat–MLT sectors as the POP. The
complete methodology for deriving MLat–MLT dBOP distributions is detailed in Paper
II, and an overview is provided in Figure 4.1. Examples of dBOP distributions at low
and high frequency can be found in Figures 4 and 5, in Paper II.

The resulting dBOP distributions are used to examine the auroral region morphology
and its connection to magnetospheric dynamics under varying external conditions. It’s
important to highlight that while we posit a direct connection between POP and aurora,
the corresponding relationship between dBOP and aurora is less evident. However, by
definition, the dBOP constitutes a measure of the magnetic field conditions at high
latitudes, such that its analysis contributes to characterising the auroral region.
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total number of observations
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Interpolation of dBOP into a regular MLat – MLT grid 

+ average of gridded values over MLat
= 1D dBOP (MLT variation of dBOP)

Figure 4.1: Summary of the methodology used to derive the dBOP and 1D dBOP. Taken from
Paper II.

4.2.4 MLT variation of POP and dBOP

The above-mentioned probabilities are computed for each MLat–MLT bin within an
approximately equal area grid, provided that they are covered (> 200 measurements) by
DMSP and Swarm orbits. The grid consists of rings with a width of 1◦ MLat divided into
a varying number of cells (varying MLT resolution), with 2 cells in the most poleward
circle (89◦ − 90◦) and 68 cells in the most equatorward circle (50◦ − 51◦).

MLT profiles of POP and dBOP are additionally derived by interpolating the probabili-
ties to a regular MLat–MLT grid (0.5◦ MLat and a constant 8 min MLT resolution) and
averaging the gridded values over the entire range of latitudes (50◦ ≤ |MLat| ≤ 90◦).
The resulting 1D POP and 1D dBOP are not considered probabilities but can be used
to assess the variation of POP and dBOP as a function of MLT. These 1D distribu-
tions provide a simpler means of visualising potential spatial asymmetries in the auroral
electron precipitation and disturbed magnetic field than the complete MLat–MLT dis-
tributions. An example of such profiles is given in Figures 4 and 6 of Papers I and II,
respectively.
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4.2.4 MLT variation of POP and dBOP

The above-mentioned probabilities are computed for each MLat–MLT bin within an
approximately equal area grid, provided that they are covered (> 200 measurements) by
DMSP and Swarm orbits. The grid consists of rings with a width of 1◦ MLat divided into
a varying number of cells (varying MLT resolution), with 2 cells in the most poleward
circle (89◦ − 90◦) and 68 cells in the most equatorward circle (50◦ − 51◦).

MLT profiles of POP and dBOP are additionally derived by interpolating the probabili-
ties to a regular MLat–MLT grid (0.5◦ MLat and a constant 8 min MLT resolution) and
averaging the gridded values over the entire range of latitudes (50◦ ≤ |MLat| ≤ 90◦).
The resulting 1D POP and 1D dBOP are not considered probabilities but can be used
to assess the variation of POP and dBOP as a function of MLT. These 1D distribu-
tions provide a simpler means of visualising potential spatial asymmetries in the auroral
electron precipitation and disturbed magnetic field than the complete MLat–MLT dis-
tributions. An example of such profiles is given in Figures 4 and 6 of Papers I and II,
respectively.
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4.3 Corotation in the magnetosphere

In Paper III, we examine the synchronisation between the magnetospheric plasma and
Earth’s rotation. Sections 4.3.1 and 4.3.2 outline our methods for visualising and quan-
tifying corotation in the magnetospheric plasma flow measured by Cluster/EDI. Section
4.3.3 details the assumptions and methodology used to further interpret our results.

We emphasise that the Cluster/EDI measurements are projected along the magnetic
field lines to the ionosphere at 300 km altitude, as detailed in Section 3.3. Therefore,
while the MLat–MLT maps and MLat profiles derived in the following section offer a
means to visualise convection velocities at ionospheric altitudes, they still characterise
the magnetospheric plasma flow.

4.3.1 Convection velocity maps

We bin the northward vn and eastward ve components of the mapped EDI convection
velocity data into an approximately equal area MLat–MLT grid identical to the one
described in Section 4.2.4. The median values of vn and ve are used to represent the
convection velocity vector within each cell of the grid, provided that it contains at least
three measurements. We obtain statistical MLat–MLT distributions of high-latitude
magnetospheric convection velocities similar to those presented in Haaland et al. (2007),
from an extended EDI dataset. Paper III presents such distributions in Figure 1.

4.3.2 Corotation MLat profiles

Estimating the theoretical corotation flow

We define the theoretical corotation flow as a flow of plasma perfectly synchronised with
Earth’s rotation. In this context, the plasma corotation velocity is determined by Earth’s
rotation rate, ω0 ≈ 2π/24 rad/h, the radius at which the Cluster/EDI measurements are
mapped, R = RE + 300 km, and the latitude λ. Following Laundal et al. (2022a), the
corotation velocity can be expressed as:

vc = ω0R cos(λ)ê. (4.1)

This theoretical corotation velocity can be compared with the measured average plasma
eastward velocity obtained from Cluster/EDI convection data (as discussed in the follow-
ing subsection). Alternatively, the integrated vorticity of the theoretical and observed
corotation flow can be compared. The calculation of the integrated vorticity, or curl,
over a surface A can be simplified using Stokes’ theorem; The integration of the vortic-
ity of vc over A is equivalent to the line integral of vc around the boundary curve l of
A: ∫

A

(
∇× vc

)
· r̂ dA =

∮
l

vc · dl. (4.2)

For a surface enclosed by a circle of constant latitude λ of length 2πR cos(λ), the inte-
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Thistheoreticalcorotationvelocitycanbecomparedwiththemeasuredaverageplasma
eastwardvelocityobtainedfromCluster/EDIconvectiondata(asdiscussedinthefollow-
ingsubsection).Alternatively,theintegratedvorticityofthetheoreticalandobserved
corotationflowcanbecompared.Thecalculationoftheintegratedvorticity,orcurl,
overasurfaceAcanbesimplifiedusingStokes’theorem;Theintegrationofthevortic-
ityofvcoverAisequivalenttothelineintegralofvcaroundtheboundarycurvelof
A:∫

A(∇×vc)·r̂dA=∮
l

vc·dl.(4.2)

Forasurfaceenclosedbyacircleofconstantlatitudeλoflength2πRcos(λ),theinte-



38 Methods

grated curl of the theoretical flow field is thus:∫
A

(
∇× vc

)
· r̂ dA = vc(λ)2πR cos(λ). (4.3)

The comparison of the theoretical integrated vorticity with its observational counterpart
is detailed in the next subsection.

Measuring the observed corotation flow

The observed corotation flow is derived from the binned Cluster/EDI measurements (see
Section 4.3.1). Using Stokes’ theorem, the integrated vorticity of the observed corotation
flow over the surface A enclosed by a circle of latitude λ can be calculated as:∫

A

(
∇× ve

)
· r̂ dA =

∮
l

ve · dl =
∑
i

vei∆ϕ(λ)R cos(λ), (4.4)

with vei representing the median value of the eastward velocity in the ith bin on a ring
of latitude λ, and ∆ϕ the MLT resolution of these bins at λ (in radians). The observed
average corotation velocity is obtained by dividing Equation 4.4 by 2πR cos(λ):

ve =
1

2π

∑
i

vei∆ϕ(λ) (4.5)

In Paper III, we compare the theoretical and observed corotation flows using the two
types of statistics derived in this section;

• The corotation flow velocity along circles of constant latitude: vc versus ve (Equa-
tion 4.1 vs Equation 4.5).

• The integrated flow vorticity for surfaces enclosed by circles of constant latitude:
vc(λ)2πR cos(λ) versus ve(λ)2πR cos(λ) (Equation 4.3 vs Equation 4.4).

The comparison is then based on the associated corotation profiles as a function of
latitude. Since both types of statistics are proportional by a factor of 2πR cos(λ), they
provide the same information but offer different perspectives. Specifically, in evaluating
the presence of an eastward component in the convection flow at different latitudes, we
prefer the integrated vorticity due to its smoother observation profile. On the other hand,
the velocity profiles are used to quantify the discrepancy between Earth’s rotation and
the observed eastward velocity in the convection flow. The “corotation lag”, obtained by
subtracting ve from the theoretical vc, is further used to estimate potential implications
in the ionosphere electrodynamics (see Section 4.3.3). MLat profiles of the corotation
velocity, integrated vorticity, and corotation lag are presented in Figure 1 of Paper III.

Varying rotation rate in magnetic coordinates

If the motion of the atmosphere solely determined the near-Earth plasma transport and
if the atmosphere remained stationary relative to the ground, the magnetic field and the
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prefertheintegratedvorticityduetoitssmootherobservationprofile.Ontheotherhand,
thevelocityprofilesareusedtoquantifythediscrepancybetweenEarth’srotationand
theobservedeastwardvelocityintheconvectionflow.The“corotationlag”,obtainedby
subtractingvefromthetheoreticalvc,isfurtherusedtoestimatepotentialimplications
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frozen-in plasma would complete one rotation around the magnetic poles per day. How-
ever, due to the Earth’s dipole magnetic field not aligning with the rotation axis, the
effective rotation rate, seen in magnetic coordinates, varies with universal time and sea-
son (Laundal and Richmond , 2017). Given that our data has been collected at different
times throughout the day and year, we anticipated that the observed average eastward
velocity (previous subsection) might be impacted by deviations from the nominal rota-
tion rate ω0 = 2π/24 rad/h.

The magnetic corotation rate can be calculated for every Cluster/EDI measurement as:

ω(t) =
∆MLT(t)

∆t
ω0 (4.6)

where MLT is defined by Equation 93 in Laundal and Richmond (2017).

Figure 4.2 shows the evolution of ω(t)
ω0

with the time of the day and the time of the
year. The range of variation of the magnetic corotation rate relative to ω0 is about 14%.
ω(t) = ω0 when the “change in MLT per hour” is 1.

Figure 4.2: Variation in the rate of change in MLT per hour across different UTs and days of
the year (seasons).

Nonetheless, upon normalising ve to account for the varying rotation rate, it was found
that this effect has minimal impact on our results and the conclusions drawn in Paper
III. We therefore opted to disregard it in the rest of the study.

4.3.3 Potential implications on ionospheric electrodynamics

The MLat profiles of the theoretical and observed corotation flows reveal that plasma
convection exhibits a significant eastward velocity in certain regions of the closed magne-
tosphere, despite a lag compared to the anticipated velocity for pure corotation. Paper
III also presents the potential consequences of this lag in terms of magnetic disturbances
and energy dissipation through Joule heating in the ionosphere. In this section, we
describe our approach to derive these predictions and the underlying assumptions.
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4.3.3Potentialimplicationsonionosphericelectrodynamics

TheMLatprofilesofthetheoreticalandobservedcorotationflowsrevealthatplasma
convectionexhibitsasignificanteastwardvelocityincertainregionsoftheclosedmagne-
tosphere,despitealagcomparedtotheanticipatedvelocityforpurecorotation.Paper
IIIalsopresentsthepotentialconsequencesofthislagintermsofmagneticdisturbances
andenergydissipationthroughJouleheatingintheionosphere.Inthissection,we
describeourapproachtoderivethesepredictionsandtheunderlyingassumptions.
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Using Lompe to quantify the current system and Joule heating

The Local Mapping of Polar Ionospheric Electrodynamics (Lompe) technique creates a
self-consistent model of the ionospheric potential electric field by mapping various quan-
tities (e.g., ground and space magnetic field measurements, convection measurements)
using ionospheric Ohm’s law given a known conductance (Laundal et al., 2022b).

In Lompe, the horizontal electric field is calculated in the reference frame of the neutrals,
E = (u − v) × B, provided radial magnetic field lines. The neutral wind velocity u is
determined by a height-integrated neutral wind weighted by the conductivity, meaning
that the winds at 100 − 150 km altitude dominate. A common assumption is that the
neutral wind effects can be neglected, i.e., u = 0 at these altitudes (e.g., Lu, 2017;
Laundal et al., 2022b; Hatch et al., 2023). In our case, a “zero neutral wind” means
that the atmospheric neutral particles are perfectly synchronised with Earth’s rotation
at 100− 150 km altitude.

Given the results from Paper III, assuming the neutral atmosphere fully corotates im-
plies a differential motion relative to the sub-corotating plasma. This, in turn, induces a
current through collisions, resulting in magnetic perturbations and deposition of energy
through Joule heating in the ionosphere. These variations in the ionospheric electrody-
namics can be predicted from the ionospheric Ohm’s law, using the Lompe technique.
Under the zero-neutral wind assumption, the electric field resulting from the observed
corotation lag is given by E = −vlag × B. This presumes that the electric field in the
upper ionosphere and magnetosphere, where the corotation lag is measured, maps down
to lower altitudes, where u = 0. In other words, the input for Lompe is the westward
velocity implied by the lag between neutrals, assumed to corotate at 100− 150 km, and
plasma at ∼ 300 km and above. Specifically, vlag corresponds to a polynomial fit to the
corotation lag computed in the Northern Hemisphere.

The horizontal sheet current density J associated with the corotation lag is given by the
ionospheric Ohm’s law (see Equation 2.2 in Section 2.3.4), where the Hall and Pedersen
conductances are based on a model of solar EUV ionization and correspond to the ioniza-
tion obtained for an F10.7 (solar radio flux at 10.7 cm) index of 100 solar flux units (with
1 s.f.u. defined as 10−22 W m−2 Hz−1). Ionization produced by auroral precipitation is
not included in our calculations.

The Joule heating is subsequently calculated as J · E. Furthermore, the field-aligned
current J∥ is calculated as the negative divergence of the horizontal current J and is
assumed to flow radially. MLat–MLT distributions of the Joule heating and currents
implied by the corotation lag are presented in Figure 2 of Paper III.

Discussion around the zero neutral wind assumption

Our findings regarding potential implications of the corotation lag on the ionosphere as-
sume the absence of neutral wind in the ionospheric Ohm’s law. While this assumption
is commonly used, it may not accurately reflect real-world conditions. A more realistic
scenario would involve the presence of westward neutral winds at 100−150 km. Account-
ing for such winds in the ionospheric Ohm’s law could significantly alter our estimates
of currents and Joule heating. We emphasise that, if verified, the non-zero neutral wind
hypothesis would necessitate revisiting prior studies that presume u = 0
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Using Lompe to quantify the current system and Joule heating

The Local Mapping of Polar Ionospheric Electrodynamics (Lompe) technique creates a
self-consistent model of the ionospheric potential electric field by mapping various quan-
tities (e.g., ground and space magnetic field measurements, convection measurements)
using ionospheric Ohm’s law given a known conductance (Laundal et al., 2022b).

In Lompe, the horizontal electric field is calculated in the reference frame of the neutrals,
E = (u − v) × B, provided radial magnetic field lines. The neutral wind velocity u is
determined by a height-integrated neutral wind weighted by the conductivity, meaning
that the winds at 100 − 150 km altitude dominate. A common assumption is that the
neutral wind effects can be neglected, i.e., u = 0 at these altitudes (e.g., Lu, 2017;
Laundal et al., 2022b; Hatch et al., 2023). In our case, a “zero neutral wind” means
that the atmospheric neutral particles are perfectly synchronised with Earth’s rotation
at 100− 150 km altitude.

Given the results from Paper III, assuming the neutral atmosphere fully corotates im-
plies a differential motion relative to the sub-corotating plasma. This, in turn, induces a
current through collisions, resulting in magnetic perturbations and deposition of energy
through Joule heating in the ionosphere. These variations in the ionospheric electrody-
namics can be predicted from the ionospheric Ohm’s law, using the Lompe technique.
Under the zero-neutral wind assumption, the electric field resulting from the observed
corotation lag is given by E = −vlag × B. This presumes that the electric field in the
upper ionosphere and magnetosphere, where the corotation lag is measured, maps down
to lower altitudes, where u = 0. In other words, the input for Lompe is the westward
velocity implied by the lag between neutrals, assumed to corotate at 100− 150 km, and
plasma at ∼ 300 km and above. Specifically, vlag corresponds to a polynomial fit to the
corotation lag computed in the Northern Hemisphere.

The horizontal sheet current density J associated with the corotation lag is given by the
ionospheric Ohm’s law (see Equation 2.2 in Section 2.3.4), where the Hall and Pedersen
conductances are based on a model of solar EUV ionization and correspond to the ioniza-
tion obtained for an F10.7 (solar radio flux at 10.7 cm) index of 100 solar flux units (with
1 s.f.u. defined as 10−22 W m−2 Hz−1). Ionization produced by auroral precipitation is
not included in our calculations.

The Joule heating is subsequently calculated as J · E. Furthermore, the field-aligned
current J∥ is calculated as the negative divergence of the horizontal current J and is
assumed to flow radially. MLat–MLT distributions of the Joule heating and currents
implied by the corotation lag are presented in Figure 2 of Paper III.

Discussion around the zero neutral wind assumption

Our findings regarding potential implications of the corotation lag on the ionosphere as-
sume the absence of neutral wind in the ionospheric Ohm’s law. While this assumption
is commonly used, it may not accurately reflect real-world conditions. A more realistic
scenario would involve the presence of westward neutral winds at 100−150 km. Account-
ing for such winds in the ionospheric Ohm’s law could significantly alter our estimates
of currents and Joule heating. We emphasise that, if verified, the non-zero neutral wind
hypothesis would necessitate revisiting prior studies that presume u = 0
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4.4 Uncertainties

Identifying and addressing uncertainties is crucial for validating methods and ensuring
the consistency of analyses and results. In this section, we introduce and discuss some
sources of uncertainty related to our data and methodology, along with their implications.

Data quality

DMSP/SSJ data: A significant source of uncertainty often lies in the data itself. In
particular, uncertainties in the energy flux of DMSP/SSJ data points may influence the
distributions of POP derived in Paper I. However, our investigations in Papers I and
II reveal that variations in the chosen threshold for aurora detection generally have a
minimal effect on the distributions of occurrence probability. As a result, the occurrence
probability is generally insensitive to the uncertainties in the energy flux and these
uncertainties can be neglected. Moreover, given our emphasis on qualitative analysis
over quantitative, minor measurement uncertainties will not alter the study’s conclusions.
This highlights the robustness of the auroral occurrence probability method for analysing
large-scale, long-term patterns of the auroral region (Papers I and II).

Cluster/EDI mapping: Swarm/VFM (Paper II) and Cluster/EDI (Paper III) mea-
surements are highly accurate, owing to the specific design and characteristics of the
satellites and instruments (see Sections 3.2 and 3.3). However, potential uncertainties
may arise from the mapping of Cluster/EDI data to ionospheric altitudes, using the Tsy-
ganenko 2001 magnetic field model (Tsyganenko, 2002a,b). Since the magnetosphere is
highly dynamic, it is expected to often deviate from the large-scale average representa-
tion of the Tsyganenko model. This means that data points taken in the magnetosphere
may be incorrectly mapped to the ionosphere, resulting in their misplacement in our
MLat–MLT grid. However, since our data primarily originates from the lobes and high-
latitude plasma sheet, which are relatively stable compared to regions like the central
plasma sheet, any mapping errors are likely to be minor. In addition, by calculating me-
dian values in each cell of the grid, we avoid the most problematic data points and limit
the effect of mislocation.

Methodology

DMSP orbits: Beyond measurement quality, the distribution of data can also intro-
duce uncertainties, depending on the method employed. For instance, modelling auroral
boundaries using Sun-synchronous satellites like DMSP (Paper I) may introduce a local
time bias, as discussed in Section 4.1. Nonetheless, the auroral occurrence probability
method has demonstrated its ability to address this challenge. Additionally, the exten-
sive datasets used in Papers I and II reduce the risk of biased data distribution and yield
low uncertainties associated with our probability calculations, reinforcing the overall re-
liability of our approach.

Statistical analysis: Eventually, statistical analyses themselves introduce uncertain-
ties in interpreting results. Notably, they tend to smooth out small-scale variations,
a tendency that can be exacerbated depending on the data filtering methods. For in-
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4.4 Uncertainties

Identifying and addressing uncertainties is crucial for validating methods and ensuring
the consistency of analyses and results. In this section, we introduce and discuss some
sources of uncertainty related to our data and methodology, along with their implications.

Data quality

DMSP/SSJ data: A significant source of uncertainty often lies in the data itself. In
particular, uncertainties in the energy flux of DMSP/SSJ data points may influence the
distributions of POP derived in Paper I. However, our investigations in Papers I and
II reveal that variations in the chosen threshold for aurora detection generally have a
minimal effect on the distributions of occurrence probability. As a result, the occurrence
probability is generally insensitive to the uncertainties in the energy flux and these
uncertainties can be neglected. Moreover, given our emphasis on qualitative analysis
over quantitative, minor measurement uncertainties will not alter the study’s conclusions.
This highlights the robustness of the auroral occurrence probability method for analysing
large-scale, long-term patterns of the auroral region (Papers I and II).

Cluster/EDI mapping: Swarm/VFM (Paper II) and Cluster/EDI (Paper III) mea-
surements are highly accurate, owing to the specific design and characteristics of the
satellites and instruments (see Sections 3.2 and 3.3). However, potential uncertainties
may arise from the mapping of Cluster/EDI data to ionospheric altitudes, using the Tsy-
ganenko 2001 magnetic field model (Tsyganenko, 2002a,b). Since the magnetosphere is
highly dynamic, it is expected to often deviate from the large-scale average representa-
tion of the Tsyganenko model. This means that data points taken in the magnetosphere
may be incorrectly mapped to the ionosphere, resulting in their misplacement in our
MLat–MLT grid. However, since our data primarily originates from the lobes and high-
latitude plasma sheet, which are relatively stable compared to regions like the central
plasma sheet, any mapping errors are likely to be minor. In addition, by calculating me-
dian values in each cell of the grid, we avoid the most problematic data points and limit
the effect of mislocation.

Methodology

DMSP orbits: Beyond measurement quality, the distribution of data can also intro-
duce uncertainties, depending on the method employed. For instance, modelling auroral
boundaries using Sun-synchronous satellites like DMSP (Paper I) may introduce a local
time bias, as discussed in Section 4.1. Nonetheless, the auroral occurrence probability
method has demonstrated its ability to address this challenge. Additionally, the exten-
sive datasets used in Papers I and II reduce the risk of biased data distribution and yield
low uncertainties associated with our probability calculations, reinforcing the overall re-
liability of our approach.

Statistical analysis: Eventually, statistical analyses themselves introduce uncertain-
ties in interpreting results. Notably, they tend to smooth out small-scale variations,
a tendency that can be exacerbated depending on the data filtering methods. For in-
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stance, selecting data based on Bz may not fully resolve substorm variations, while
choosing data by substorm epoch may not fully capture variations attributed to dayside
coupling. Nonetheless, any issue related to such uncertainty can be discarded for the au-
roral occurrence probability patterns as Papers I and II demonstrated their consistency
across various data selections. Furthermore, representations based on data collected over
a broad time range offer a static picture of the system being studied and fail to capture
its dynamic nature. In other words, the auroral occurrence probability maps derived in
Papers I and II provide a climatological view of the auroral region rather than precisely
reflecting its state at any given moment. Similarly, the corotation patterns derived in
Paper III describe a general trend rather than a direct observation of the corotation in
the magnetosphere.

In summary, addressing the potential uncertainties introduced in this thesis contributes
to demonstrating the reliability of our statistical representations of the auroral region
and magnetospheric convection, further validating the findings from Papers I-III.
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asymmetries. The asymmetry in the distribution of POP is interpreted as a pile-up of
plasma sheet magnetic flux in the dawn sector. We propose that the Earth’s rotation is
partially responsible for transporting more plasma towards dawn compared to dusk.

Paper II - Occurrence Probability of Magnetic Field Disturbances Mea-
sured With Swarm: Mapping the Dynamic Magnetosphere-Ionosphere
Coupling

In Paper II, our primary objective is to investigate the relationship between magnetic
disturbances observed in the auroral region and the dynamics of the magnetosphere.

We use magnetic field data from approximately 2 · 105 Swarm/VFM polar passes and an
approach similar to the one developed in Paper I to derive the occurrence probability
of magnetic field fluctuations in the polar ionosphere. Our method consists of three
steps. First, we calculate the spectral power of the east-west component of the magnetic
perturbations in the frequency bands 0.1− 1 and 2.5− 5 Hz. Second, we set a threshold
corresponding to the 75th quantile of the ∆BEW spectral power, and we determine which
measurements of the magnetic field are substantially disturbed. Third, we compute the
probability of detecting a disturbed magnetic field (dBOP, for disturbed magnetic field
occurrence probability) on the same MLat–MLT grid as in Paper I.

We derive maps of dBOP for different geomagnetic conditions in both low- and high-
frequency bands. Our findings reveal that the high-probability region of disturbed mag-
netic field approximately forms an oval around the magnetic pole. Additionally, the
dBOP distributions are characterised by a prominent peak on the dayside, particularly
evident during periods of low geomagnetic activity. We show that at low frequencies, the
dBOP is largely marked by a dawn-dusk asymmetry with larger occurrence probabilities
in the dawn sector. This pattern persists regardless of the sign of Bz or the substorm
phase. However, during active times, the asymmetry diminishes as the dBOP experi-
ences heightened levels, especially on the nightside. At higher frequencies, we show that
the dBOP distributions are dominated by an asymmetry between dayside and nightside,
with a persistent peak on the dayside.

We observe a consistent preference for dawn in both POP (Paper I) and low-frequency
dBOP, along with a comparable response to variations in geomagnetic activity. Particu-
larly noteworthy is the increased asymmetric pattern during quiet periods. Although we
do not presume any direct correlation between a disturbed magnetic field and the auro-
ral oval, we posit that the combined analysis of POP and dBOP is valuable for exploring
the characteristics of the auroral region. Furthermore, we identify a high correlation be-
tween the low-frequency dBOP and the auroral oval boundaries derived from small- and
medium-scale FACs (Xiong et al., 2014). Our interpretation is that the low-frequency
disturbed magnetic field reflects the large-scale, steady-state coupling between the iono-
sphere and magnetosphere. Conversely, at higher frequencies, the dBOP reflects more
active regions of the magnetosphere and a more dynamic M-I coupling.
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Weusemagneticfielddatafromapproximately2·105Swarm/VFMpolarpassesandan
approachsimilartotheonedevelopedinPaperItoderivetheoccurrenceprobability
ofmagneticfieldfluctuationsinthepolarionosphere.Ourmethodconsistsofthree
steps.First,wecalculatethespectralpoweroftheeast-westcomponentofthemagnetic
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correspondingtothe75thquantileofthe∆BEWspectralpower,andwedeterminewhich
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probabilityofdetectingadisturbedmagneticfield(dBOP,fordisturbedmagneticfield
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asymmetries. The asymmetry in the distribution of POP is interpreted as a pile-up of
plasma sheet magnetic flux in the dawn sector. We propose that the Earth’s rotation is
partially responsible for transporting more plasma towards dawn compared to dusk.

Paper II - Occurrence Probability of Magnetic Field Disturbances Mea-
sured With Swarm: Mapping the Dynamic Magnetosphere-Ionosphere
Coupling

In Paper II, our primary objective is to investigate the relationship between magnetic
disturbances observed in the auroral region and the dynamics of the magnetosphere.

We use magnetic field data from approximately 2 · 105 Swarm/VFM polar passes and an
approach similar to the one developed in Paper I to derive the occurrence probability
of magnetic field fluctuations in the polar ionosphere. Our method consists of three
steps. First, we calculate the spectral power of the east-west component of the magnetic
perturbations in the frequency bands 0.1− 1 and 2.5− 5 Hz. Second, we set a threshold
corresponding to the 75th quantile of the ∆BEW spectral power, and we determine which
measurements of the magnetic field are substantially disturbed. Third, we compute the
probability of detecting a disturbed magnetic field (dBOP, for disturbed magnetic field
occurrence probability) on the same MLat–MLT grid as in Paper I.

We derive maps of dBOP for different geomagnetic conditions in both low- and high-
frequency bands. Our findings reveal that the high-probability region of disturbed mag-
netic field approximately forms an oval around the magnetic pole. Additionally, the
dBOP distributions are characterised by a prominent peak on the dayside, particularly
evident during periods of low geomagnetic activity. We show that at low frequencies, the
dBOP is largely marked by a dawn-dusk asymmetry with larger occurrence probabilities
in the dawn sector. This pattern persists regardless of the sign of Bz or the substorm
phase. However, during active times, the asymmetry diminishes as the dBOP experi-
ences heightened levels, especially on the nightside. At higher frequencies, we show that
the dBOP distributions are dominated by an asymmetry between dayside and nightside,
with a persistent peak on the dayside.

We observe a consistent preference for dawn in both POP (Paper I) and low-frequency
dBOP, along with a comparable response to variations in geomagnetic activity. Particu-
larly noteworthy is the increased asymmetric pattern during quiet periods. Although we
do not presume any direct correlation between a disturbed magnetic field and the auro-
ral oval, we posit that the combined analysis of POP and dBOP is valuable for exploring
the characteristics of the auroral region. Furthermore, we identify a high correlation be-
tween the low-frequency dBOP and the auroral oval boundaries derived from small- and
medium-scale FACs (Xiong et al., 2014). Our interpretation is that the low-frequency
disturbed magnetic field reflects the large-scale, steady-state coupling between the iono-
sphere and magnetosphere. Conversely, at higher frequencies, the dBOP reflects more
active regions of the magnetosphere and a more dynamic M-I coupling.
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Paper III - Revealing the effect of Earth’s rotation on the geospace

In Paper III, our focus is on elucidating the influence of Earth’s rotation on magneto-
spheric convection patterns. In particular, we seek to empirically validate the hypothesis
proposed in Paper I, suggesting that the Earth’s rotation plays a role in the transport
of magnetic flux within the plasma sheet.

We use Cluster/EDI measurements of plasma convection to quantify the corotation in
the magnetosphere. The data is obtained from the high-latitude plasma sheet and lobes
and subsequently mapped along magnetic field lines to ionospheric altitudes. We present
MLat–MLT distributions of the convection velocity vectors and derive MLat profiles of
the corotation flow. These profiles enable comparison between the average eastward
velocity (observed corotation) and a theoretical corotation velocity representing a hypo-
thetical plasma perfectly synchronised with the Earth’s rotation.

Our results show clear evidence of the impact of the Earth’s rotation on the convection
velocities at auroral latitudes and equatorward. Similarly, the corotation profiles reveal
a prevailing latitude-dependent eastward velocity in the magnetosphere, indicating sub-
corotation of the high-latitude plasma sheet. The lag compared to pure corotation peaks
around auroral latitudes.

Assuming the neutral atmosphere is stationary with respect to the Earth (zero-neutral
wind assumption), the observed lag implies a relative motion between neutral parti-
cles and magnetospheric plasma, which leads to collisional heating. Using the Lompe
technique, we predict and analyse the resulting currents and energy deposition in the
ionosphere. Another key aspect of the study is how magnetospheric corotation may im-
pact the magnetic field topology. In particular, we illustrate how differential motion
between the fixed central plasma sheet (Pitkänen et al., 2019) and the corotating high-
latitude plasma sheet can lead to the distortion of plasma sheet magnetic field lines. We
propose that the deformation of the field lines generates an eastward force, resulting in
a greater transport of plasma from the nightside towards dawn compared to dusk. This
suggests a potential mechanism behind the dawn preference in auroral electron precipi-
tation and auroral magnetic field disturbance patterns documented in Papers I and II,
respectively.
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PaperIII-RevealingtheeffectofEarth’srotationonthegeospace

InPaperIII,ourfocusisonelucidatingtheinfluenceofEarth’srotationonmagneto-
sphericconvectionpatterns.Inparticular,weseektoempiricallyvalidatethehypothesis
proposedinPaperI,suggestingthattheEarth’srotationplaysaroleinthetransport
ofmagneticfluxwithintheplasmasheet.

WeuseCluster/EDImeasurementsofplasmaconvectiontoquantifythecorotationin
themagnetosphere.Thedataisobtainedfromthehigh-latitudeplasmasheetandlobes
andsubsequentlymappedalongmagneticfieldlinestoionosphericaltitudes.Wepresent
MLat–MLTdistributionsoftheconvectionvelocityvectorsandderiveMLatprofilesof
thecorotationflow.Theseprofilesenablecomparisonbetweentheaverageeastward
velocity(observedcorotation)andatheoreticalcorotationvelocityrepresentingahypo-
theticalplasmaperfectlysynchronisedwiththeEarth’srotation.

OurresultsshowclearevidenceoftheimpactoftheEarth’srotationontheconvection
velocitiesataurorallatitudesandequatorward.Similarly,thecorotationprofilesreveal
aprevailinglatitude-dependenteastwardvelocityinthemagnetosphere,indicatingsub-
corotationofthehigh-latitudeplasmasheet.Thelagcomparedtopurecorotationpeaks
aroundaurorallatitudes.

AssumingtheneutralatmosphereisstationarywithrespecttotheEarth(zero-neutral
windassumption),theobservedlagimpliesarelativemotionbetweenneutralparti-
clesandmagnetosphericplasma,whichleadstocollisionalheating.UsingtheLompe
technique,wepredictandanalysetheresultingcurrentsandenergydepositioninthe
ionosphere.Anotherkeyaspectofthestudyishowmagnetosphericcorotationmayim-
pactthemagneticfieldtopology.Inparticular,weillustratehowdifferentialmotion
betweenthefixedcentralplasmasheet(Pitkänenetal.,2019)andthecorotatinghigh-
latitudeplasmasheetcanleadtothedistortionofplasmasheetmagneticfieldlines.We
proposethatthedeformationofthefieldlinesgeneratesaneastwardforce,resultingin
agreatertransportofplasmafromthenightsidetowardsdawncomparedtodusk.This
suggestsapotentialmechanismbehindthedawnpreferenceinauroralelectronprecipi-
tationandauroralmagneticfielddisturbancepatternsdocumentedinPapersIandII,
respectively.

45

PaperIII-RevealingtheeffectofEarth’srotationonthegeospace

InPaperIII,ourfocusisonelucidatingtheinfluenceofEarth’srotationonmagneto-
sphericconvectionpatterns.Inparticular,weseektoempiricallyvalidatethehypothesis
proposedinPaperI,suggestingthattheEarth’srotationplaysaroleinthetransport
ofmagneticfluxwithintheplasmasheet.

WeuseCluster/EDImeasurementsofplasmaconvectiontoquantifythecorotationin
themagnetosphere.Thedataisobtainedfromthehigh-latitudeplasmasheetandlobes
andsubsequentlymappedalongmagneticfieldlinestoionosphericaltitudes.Wepresent
MLat–MLTdistributionsoftheconvectionvelocityvectorsandderiveMLatprofilesof
thecorotationflow.Theseprofilesenablecomparisonbetweentheaverageeastward
velocity(observedcorotation)andatheoreticalcorotationvelocityrepresentingahypo-
theticalplasmaperfectlysynchronisedwiththeEarth’srotation.

OurresultsshowclearevidenceoftheimpactoftheEarth’srotationontheconvection
velocitiesataurorallatitudesandequatorward.Similarly,thecorotationprofilesreveal
aprevailinglatitude-dependenteastwardvelocityinthemagnetosphere,indicatingsub-
corotationofthehigh-latitudeplasmasheet.Thelagcomparedtopurecorotationpeaks
aroundaurorallatitudes.

AssumingtheneutralatmosphereisstationarywithrespecttotheEarth(zero-neutral
windassumption),theobservedlagimpliesarelativemotionbetweenneutralparti-
clesandmagnetosphericplasma,whichleadstocollisionalheating.UsingtheLompe
technique,wepredictandanalysetheresultingcurrentsandenergydepositioninthe
ionosphere.Anotherkeyaspectofthestudyishowmagnetosphericcorotationmayim-
pactthemagneticfieldtopology.Inparticular,weillustratehowdifferentialmotion
betweenthefixedcentralplasmasheet(Pitkänenetal.,2019)andthecorotatinghigh-
latitudeplasmasheetcanleadtothedistortionofplasmasheetmagneticfieldlines.We
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Paper III - Revealing the effect of Earth’s rotation on the geospace

In Paper III, our focus is on elucidating the influence of Earth’s rotation on magneto-
spheric convection patterns. In particular, we seek to empirically validate the hypothesis
proposed in Paper I, suggesting that the Earth’s rotation plays a role in the transport
of magnetic flux within the plasma sheet.

We use Cluster/EDI measurements of plasma convection to quantify the corotation in
the magnetosphere. The data is obtained from the high-latitude plasma sheet and lobes
and subsequently mapped along magnetic field lines to ionospheric altitudes. We present
MLat–MLT distributions of the convection velocity vectors and derive MLat profiles of
the corotation flow. These profiles enable comparison between the average eastward
velocity (observed corotation) and a theoretical corotation velocity representing a hypo-
thetical plasma perfectly synchronised with the Earth’s rotation.

Our results show clear evidence of the impact of the Earth’s rotation on the convection
velocities at auroral latitudes and equatorward. Similarly, the corotation profiles reveal
a prevailing latitude-dependent eastward velocity in the magnetosphere, indicating sub-
corotation of the high-latitude plasma sheet. The lag compared to pure corotation peaks
around auroral latitudes.

Assuming the neutral atmosphere is stationary with respect to the Earth (zero-neutral
wind assumption), the observed lag implies a relative motion between neutral parti-
cles and magnetospheric plasma, which leads to collisional heating. Using the Lompe
technique, we predict and analyse the resulting currents and energy deposition in the
ionosphere. Another key aspect of the study is how magnetospheric corotation may im-
pact the magnetic field topology. In particular, we illustrate how differential motion
between the fixed central plasma sheet (Pitkänen et al., 2019) and the corotating high-
latitude plasma sheet can lead to the distortion of plasma sheet magnetic field lines. We
propose that the deformation of the field lines generates an eastward force, resulting in
a greater transport of plasma from the nightside towards dawn compared to dusk. This
suggests a potential mechanism behind the dawn preference in auroral electron precipi-
tation and auroral magnetic field disturbance patterns documented in Papers I and II,
respectively.
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6 Conclusions and future trajectories

The research conducted in this thesis was driven by the motivation to uncover the factors
influencing the auroral region’s formation and comprehend the impact of Earth’s rotation
on magnetospheric convection. The common aim of Papers I–III was to explore how
magnetospheric fluid dynamics and ionospheric observations are connected. The papers
included in this thesis collectively tackle these objectives. The key findings from each
paper are summarised in this chapter, along with a brief discussion of potential directions
for further research.

Concluding insights

Papers I and II address the specific question of the shape of the auroral region. Using
a novel method of characterisation based on different proxies, our findings corroborate
results from earlier studies:

• The large-scale, long-term morphology of the auroral region is notably described
by the occurrence probability distributions of 1−30 keV electron precipitation and
0.1− 1 Hz disturbed magnetic field.

• The auroral region exhibits a persistent dawn-dusk asymmetry, with high occur-
rence probabilities spread over a larger latitudinal range in the dawn sector.

• The asymmetric pattern is decreased during high geomagnetic activity, due to the
auroral region expanding primarily on the nightside in such conditions.

Additionally, Papers I and II demonstrate how ionospheric observations yield a means
to understand and study magnetospheric dynamics:

• The spatial distribution of 1− 30 keV electron precipitation is related to the large-
scale circulation of magnetic flux in the magnetospheric plasma sheet.

• 0.1− 1 Hz magnetic field fluctuations reflect the large-scale, steady-state coupling
between the ionosphere and magnetosphere.

• 2.5 − 5 Hz magnetic field fluctuations are indicative of regions in the ionosphere
that are directly responding to the dynamic coupling between the solar wind and
the magnetosphere, typically the noon and midnight sectors.

Furthermore, Paper I elaborates on the concept of mapping between the ionosphere and
magnetosphere as seen from a fluid perspective, and suggests the following hypotheses:

• The auroral region’s asymmetric shape could be due to a pile-up of plasma sheet
magnetic flux in the dawn sector.

• The effect of the Earth’s rotation on the plasma convection pattern could be re-
sponsible for the excess magnetic flux transport towards dawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.

6 Conclusions and future trajectories

The research conducted in this thesis was driven by the motivation to uncover the factors
influencing the auroral region’s formation and comprehend the impact of Earth’s rotation
on magnetospheric convection. The common aim of Papers I–III was to explore how
magnetospheric fluid dynamics and ionospheric observations are connected. The papers
included in this thesis collectively tackle these objectives. The key findings from each
paper are summarised in this chapter, along with a brief discussion of potential directions
for further research.

Concluding insights

Papers I and II address the specific question of the shape of the auroral region. Using
a novel method of characterisation based on different proxies, our findings corroborate
results from earlier studies:

• The large-scale, long-term morphology of the auroral region is notably described
by the occurrence probability distributions of 1−30 keV electron precipitation and
0.1− 1 Hz disturbed magnetic field.

• The auroral region exhibits a persistent dawn-dusk asymmetry, with high occur-
rence probabilities spread over a larger latitudinal range in the dawn sector.

• The asymmetric pattern is decreased during high geomagnetic activity, due to the
auroral region expanding primarily on the nightside in such conditions.

Additionally, Papers I and II demonstrate how ionospheric observations yield a means
to understand and study magnetospheric dynamics:

• The spatial distribution of 1− 30 keV electron precipitation is related to the large-
scale circulation of magnetic flux in the magnetospheric plasma sheet.

• 0.1− 1 Hz magnetic field fluctuations reflect the large-scale, steady-state coupling
between the ionosphere and magnetosphere.

• 2.5 − 5 Hz magnetic field fluctuations are indicative of regions in the ionosphere
that are directly responding to the dynamic coupling between the solar wind and
the magnetosphere, typically the noon and midnight sectors.

Furthermore, Paper I elaborates on the concept of mapping between the ionosphere and
magnetosphere as seen from a fluid perspective, and suggests the following hypotheses:

• The auroral region’s asymmetric shape could be due to a pile-up of plasma sheet
magnetic flux in the dawn sector.

• The effect of the Earth’s rotation on the plasma convection pattern could be re-
sponsible for the excess magnetic flux transport towards dawn.

6 Conclusions and future trajectories

The research conducted in this thesis was driven by the motivation to uncover the factors
influencing the auroral region’s formation and comprehend the impact of Earth’s rotation
on magnetospheric convection. The common aim of Papers I–III was to explore how
magnetospheric fluid dynamics and ionospheric observations are connected. The papers
included in this thesis collectively tackle these objectives. The key findings from each
paper are summarised in this chapter, along with a brief discussion of potential directions
for further research.

Concluding insights

Papers I and II address the specific question of the shape of the auroral region. Using
a novel method of characterisation based on different proxies, our findings corroborate
results from earlier studies:

• The large-scale, long-term morphology of the auroral region is notably described
by the occurrence probability distributions of 1−30 keV electron precipitation and
0.1− 1 Hz disturbed magnetic field.

• The auroral region exhibits a persistent dawn-dusk asymmetry, with high occur-
rence probabilities spread over a larger latitudinal range in the dawn sector.

• The asymmetric pattern is decreased during high geomagnetic activity, due to the
auroral region expanding primarily on the nightside in such conditions.

Additionally, Papers I and II demonstrate how ionospheric observations yield a means
to understand and study magnetospheric dynamics:

• The spatial distribution of 1− 30 keV electron precipitation is related to the large-
scale circulation of magnetic flux in the magnetospheric plasma sheet.

• 0.1− 1 Hz magnetic field fluctuations reflect the large-scale, steady-state coupling
between the ionosphere and magnetosphere.

• 2.5 − 5 Hz magnetic field fluctuations are indicative of regions in the ionosphere
that are directly responding to the dynamic coupling between the solar wind and
the magnetosphere, typically the noon and midnight sectors.

Furthermore, Paper I elaborates on the concept of mapping between the ionosphere and
magnetosphere as seen from a fluid perspective, and suggests the following hypotheses:

• The auroral region’s asymmetric shape could be due to a pile-up of plasma sheet
magnetic flux in the dawn sector.

• The effect of the Earth’s rotation on the plasma convection pattern could be re-
sponsible for the excess magnetic flux transport towards dawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.

6Conclusionsandfuturetrajectories

Theresearchconductedinthisthesiswasdrivenbythemotivationtouncoverthefactors
influencingtheauroralregion’sformationandcomprehendtheimpactofEarth’srotation
onmagnetosphericconvection.ThecommonaimofPapersI–IIIwastoexplorehow
magnetosphericfluiddynamicsandionosphericobservationsareconnected.Thepapers
includedinthisthesiscollectivelytackletheseobjectives.Thekeyfindingsfromeach
paperaresummarisedinthischapter,alongwithabriefdiscussionofpotentialdirections
forfurtherresearch.

Concludinginsights

PapersIandIIaddressthespecificquestionoftheshapeoftheauroralregion.Using
anovelmethodofcharacterisationbasedondifferentproxies,ourfindingscorroborate
resultsfromearlierstudies:

•Thelarge-scale,long-termmorphologyoftheauroralregionisnotablydescribed
bytheoccurrenceprobabilitydistributionsof1−30keVelectronprecipitationand
0.1−1Hzdisturbedmagneticfield.

•Theauroralregionexhibitsapersistentdawn-duskasymmetry,withhighoccur-
renceprobabilitiesspreadoveralargerlatitudinalrangeinthedawnsector.

•Theasymmetricpatternisdecreasedduringhighgeomagneticactivity,duetothe
auroralregionexpandingprimarilyonthenightsideinsuchconditions.

Additionally,PapersIandIIdemonstratehowionosphericobservationsyieldameans
tounderstandandstudymagnetosphericdynamics:

•Thespatialdistributionof1−30keVelectronprecipitationisrelatedtothelarge-
scalecirculationofmagneticfluxinthemagnetosphericplasmasheet.

•0.1−1Hzmagneticfieldfluctuationsreflectthelarge-scale,steady-statecoupling
betweentheionosphereandmagnetosphere.

•2.5−5Hzmagneticfieldfluctuationsareindicativeofregionsintheionosphere
thataredirectlyrespondingtothedynamiccouplingbetweenthesolarwindand
themagnetosphere,typicallythenoonandmidnightsectors.

Furthermore,PaperIelaboratesontheconceptofmappingbetweentheionosphereand
magnetosphereasseenfromafluidperspective,andsuggeststhefollowinghypotheses:

•Theauroralregion’sasymmetricshapecouldbeduetoapile-upofplasmasheet
magneticfluxinthedawnsector.

•TheeffectoftheEarth’srotationontheplasmaconvectionpatterncouldbere-
sponsiblefortheexcessmagneticfluxtransporttowardsdawn.



48 Conclusions and future trajectories

Finally, building upon the results from Papers I and II regarding the auroral region’s
dawn-dusk asymmetry and its origin, Paper III provides insight into the influence of
Earth’s rotation on magnetospheric dynamics and its potential implications on the iono-
sphere. Its key results are:

• The plasma motion in the high-latitude plasma sheet is, to some extent, synchro-
nised with Earth’s rotation, unlike the central plasma sheet and magnetospheric
lobes.

• Plasma sheet magnetic field lines and the plasma attached to them are preferen-
tially displaced towards the dawn side of the magnetosphere.

• Assuming the neutral atmosphere fully corotates with Earth, the lag between neu-
tral particles and magnetospheric plasma results in currents and Joule heating in
the ionosphere.

In conclusion, the combined findings from Papers I, II, and III illuminate essential as-
pects of the auroral region’s morphology and its complex connection to magnetospheric
dynamics. Our results demonstrate the utility of electron precipitation and magnetic
perturbations in the ionosphere not only as proxies for the auroral region but also as
footpoints of the large-scale circulation of plasma and magnetic flux in the magneto-
sphere. Through the occurrence probability of auroral electron precipitation (POP) and
disturbed magnetic field (dBOP), our studies confirm and expand upon earlier research,
shedding light on the persistent dawn-dusk asymmetry in the auroral region where there
is a clear preference for the dawn sector. Moreover, our research offers valuable insights
into the impact of the Earth’s rotation on magnetospheric plasma convection and its
potential implications in terms of ionospheric electrodynamics. Together, our investi-
gations suggest that the Earth’s rotation influences the large-scale plasma convection
pattern in the magnetosphere, which, in turn, participates in shaping the asymmetric
auroral region. In particular, the dawn preference in the auroral region could result from
an excess transport of magnetic flux due to the corotation of the high-latitude plasma
sheet.

The research performed in connection with this thesis ultimately contributes to a deeper
understanding of the complex M-I coupling, challenging the established paradigm ac-
cording to which plasma convection is solely driven by the interactions between solar
wind and magnetosphere. Figure 6.1 offers a simplified overview, attempting to capture
the main aspects studied in this thesis.
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50 Conclusions and future trajectories

Future research

The research carried out in this thesis has opened new perspectives for future investiga-
tions. Moving forward, several directions merit exploration to advance our understanding
of M-I coupling and beyond.

Expanding upon the insights derived from Paper III, future studies could aim to directly
observe and characterise the corotation and its effects within the ionosphere. Addition-
ally, new insights into the influence of ionospheric convection on the magnetosphere could
be gained by conducting MHD simulations with and without Earth’s rotation.

Future research could also explore how Earth’s rotation impacts the atmosphere’s dy-
namics. In particular, investigating the atmospheric global response to plasma-neutral
interactions would shed light on the potential mechanisms driving atmospheric motion
and heat distribution. Simulations of the upper atmosphere could provide an opportu-
nity to assess the impact of Joule heating induced by the corotation lag. This further
prompts questions such as whether the neutral atmosphere tends to align with plasma
motion to reduce or stop the heating, or what occurs if the atmosphere is continuously
exposed to heating.

Furthermore, dedicated studies centred on the magnetic field offer promising prospects
for additional investigation. For instance, future work could involve confirming the
presence of large-scale, low-intensity FACs in the M-I coupling region, as predicted by the
Lompe technique for a given corotation lag. Despite the relatively weak and consistent
nature of these currents, their accurate characterisation would improve the refinement of
the Earth’s main magnetic field models. This is particularly pertinent as distinguishing
contributions from stable ionospheric currents and the terrestrial core remains an area of
active research. Such studies, coupled with simulations of the neutral wind, could further
allow for verifying the widely used assumption of zero-neutral wind in the atmosphere.

Building upon the findings and hypotheses presented in Papers I–III, follow-up studies
could investigate how the plasma sheet precisely shapes the auroral region. Moreover,
drawing inspiration from studies on Jupiter’s unique magnetic topology and its impact
on auroral emissions, there is an opportunity for analogous investigations on Earth.

In summary, future research efforts guided by the findings of this thesis hold the potential
to significantly advance our understanding of M-I coupling dynamics and their broader
implications for Earth’s atmospheric and geospace environment.

Ultimately, any subsequent investigations would ideally corroborate the wisdom of a
great man who once proclaimed: And now, all mankind can finally rest their eyes knowing
that Earth rotates. (K.M.L.)
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7 LEGO model of the magnetosphere

As a major side project of this thesis, we constructed a LEGO model of the magneto-
sphere. The LEGO model has been thought of as a creative and engaging pedagogical
tool for illustrating the complex influence of the solar wind on the magnetosphere, in a
simple and visual way. Note that this model aligns with the fluid description of the solar
wind-magnetosphere-ionosphere coupling outlined in Chapter 2.

7.1 Principle

In the late 1980s, there was an active discussion about the roles of direct energy input
from the solar wind and the release of stored magnetotail energy in driving substorms
(Akasofu, 1985; Rostoker et al., 1987) (see also Section 2.3.5). Akasofu (1989) ultimately
proposed to illustrate the two-step response of the magnetosphere to changes in the solar
wind by identifying the magnetosphere as a combination of a pitcher-type (directly driven
component) and a tippy-bucket-type (unloading component) system, as shown in Figure
7.1.

Figure 7.1: Schematic illustration showing the flow of energy from the solar wind through the
magnetosphere represented by a combination of the pitcher and tippy bucket models. Taken
from Akasofu (1989).

The idea of a LEGO machine based on Akasofu’s model emerged after the publica-
tion of Laundal et al. 2020, where they quantified the time-scale dependent statistical
relationship between nightside and dayside reconnection rates, as well as its effect on
solar wind-based regression models of ionospheric electrodynamic parameters. This pa-
per is based on the concept that the solar wind influence on the magnetosphere can
be described as the sum of a directly driven component –dayside reconnection– and
an unloading component associated with the release of magnetic energy via nightside
reconnection.
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52 LEGO model of the magnetosphere

Our LEGO model uses Akasofu’s representation to illustrate this concept and aims to
emulate the M-I system’s mechanical behaviour.

7.2 Development

The model consists of two water-driven wheels simulating magnetospheric reconnection
on the dayside and nightside, along with a rotating platform representing the ionospheric
convection pattern, all constructed from LEGO bricks.

To implement Akasofu’s model, we incorporated a water source, serving as constant
input analogous to the solar wind, for the dayside wheel. Additionally, a LEGO bucket
mimics the magnetospheric lobes. While the dayside wheel maintains continuous motion,
the bucket stores the water that entered the system through the first wheel (dayside
reconnection) and explosively releases it by tipping, thereby activating the second wheel
(nightside reconnection) only momentarily.

A LEGO differential gear enables the combination of inputs from both wheels. The move-
ment of the dayside wheel initiates the rotation of the ionospheric convection system,
with rotational speed increasing when both wheels operate simultaneously. Furthermore,
a set of green LEDs, along with a motion sensor attached to the bucket, produces au-
rora on top of a globe following the nightside reconnection event triggered by the release
of water from the tippy bucket.

Our interactive model allows for adjustments to the water input (approximating recon-
nection rates) to demonstrate corresponding changes in ionospheric convection dynamics
(rotational velocity).

Figure 7.2 shows a collection of pictures of the LEGO machine and its different elements.

7.3 Result

We presented a prototype of the LEGO model at the Fysikermøtet 2023 in Bergen,
where we demonstrated to researchers and teachers in physics how the magnetosphere
influences the ionosphere through both direct and unloading components. The model
received significant interest, supporting our ulterior motive that this LEGO machine
could be further used as a tool for space physics outreach initiatives. Furthermore,
the machine was exhibited during an open day at the Science Museum Vilvite targeted
at 10-12-year-old children. It served as a starting point for interesting questions and
discussions on the topic of auroral and space physics.

While our model has proved its effectiveness in capturing curiosity, we believe it could be
further used as a didactic tool for explaining aspects of M-I coupling to undergraduate
and graduate students. The LEGO model will be showcased at more events/confer-
ences, where we anticipate receiving valuable feedback to further refine and enhance our
prototype.
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7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.

52LEGOmodelofthemagnetosphere

OurLEGOmodelusesAkasofu’srepresentationtoillustratethisconceptandaimsto
emulatetheM-Isystem’smechanicalbehaviour.

7.2Development

Themodelconsistsoftwowater-drivenwheelssimulatingmagnetosphericreconnection
onthedaysideandnightside,alongwitharotatingplatformrepresentingtheionospheric
convectionpattern,allconstructedfromLEGObricks.

ToimplementAkasofu’smodel,weincorporatedawatersource,servingasconstant
inputanalogoustothesolarwind,forthedaysidewheel.Additionally,aLEGObucket
mimicsthemagnetosphericlobes.Whilethedaysidewheelmaintainscontinuousmotion,
thebucketstoresthewaterthatenteredthesystemthroughthefirstwheel(dayside
reconnection)andexplosivelyreleasesitbytipping,therebyactivatingthesecondwheel
(nightsidereconnection)onlymomentarily.

ALEGOdifferentialgearenablesthecombinationofinputsfrombothwheels.Themove-
mentofthedaysidewheelinitiatestherotationoftheionosphericconvectionsystem,
withrotationalspeedincreasingwhenbothwheelsoperatesimultaneously.Furthermore,
asetofgreenLEDs,alongwithamotionsensorattachedtothebucket,producesau-
roraontopofaglobefollowingthenightsidereconnectioneventtriggeredbytherelease
ofwaterfromthetippybucket.

Ourinteractivemodelallowsforadjustmentstothewaterinput(approximatingrecon-
nectionrates)todemonstratecorrespondingchangesinionosphericconvectiondynamics
(rotationalvelocity).

Figure7.2showsacollectionofpicturesoftheLEGOmachineanditsdifferentelements.

7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.

52 LEGO model of the magnetosphere

Our LEGO model uses Akasofu’s representation to illustrate this concept and aims to
emulate the M-I system’s mechanical behaviour.

7.2 Development

The model consists of two water-driven wheels simulating magnetospheric reconnection
on the dayside and nightside, along with a rotating platform representing the ionospheric
convection pattern, all constructed from LEGO bricks.

To implement Akasofu’s model, we incorporated a water source, serving as constant
input analogous to the solar wind, for the dayside wheel. Additionally, a LEGO bucket
mimics the magnetospheric lobes. While the dayside wheel maintains continuous motion,
the bucket stores the water that entered the system through the first wheel (dayside
reconnection) and explosively releases it by tipping, thereby activating the second wheel
(nightside reconnection) only momentarily.

A LEGO differential gear enables the combination of inputs from both wheels. The move-
ment of the dayside wheel initiates the rotation of the ionospheric convection system,
with rotational speed increasing when both wheels operate simultaneously. Furthermore,
a set of green LEDs, along with a motion sensor attached to the bucket, produces au-
rora on top of a globe following the nightside reconnection event triggered by the release
of water from the tippy bucket.

Our interactive model allows for adjustments to the water input (approximating recon-
nection rates) to demonstrate corresponding changes in ionospheric convection dynamics
(rotational velocity).

Figure 7.2 shows a collection of pictures of the LEGO machine and its different elements.

7.3 Result

We presented a prototype of the LEGO model at the Fysikermøtet 2023 in Bergen,
where we demonstrated to researchers and teachers in physics how the magnetosphere
influences the ionosphere through both direct and unloading components. The model
received significant interest, supporting our ulterior motive that this LEGO machine
could be further used as a tool for space physics outreach initiatives. Furthermore,
the machine was exhibited during an open day at the Science Museum Vilvite targeted
at 10-12-year-old children. It served as a starting point for interesting questions and
discussions on the topic of auroral and space physics.

While our model has proved its effectiveness in capturing curiosity, we believe it could be
further used as a didactic tool for explaining aspects of M-I coupling to undergraduate
and graduate students. The LEGO model will be showcased at more events/confer-
ences, where we anticipate receiving valuable feedback to further refine and enhance our
prototype.

52 LEGO model of the magnetosphere

Our LEGO model uses Akasofu’s representation to illustrate this concept and aims to
emulate the M-I system’s mechanical behaviour.

7.2 Development

The model consists of two water-driven wheels simulating magnetospheric reconnection
on the dayside and nightside, along with a rotating platform representing the ionospheric
convection pattern, all constructed from LEGO bricks.

To implement Akasofu’s model, we incorporated a water source, serving as constant
input analogous to the solar wind, for the dayside wheel. Additionally, a LEGO bucket
mimics the magnetospheric lobes. While the dayside wheel maintains continuous motion,
the bucket stores the water that entered the system through the first wheel (dayside
reconnection) and explosively releases it by tipping, thereby activating the second wheel
(nightside reconnection) only momentarily.

A LEGO differential gear enables the combination of inputs from both wheels. The move-
ment of the dayside wheel initiates the rotation of the ionospheric convection system,
with rotational speed increasing when both wheels operate simultaneously. Furthermore,
a set of green LEDs, along with a motion sensor attached to the bucket, produces au-
rora on top of a globe following the nightside reconnection event triggered by the release
of water from the tippy bucket.

Our interactive model allows for adjustments to the water input (approximating recon-
nection rates) to demonstrate corresponding changes in ionospheric convection dynamics
(rotational velocity).

Figure 7.2 shows a collection of pictures of the LEGO machine and its different elements.

7.3 Result

We presented a prototype of the LEGO model at the Fysikermøtet 2023 in Bergen,
where we demonstrated to researchers and teachers in physics how the magnetosphere
influences the ionosphere through both direct and unloading components. The model
received significant interest, supporting our ulterior motive that this LEGO machine
could be further used as a tool for space physics outreach initiatives. Furthermore,
the machine was exhibited during an open day at the Science Museum Vilvite targeted
at 10-12-year-old children. It served as a starting point for interesting questions and
discussions on the topic of auroral and space physics.

While our model has proved its effectiveness in capturing curiosity, we believe it could be
further used as a didactic tool for explaining aspects of M-I coupling to undergraduate
and graduate students. The LEGO model will be showcased at more events/confer-
ences, where we anticipate receiving valuable feedback to further refine and enhance our
prototype.

52LEGOmodelofthemagnetosphere

OurLEGOmodelusesAkasofu’srepresentationtoillustratethisconceptandaimsto
emulatetheM-Isystem’smechanicalbehaviour.

7.2Development

Themodelconsistsoftwowater-drivenwheelssimulatingmagnetosphericreconnection
onthedaysideandnightside,alongwitharotatingplatformrepresentingtheionospheric
convectionpattern,allconstructedfromLEGObricks.

ToimplementAkasofu’smodel,weincorporatedawatersource,servingasconstant
inputanalogoustothesolarwind,forthedaysidewheel.Additionally,aLEGObucket
mimicsthemagnetosphericlobes.Whilethedaysidewheelmaintainscontinuousmotion,
thebucketstoresthewaterthatenteredthesystemthroughthefirstwheel(dayside
reconnection)andexplosivelyreleasesitbytipping,therebyactivatingthesecondwheel
(nightsidereconnection)onlymomentarily.

ALEGOdifferentialgearenablesthecombinationofinputsfrombothwheels.Themove-
mentofthedaysidewheelinitiatestherotationoftheionosphericconvectionsystem,
withrotationalspeedincreasingwhenbothwheelsoperatesimultaneously.Furthermore,
asetofgreenLEDs,alongwithamotionsensorattachedtothebucket,producesau-
roraontopofaglobefollowingthenightsidereconnectioneventtriggeredbytherelease
ofwaterfromthetippybucket.

Ourinteractivemodelallowsforadjustmentstothewaterinput(approximatingrecon-
nectionrates)todemonstratecorrespondingchangesinionosphericconvectiondynamics
(rotationalvelocity).

Figure7.2showsacollectionofpicturesoftheLEGOmachineanditsdifferentelements.

7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.

52LEGOmodelofthemagnetosphere

OurLEGOmodelusesAkasofu’srepresentationtoillustratethisconceptandaimsto
emulatetheM-Isystem’smechanicalbehaviour.

7.2Development

Themodelconsistsoftwowater-drivenwheelssimulatingmagnetosphericreconnection
onthedaysideandnightside,alongwitharotatingplatformrepresentingtheionospheric
convectionpattern,allconstructedfromLEGObricks.

ToimplementAkasofu’smodel,weincorporatedawatersource,servingasconstant
inputanalogoustothesolarwind,forthedaysidewheel.Additionally,aLEGObucket
mimicsthemagnetosphericlobes.Whilethedaysidewheelmaintainscontinuousmotion,
thebucketstoresthewaterthatenteredthesystemthroughthefirstwheel(dayside
reconnection)andexplosivelyreleasesitbytipping,therebyactivatingthesecondwheel
(nightsidereconnection)onlymomentarily.

ALEGOdifferentialgearenablesthecombinationofinputsfrombothwheels.Themove-
mentofthedaysidewheelinitiatestherotationoftheionosphericconvectionsystem,
withrotationalspeedincreasingwhenbothwheelsoperatesimultaneously.Furthermore,
asetofgreenLEDs,alongwithamotionsensorattachedtothebucket,producesau-
roraontopofaglobefollowingthenightsidereconnectioneventtriggeredbytherelease
ofwaterfromthetippybucket.

Ourinteractivemodelallowsforadjustmentstothewaterinput(approximatingrecon-
nectionrates)todemonstratecorrespondingchangesinionosphericconvectiondynamics
(rotationalvelocity).

Figure7.2showsacollectionofpicturesoftheLEGOmachineanditsdifferentelements.

7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.

52LEGOmodelofthemagnetosphere

OurLEGOmodelusesAkasofu’srepresentationtoillustratethisconceptandaimsto
emulatetheM-Isystem’smechanicalbehaviour.

7.2Development

Themodelconsistsoftwowater-drivenwheelssimulatingmagnetosphericreconnection
onthedaysideandnightside,alongwitharotatingplatformrepresentingtheionospheric
convectionpattern,allconstructedfromLEGObricks.

ToimplementAkasofu’smodel,weincorporatedawatersource,servingasconstant
inputanalogoustothesolarwind,forthedaysidewheel.Additionally,aLEGObucket
mimicsthemagnetosphericlobes.Whilethedaysidewheelmaintainscontinuousmotion,
thebucketstoresthewaterthatenteredthesystemthroughthefirstwheel(dayside
reconnection)andexplosivelyreleasesitbytipping,therebyactivatingthesecondwheel
(nightsidereconnection)onlymomentarily.

ALEGOdifferentialgearenablesthecombinationofinputsfrombothwheels.Themove-
mentofthedaysidewheelinitiatestherotationoftheionosphericconvectionsystem,
withrotationalspeedincreasingwhenbothwheelsoperatesimultaneously.Furthermore,
asetofgreenLEDs,alongwithamotionsensorattachedtothebucket,producesau-
roraontopofaglobefollowingthenightsidereconnectioneventtriggeredbytherelease
ofwaterfromthetippybucket.

Ourinteractivemodelallowsforadjustmentstothewaterinput(approximatingrecon-
nectionrates)todemonstratecorrespondingchangesinionosphericconvectiondynamics
(rotationalvelocity).

Figure7.2showsacollectionofpicturesoftheLEGOmachineanditsdifferentelements.

7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.

52LEGOmodelofthemagnetosphere

OurLEGOmodelusesAkasofu’srepresentationtoillustratethisconceptandaimsto
emulatetheM-Isystem’smechanicalbehaviour.

7.2Development

Themodelconsistsoftwowater-drivenwheelssimulatingmagnetosphericreconnection
onthedaysideandnightside,alongwitharotatingplatformrepresentingtheionospheric
convectionpattern,allconstructedfromLEGObricks.

ToimplementAkasofu’smodel,weincorporatedawatersource,servingasconstant
inputanalogoustothesolarwind,forthedaysidewheel.Additionally,aLEGObucket
mimicsthemagnetosphericlobes.Whilethedaysidewheelmaintainscontinuousmotion,
thebucketstoresthewaterthatenteredthesystemthroughthefirstwheel(dayside
reconnection)andexplosivelyreleasesitbytipping,therebyactivatingthesecondwheel
(nightsidereconnection)onlymomentarily.

ALEGOdifferentialgearenablesthecombinationofinputsfrombothwheels.Themove-
mentofthedaysidewheelinitiatestherotationoftheionosphericconvectionsystem,
withrotationalspeedincreasingwhenbothwheelsoperatesimultaneously.Furthermore,
asetofgreenLEDs,alongwithamotionsensorattachedtothebucket,producesau-
roraontopofaglobefollowingthenightsidereconnectioneventtriggeredbytherelease
ofwaterfromthetippybucket.

Ourinteractivemodelallowsforadjustmentstothewaterinput(approximatingrecon-
nectionrates)todemonstratecorrespondingchangesinionosphericconvectiondynamics
(rotationalvelocity).

Figure7.2showsacollectionofpicturesoftheLEGOmachineanditsdifferentelements.

7.3Result

WepresentedaprototypeoftheLEGOmodelattheFysikermøtet2023inBergen,
wherewedemonstratedtoresearchersandteachersinphysicshowthemagnetosphere
influencestheionospherethroughbothdirectandunloadingcomponents.Themodel
receivedsignificantinterest,supportingourulteriormotivethatthisLEGOmachine
couldbefurtherusedasatoolforspacephysicsoutreachinitiatives.Furthermore,
themachinewasexhibitedduringanopendayattheScienceMuseumVilvitetargeted
at10-12-year-oldchildren.Itservedasastartingpointforinterestingquestionsand
discussionsonthetopicofauroralandspacephysics.

Whileourmodelhasproveditseffectivenessincapturingcuriosity,webelieveitcouldbe
furtherusedasadidactictoolforexplainingaspectsofM-Icouplingtoundergraduate
andgraduatestudents.TheLEGOmodelwillbeshowcasedatmoreevents/confer-
ences,whereweanticipatereceivingvaluablefeedbacktofurtherrefineandenhanceour
prototype.
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LEGO model assemble to form the final machine. Surrounding the central image are additional
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right corner, our LEGO model is presented to the public at Vilvite, Bergen Science Center.
The two middle bottom pictures show the globe and the aurora display over the polar region.
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1. Introduction
Since the first reported scientific observations of auroras (Tromholt, 1882), there have been many auroral stud-
ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
Feldstein in the 1960s (e.g., review by Y. Feldstein (2016)). Since then, the auroral oval morphology has been 
investigated in great detail and discussed in connection with variations in the geomagnetic activity (e.g., Y. I. 
Feldstein, 1964; Feldstein & Starkov, 1967; Holzworth & Meng, 1975). It is now broadly accepted that the region 
where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
around the geomagnetic pole; its exact position depending on the solar-terrestrial physics.

Dungey  (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
between solar wind, magnetosphere, and ionosphere. It has since been extensively demonstrated that the dynam-
ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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1. Introduction
Since the first reported scientific observations of auroras (Tromholt, 1882), there have been many auroral stud-
ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
Feldstein in the 1960s (e.g., review by Y. Feldstein (2016)). Since then, the auroral oval morphology has been 
investigated in great detail and discussed in connection with variations in the geomagnetic activity (e.g., Y. I. 
Feldstein, 1964; Feldstein & Starkov, 1967; Holzworth & Meng, 1975). It is now broadly accepted that the region 
where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
around the geomagnetic pole; its exact position depending on the solar-terrestrial physics.

Dungey (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
between solar wind, magnetosphere, and ionosphere. It has since been extensively demonstrated that the dynam-
ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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1. Introduction
Since the first reported scientific observations of auroras (Tromholt, 1882), there have been many auroral stud-
ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
Feldstein in the 1960s (e.g., review by Y. Feldstein (2016)). Since then, the auroral oval morphology has been 
investigated in great detail and discussed in connection with variations in the geomagnetic activity (e.g., Y. I. 
Feldstein, 1964; Feldstein & Starkov, 1967; Holzworth & Meng, 1975). It is now broadly accepted that the region 
where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
around the geomagnetic pole; its exact position depending on the solar-terrestrial physics.

Dungey (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
between solar wind, magnetosphere, and ionosphere. It has since been extensively demonstrated that the dynam-
ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
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Dungey  (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
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ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.

DECOTTE ET AL.

© 2023. American Geophysical Union. 
All Rights Reserved.

Auroral Oval Morphology: Dawn-Dusk Asymmetry Partially 
Induced by Earth's Rotation
Margot Decotte1  , Karl M. Laundal1  , Spencer M. Hatch1  , and Jone P. Reistad1 

1Department of Physics and Technology, Birkeland Centre for Space Science, University of Bergen, Bergen, Norway

Key Points:
•  The auroral occurrence probability 

(AOP) is derived from Defense 
Meteorological Satellite Program/
Special Sensor J measurements for 
investigating the auroral oval shape 
and extent

•  The distribution of AOP is persistently 
larger at dawn than at dusk, regardless 
of external conditions

•  A simple model of plasma sheet 
magnetic flux indicates that Earth's 
rotation may contribute to the 
observed dawn-dusk asymmetry

Correspondence to:
M. Decotte,
margot.decotte@uib.no

Citation:
Decotte, M., Laundal, K. M., Hatch, S. 
M., & Reistad, J. P. (2023). Auroral oval 
morphology: Dawn-dusk asymmetry 
partially induced by Earth's rotation. 
Journal of Geophysical Research: Space 
Physics, 128, e2023JA031345. https://doi.
org/10.1029/2023JA031345

Received 24 JAN 2023
Accepted 26 MAY 2023

Author Contributions:
Conceptualization: Margot Decotte, Karl 
M. Laundal, Spencer M. Hatch, Jone P. 
Reistad
Formal analysis: Margot Decotte
Funding acquisition: Karl M. Laundal
Investigation: Margot Decotte
Methodology: Margot Decotte, Karl 
M. Laundal, Spencer M. Hatch, Jone P. 
Reistad
Project Administration: Karl M. 
Laundal
Supervision: Karl M. Laundal, Spencer 
M. Hatch, Jone P. Reistad
Writing – original draft: Margot 
Decotte
Writing – review & editing: Margot 
Decotte, Karl M. Laundal, Spencer M. 
Hatch, Jone P. Reistad

10.1029/2023JA031345
RESEARCH ARTICLE

1 of 18

1. Introduction
Since the first reported scientific observations of auroras (Tromholt, 1882), there have been many auroral stud-
ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
Feldstein in the 1960s (e.g., review by Y. Feldstein (2016)). Since then, the auroral oval morphology has been 
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where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
around the geomagnetic pole; its exact position depending on the solar-terrestrial physics.

Dungey  (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
between solar wind, magnetosphere, and ionosphere. It has since been extensively demonstrated that the dynam-
ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
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where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
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ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
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flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
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dawn-dusk asymmetry observed in the AOP distributions.
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in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
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1. Introduction
Since the first reported scientific observations of auroras (Tromholt, 1882), there have been many auroral stud-
ies whose observational data from all-sky cameras resulted in the establishment of the auroral oval concept by 
Feldstein in the 1960s (e.g., review by Y. Feldstein (2016)). Since then, the auroral oval morphology has been 
investigated in great detail and discussed in connection with variations in the geomagnetic activity (e.g., Y. I. 
Feldstein, 1964; Feldstein & Starkov, 1967; Holzworth & Meng, 1975). It is now broadly accepted that the region 
where auroras occur most frequently is an approximately oval-shaped Sun-fixed zone located at high latitudes 
around the geomagnetic pole; its exact position depending on the solar-terrestrial physics.

Dungey (1961) was the first to put forward the concept of an open magnetosphere to study the interactions 
between solar wind, magnetosphere, and ionosphere. It has since been extensively demonstrated that the dynam-
ics of the magnetosphere-ionosphere system is controlled by the convection of plasma and magnetic flux (Moore 
et al., 1989), with the direction and magnitude of the interplanetary magnetic field (IMF) playing a dominant role 

Abstract The auroral oval morphology has been investigated in previous studies presenting maps of 
average auroral precipitation. However, such distributions tend to emphasize auroral intensity rather than the 
actual extent of the auroral oval. We develop a statistical method to characterize the auroral oval morphology 
by using 20 years of electron energy flux measurements from the Defense Meteorological Satellite Program/
Special Sensor J (DMSP/SSJ); instead of relying on auroral oval boundaries, we derive the probability of 
observing aurora from a threshold of 2.10 9 eV/cm 2/s/sr above which the total energy flux of electrons (in the 
energy range 1–30 keV) is defined as aurora. We then investigate the auroral occurrence probability (AOP) in 
the magnetic latitude-magnetic local time (MLat-MLT) sectors covered by DMSP for various conditions related 
to geomagnetic activity. Regardless of those conditions, the AOP distributions reveal a width asymmetry with 
a wider dawn-to-noon sector (06–12 MLT) compared to the dusk-to-midnight sector (18–24 MLT), the dawn 
preference getting even more pronounced as the geomagnetic activity decreases. In the context of an open 
magnetosphere, we investigate the relation between the observed extent asymmetry in the auroral oval and the 
magnetospheric plasma convection. Representing the plasma sheet magnetic flux as a one-dimensional fluid 
subject to production on the nightside (closing of flux via reconnection) and loss on the dayside (opening of 
flux), we highlight similarities with the AOP in terms of MLT asymmetries. Finally, making use of this fluid 
model, we demonstrate that the corotation influence on the plasma convection pattern is consistent with the 
dawn-dusk asymmetry observed in the AOP distributions.

Plain Language Summary As an indirect consequence of the magnetic interaction between solar 
wind and Earth, protons and electrons precipitate into the ionized upper atmosphere (ionosphere) at high 
latitudes. These charged particles can excite atmospheric atoms at approximately 100–200 km altitude, which 
in turn potentially emit photons in the visible light spectrum during relaxation; this is what we call aurora. 
However, instruments aboard satellites crossing the polar regions, where aurora take place, can measure 
particles that will not necessarily result in sharp, visible aurora from the ground. This diffuse aurora represents 
the largest part of the total auroral energy deposited into the ionosphere. We show that the probability to 
measure this type of aurora is close to one within an oval-shaped region (auroral oval) around each pole, at 
all local times (including daytime), independently of geomagnetic conditions. We find a systematic pattern 
in the statistical extent of the diffuse auroral oval depending on local time, with a larger oval in the dawn 
region, compared to dusk. We aim at understanding the auroral oval morphology in terms of large-scale 
magnetospheric plasma dynamics, also including the Earth's rotation influence.
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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(Cowley, 1981). Cowley and Lockwood (1992) later came up with the expanding-contracting polar cap (ECPC) 
paradigm to describe the ionospheric convection in this context. The ECPC model predicts how the size of the 
polar cap, which is delimited by the open-closed boundary (OCB), depends on the amount of open magnetic flux 
in the magnetotail lobes which is in turn controlled by the magnetic reconnection rate. Because of its crucial role 
in the solar wind-magnetosphere-ionosphere coupling, the OCB has been widely studied over the last decades. 
The OCB location dependence on season and IMF orientation (Laundal et al., 2010), the derivation of the OCB 
location from the region 1 to region 2 field-aligned currents boundary (Burrell et al., 2020), and OCB location 
variations during substorm cycle (Milan et al., 2003) are among such studies. It is now generally accepted that 
the poleward boundary of the auroral oval and the OCB behaviors and locations are so closely related that they 
describe the same physical limit (Chisham et al., 2022). This can be seen for instance in the maps of the iono-
spheric precipitation regions with superposed convection streamlines presented by Newell et al. (2004).

On the other hand, much less is known about how the auroral oval's equatorward boundary behaves in the context 
of the ECPC paradigm. That there is currently no model or standard technique for predicting where exactly 
the equatorward boundary lies indicates that what controls the auroral oval spatial distribution is still not fully 
understood. Furthermore, existing statistical models of the aurora usually concentrate on the average energy flux 
or brightness of auroral precipitation rather than the extent of the auroral oval (Dombeck et al., 2018; Newell 
et al., 2009, 2014; Shue et al., 2001). Such models are well suited to explain the statistical behavior of accelerated 
aurora, which is controlled by kinetic processes such as particle drifts, particle acceleration in the auroral region 
and wave-particle interactions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016). However, these studies 
give less attention to regions of weak and/or diffuse auroral precipitation. Yet, the diffuse precipitation, caused 
by electrons originating in the plasma sheet, represents the largest contribution to the total auroral energy precip-
itating into the ionosphere (Khazanov & Glocer, 2020).

In this study, we use precipitation data from the Defense Meteorological Satellite Program (DMSP), as previ-
ously done by Kilcommons et al. (2017) who implemented an auroral boundary identification algorithm to find 
the auroral oval limits. Here, we instead investigate the auroral occurrence probability (AOP), which allows for 
including both high and low energy precipitation in our statistics, and we expand the ECPC concept to treat the 
auroral oval as a mapping of a magnetospheric plasma region to garner new insight of the auroral oval spatial 
span. As we seek to understand the dominant processes involved in shaping the aurora, we explore the resulting 
auroral occurrence distributions as a function of external conditions such as geomagnetic activity and substorm 
phase.

In Section 2, we present the databases used to achieve our study; these include precipitation data as the core data, 
solar wind magnetic field and plasma data, as well as substorm epochs. In Section 3 we describe our methodology 
for deriving the AOP from the electron energy flux. In Section 4 we compare the AOP with the average energy 
flux. We also show maps and magnetic local time (MLT) profiles of the AOP for separate IMF and substorm 
epoch conditions, as well as for different auroral detection thresholds, and we emphasize an observed recurrent 
pattern. In Section 5 we provide and discuss a possible interpretation for our observations given a fluid frame-
work in which the auroral oval maps to the plasma sheet magnetic flux, which is in turn influenced by the Earth's 
rotation. Finally, in Section 6 we summarize the methodology we apply for modeling the auroral oval extent, as 
well as the main results of this study. A brief statement of future possible work is also included.

2. Data
The database we use comprises about a billion individual electron precipitation spectra together with the corre-
sponding solar wind and geomagnetic conditions. Since this constitutes too much data to fit in memory with 
standard Python libraries, we use the Vaex library (Breddels & Veljanoski, 2018) to perform our analysis. This 
library enables fast statistical analyses of the auroral oval morphology based on various data selection criteria. 
The different sources of data are described in the following subsections.

2.1. DMSP Particle Data Set

Our methodology relies on energy flux measurements of auroral electrons provided by the US Defense Meteoro-
logical Satellite Program (DMSP). The DMSP fleet consists of several low Earth-orbiting satellites at altitudes of 
approximately 830–850 km that are in Sun-synchronous (i.e., fixed in local time, see subsection 3.1), three-axis 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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stabilized and nearly circular polar orbits approximately in the dawn-dusk meridian plane, with a periodicity 
of 101 min and an orbital inclination of 98.7°–98.9°. For the purpose of our statistical analysis we use most 
of the CDAWeb database described in Redmon et al. (2017), that is, a total of 21 years of observations, within 
the 2000–2014 time period. All measurements are made by the SSJ/4 and SSJ/5 (Special Sensor J) electrostatic 
analyzer instruments on board nine of the DMSP satellites. By pointing within the downward atmospheric loss 
cone at auroral latitudes, these detectors measure precipitating particles between 30 eV and 30 keV using 20 
energy channels, thus providing a fairly complete energy spectrum of the particles that cause the aurora at 1-s 
cadence. We provide the spacecraft location in modified Apex coordinates (Richmond, 1995).

2.2. High Resolution OMNI Database

To investigate the solar wind–auroral precipitation coupling, the DMSP precipitating particle data are combined 
with the multi-source OMNI data set of solar wind magnetic field and plasma parameters compiled from observa-
tions made by IMP-8, ACE, Wind, ISEE-3, and Geotail spacecrafts (Papitashvili et al., 2014). The best near-Earth 
estimates of solar wind properties are obtained by time-shifting upstream observations to represent the conditions 
at the nose of the Earth's bow shock (King & Papitashvili, 2005). Hence, there are non-negligible uncertainties 
in the solar wind parameters affecting the magnetosphere (Di Matteo & Sivadas, 2022). We use IMF data and 
geomagnetic indices provided by the 1-min resolution OMNIWeb database, between 2000 and 2014. From the 
OMNI database, we use the y (dawn-dusk) and z (north-south) components of the interplanetary magnetic field 
given in geocentric solar magnetospheric (GSM) coordinates, the ring current SYM-H index, and the auroral 
electrojet index AL. To temporally align this data of 1-min resolution with the 1-s resolution DMSP data set, we 
associate each DMSP data point with the OMNI data point from the nearest preceding minute.

2.3. Isolated Substorm Onset List

To determine how the auroral precipitation varies throughout the substorm cycle, we combine the DMSP obser-
vations with 13,000 substorm onsets identified from SuperMAG-derived auroral electrojet (SML) indices (Ohtani 
& Gjerloev, 2020). From the Ohtani and Gjerloev original substorm list, we exclude onsets distinct by less than 
2 hr from the nearest onset, to ensure that our analysis focus on isolated substorms. This way, we aim at observing 
a clean response of the AOP to substorm epochs, without any ambiguity on the possible influence of already 
ongoing activity. Since isolated substorms tend to be weaker than “recurrent” substorms (Rodger et al., 2016), 
our statistics may slightly underestimate typical substorm effects. We perform a superposed epoch analysis using 
all the DMSP data described in Section 2.1.

3. Methodology—Auroral Occurrence Probability
In this section, we introduce the concept of AOP that our study relies on. In particular, we show how this quantity 
might be more appropriate, given the DMSP orbits, than using auroral boundary identification for our investiga-
tion of the extent of the auroral region. We also describe the relevance to our purposes of the choice of parameters 
(energy range and threshold for aurora detection) on which the AOP is based.

3.1. Local Time Orbital Bias Introduced by Sun-Synchronous Satellites

Each DMSP spacecraft is synchronised such that its orbit is always at the same fixed position relative to the 
Sun (Sun-synchronous orbit), that is, the spacecraft always visits approximately the same latitude at the same 
local time; thus the distribution of in situ measurements made by a Sun-synchronous satellite is biased toward 
particular local times. In this paragraph, we briefly demonstrate how such data can produce a statistically biased 
estimate of the auroral boundaries. While we point to the DMSP satellites and more generally to satellites in 
Sun-synchronous orbit, the issue described here remains true on short time periods for non-Sun-synchronous 
satellites, as long as such a satellite stays in the same local time plane during that time.

Figure 1 shows the simulated trajectory (gray lines in left panels) of a synthetic Sun-synchronous satellite over 
a period of 1 year in the Northern (top left panel) and Southern (bottom left panel) Hemispheres. The orbital 
plane of the satellite sweeps over a wide band in magnetic coordinates due to the offset between magnetic and 
geographic poles—this offset being larger in the Southern Hemisphere. We define an ideal auroral boundary 
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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represented by a Gaussian distribution centered at 80° magnetic latitude (MLat) (thick black line), with a standard 
deviation of 3° (thin black lines). For each simulated satellite crossing of the polar region, the MLat location of 
the auroral boundary is sampled from this Gaussian distribution. The resulting MLat distribution of measured 
boundary crossings can be derived at each MLT for the Northern (blue) and the Southern (orange) Hemispheres, 
as shown for four different MLT sectors spanning 1 hour at right in Figure 1, together with the correct distribu-
tion (in black). The average MLat location of the sampled boundary is shown as a colored dot at each MLT (left 
panels) and as a vertical colored dashed line for the four 1 hr-MLT sectors (right panels), in both hemispheres. 
Since the satellite does not measure the full distribution in local time sectors poorly covered by the satellite orbit, 
the sampled distribution is deformed compared to the correct distribution and, as a consequence, the mean posi-
tion of the modeled boundary is biased and does not match with the Gaussian's peak at 80°. An obvious example 
of this is the 20–21 MLT sector in the Southern Hemisphere (highlighted pink region) in which the statistically 
identified boundary lies several degrees above the actual mean magnetic latitude of the boundary.

Figure 1. Left: Simulated synthetic Sun-synchronous orbits (gray) during 1 year for the Northern (top) and Southern 
(bottom) Hemispheres. The latitudinal range spans 50°–90° MLat. The circular black lines indicate the statistical location 
of the theoretical true auroral boundary, which is modeled as a Gaussian random variable having a mean of 80° MLat (thick 
line) and a standard deviation of 3° (thin lines at 80° ± 3° MLat). The colored dots indicate the average position of the 
measured boundary crossings in each covered magnetic local time (MLT) sector. Right: Gaussian and measured distributions 
of boundary crossings in the Northern (blue) and Southern (orange) Hemispheres for four MLT sectors spanning 1 hr. The 
dashed vertical line marks the average latitude of the distribution of sampled boundary crossings in each hemisphere.
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).

 2
16
99
40
2,
 2
02
3,
 6
, D
ow
nl
oa
de
d 
fr
om
 h
ttp
s:
//a
gu
pu
bs
.o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/d
oi
/1
0.
10
29
/2
02
3J
A
03
13
45
 b
y 
U
N
IV
E
R
SI
T
Y
 O
F 
B
E
R
G
E
N
, W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 o
n 
[2
4/
01
/2
02
4]
. S
ee
 th
e 
T
er
m
s 
an
d 
C
on
di
tio
ns
 (
ht
tp
s:
//o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/te
rm
s-
an
d-
co
nd
iti
on
s)
 o
n 
W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 f
or
 r
ul
es
 o
f 
us
e;
 O
A
 a
rt
ic
le
s 
ar
e 
go
ve
rn
ed
 b
y 
th
e 
ap
pl
ic
ab
le
 C
re
at
iv
e 
C
om
m
on
s 
L
ic
en
se

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

5 of 18

We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).

 2
16

99
40

2,
 2

02
3,

 6
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
13

45
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
4/

01
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

5 of 18

We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).

 2
16

99
40

2,
 2

02
3,

 6
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
13

45
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
4/

01
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

5 of 18

We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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We emphasize that although the local time bias is reduced when using multiple satellite orbits, it persists as long 
as the MLT coverage is not sufficient. While we combine data from several DMSP satellites in our analysis, we 
will show in Section 4.2 that some MLT sectors are still poorly covered (see Figure 4); we thus expect the local 
time bias to be significant in these regions.

Based on these results we conclude that using the Kilcommons et al. (2017) auroral boundary data set derived 
from the DMSP/SSJ precipitation data would lead to a mistaken analysis in our study of the extent of the 
auroral oval. We nevertheless base the model of auroral oval presented in this paper on the concept of AOP 
which relies on several aspects of the work of Kilcommons et al. (2017), as we now discuss in the succeeding 
subsections.

3.2. Energy Range and Threshold for Detection of Aurora

At the origin of the AOP concept is a binary time series that indicates if a particular loss cone electron energy 
flux spectrum measured by the DMSP/SSJ instrument constitutes an observation of auroral precipitation. Such 
binary information is produced by following the method of identification of candidate auroral regions presented 
in Kilcommons et al. (2017). An example of aurora detection is illustrated in Figure 2, using DMSP/SSJ elec-
tron precipitation data from a single satellite pass. The corresponding electron energy spectrogram is shown in 
the top panel at right. We adopt Kilcommons et al. (2017) choice to classify electron energy spectra as either 
“aurora” or “non-aurora” based on examination of electron precipitation of at least 1 keV (horizontal blue line). 
We use the Hardy et al. (1985) technique to integrate the differential electron energy fluxes from the nine highest 
energy channels of the SSJ instrument, which cover 1.392–30 keV (Redmon et al., 2017). The bottom panel at 
right in Figure 2 shows the resulting integrated energy flux (in blue) and the threshold of 2 ⋅ 10 9 eV/cm 2/s/sr 
used for aurora detection (horizontal gray line). Eventually, precipitating electron fluxes exceeding this threshold 
are deemed “aurora” (shown shaded in green), and “not aurora” otherwise, such that we end up with a Boolean 
(True/False) value for every DMSP/SSJ electron energy flux data point. Our choice of threshold is similar to the 
threshold used by Kilcommons et al. (2017) (1 ⋅ 10 9 eV/cm 2/s/sr), which has been shown to be suitable for the 
detection of auroral regions that map to the central or boundary plasma sheet (Newell et al., 1996).

For comparison, by assuming an isotropic flux over the loss cone and a solid angle of π, our threshold is equiva-
lently 5 ⋅ 10 −3 mW/m 2 which is more than two orders of magnitude below the 1 mW/m 2 auroral brightness that 
Keiling et al. (2003) define as visible aurora. Thus our threshold for identifying aurora should not necessarily 
be construed to mean “visible aurora.” Additional discussion on our choice of a threshold value, as well as its 
influence on the auroral oval model that we present, is located in Section 4.3.

Figure 2. Example auroral identification based on electron precipitation data from one southern polar region crossing by Defense Meteorological Satellite Program 
(DMSP) F16 on 29 May 2010. Left: The spacecraft orbit is shown in black as Apex magnetic latitude and magnetic local time. Right, top panel: The electron energy 
spectrogram with the channel energy of the 19 DMSP Special Sensor J channels on the y-axis and time on the x-axis. The blue horizontal line corresponds to an energy 
of 1 keV. Bottom panel: The electron energy flux integrated over all of the channels with center energies of at least 1 keV is shown in blue, while the gray horizontal 
line shows our threshold for auroral detection (2 ⋅ 10 9 eV/cm 2/s/sr). In this example, the auroral identification algorithm detects three auroral regions, shown shaded in 
green. The identified auroral regions are also highlighted in green along the satellite orbit (left).
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 

 2
16

99
40

2,
 2

02
3,

 6
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
13

45
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
4/

01
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

6 of 18

3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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3.3. Auroral Occurrence Probability

Once the binary data is generated, each DMSP/SSJ data point is binned into an approximately equal area grid 
covering 50°–90° MLat with rings of width 1° MLat divided into a varying number of cells, with 2 cells in the 
most poleward circle (89°−90°) and 68 cells in the most equatorward circle. Bins with less than 200 measure-
ments are discarded to ensure a robust statistical analysis. In each of the remaining MLat-MLT bins, we calcu-
late the probability of observing aurora by dividing the sum of all observations identified as aurora by the total 
number of measurements. In order to have a suitable way to visualize the auroral oval morphology, especially 
when it becomes asymmetric, the resulting probabilities are processed in two ways: (a) we display the AOP and 
the underlying grid on a polar map, and (b) we derive the MLT variation of the AOP. Such an MLT profile is 
derived by interpolating the gridded probabilities to an MLT-MLat grid with 0.5° resolution in MLat and 8 min 
resolution in MLT and then averaging the gridded value over latitude. From now on, the resulting quantity is 
referred to as the 1D-AOP. We point out that, unlike the AOP, the 1D-AOP is no longer a probability, and its 
unit is arbitrary; nonetheless, it can still be used to study the variation of the probability as a function of MLT. 
We will see that the auroral occurrence oval exhibits asymmetries that are often more easily detected by way of 
the 1D-AOP than by looking at the AOP maps, especially when comparing distributions for different conditions.

In addition to eliminating the local time bias present in statistics of auroral boundaries identified from in situ 
Sun-synchronous satellite measurements (Section 3.1), the AOP allows us to use much more of the entire set of 
DMSP/SSJ measurements, as we do not lose polar passes for which both the poleward and equatorward bounda-
ries cannot be identified. The AOP moreover includes observations of no or low precipitation rather than discard-
ing the information that they provide. In other words, the AOP makes use of all observations made during every 
DMSP pass within the auroral zone. We believe that such a data set is ideally suited for investigating the auroral 
oval morphology.

4. Results
In this section, we first review the similarities and differences between the AOP and the average energy flux. 
Then we look exclusively at the AOP and we investigate further the maps and MLT profiles resulting from our 
data analysis. In particular, we explore the response of the auroral occurrence oval morphology to various param-
eters within our global data set.

4.1. Comparison Between the AOP and the Average Energy Flux

As stated in the introduction, large-scale, long-term studies of the auroral oval have tended to focus on parame-
ters such as the average energy flux. The MLat-MLT distribution of such a quantity mainly reflects high-energy 
precipitation as it gives more weight to the MLat-MLT bins with high energy flux values over those with lower 
energy flux. Conversely, the distribution of AOP is based on equally weighted observations within each MLat-
MLT bin and is thus better suited to characterize to what degree each bin experiences precipitation.

Figure 3 shows maps of AOP (left) and mean energy flux (right) in the Southern Hemisphere, as derived from 
our data set for geomagnetically quiet (Bz positive, top) and active (Bz negative, bottom) periods. The post-noon 
and post-midnight data gaps are the result of the incomplete coverage of these sectors due to the Sun-synchronous 
orbits of the DMSP spacecraft (see also Section 4.2).

It is worth mentioning that the energy flux distributions introduced here are similar to the diffuse aurora energy 
flux presented by Newell et al. (2009). In particular, the energy flux pattern for Bz negative is almost indistin-
guishable from Newell's energy flux for high solar wind driving. For Bz positive, that is, low solar wind driving, 
our map of energy flux and those of Newell present some differences in the location of intensity peak but are still 
fairly comparable. On the other hand, we do not have any reference to compare our diffuse aurora probability 
distributions with since Newell et al. (2009) have only derived the probabilities of observing monoenergetic and 
broadband aurora in their study.

The comparison between the AOP and the mean energy flux reveals that the auroral oval, as reflected in the AOP, 
is extended over a wider range of latitudes than the auroral oval reflected in the mean energy flux. This larger 
auroral oval is expected as the AOP takes into account the weak precipitation, unlike the average energy flux 
distribution. However, apart from the difference in width, it is apparent that the overall morphologies of the AOP 
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴 |MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
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Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴 |MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴 |MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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and the average energy flux are somehow equivalent. In particular, the peak of the AOP distributions (shown as 
red dots on the left maps), defined by AOP values exceeding 0.9, matches the regions of enhanced mean energy 
flux. In addition to that, both quantities exhibit a similar asymmetric pattern between dawn and dusk, more or 
less prominent depending on the geomagnetic conditions, but persistent anyhow. We discuss the shape and extent 
features of the AOP in more detail in the following section.

4.2. A Dawn-Dusk Asymmetry in the AOP

The top panel of Figure 4 shows the AOP distributions derived from the entire 20-year data set for the Northern 
(left) and Southern (right) Hemispheres, while the line plot in the bottom panel of Figure 4 shows the correspond-
ing 1D-AOP as a function of MLT (gray and black for the Northern and Southern Hemispheres, respectively). 
The data gaps seen on the maps (and evoked in the previous section) also appear in the 1D-AOP distributions, 

Figure 3. Distributions of auroral occurrence probability (AOP) (left) and mean energy flux (right) for Bz positive (top) and 
Bz negative (bottom) in the Southern Hemisphere. All distributions presented in this paper span over 50°–90° 𝐴𝐴|MLat| , for all 
MLTs covered by the orbits of our DMSP satellite selection (see Section 2.1). The red dots on the left maps indicate bins with 
AOP value > 0.9 (AOP peak).
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴 |MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴 |MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴 |MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴 |MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴 |MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴 |MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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with dotted (thick) lines indicating MLTs where coverage is insufficient (sufficient) to derive a reliable estimate 
of the 1D-AOP. It can be seen that the Southern Hemisphere benefits from a better coverage than the Northern 
Hemisphere due to the larger offset between magnetic and geographic poles in the South. As a consequence, most 
of the nightside data in the following analysis comes from the Southern hemisphere with a negative tilt angle.

Beyond differences in coverage, there are no major distinctions between the distributions of AOP in the two 
hemispheres. This is especially clear from the MLT profiles of 1D-AOP which are likewise similar in shape, 
in fairly covered sectors. Furthermore, it can be seen from covered sectors that both maps exhibit a comparable 
variation of the AOP with MLT. In particular, the auroral occurrence oval is distinctly wider in the dawn-to-noon 
sector than in the dusk-to-midnight sector. This dawn-dusk asymmetry can also be seen from the 1D-AOP in both 
hemispheres.

From now on, considering that the AOP does not meaningfully differ between the two hemispheres, we combine 
measurements from both hemispheres in order to improve the spatial coverage of the auroral region. Even so, and 
despite an excellent coverage for most local times between 50° and 60° 𝐴𝐴|MLat| , the very poorly covered postnoon 
and postmidnight regions below 60° 𝐴𝐴|MLat| exhorts us to be careful when interpreting the upcoming results of our 
statistical analysis in these MLT sectors. We especially expect that the lack of coverage would affect our results 
when the auroral occurrence oval lies at low latitudes and/or is particularly wide. On the other hand, the regions 
4–11 MLT (∼dawn) and 16–23 MLT (∼dusk) can be considered with confidence.

4.3. Response of the AOP to the Threshold for Aurora Detection

In Section 3.2 we have briefly introduced the choice of threshold above which integrated high-energy electron 
energy flux measurements made by DMSP are deemed to be aurora. Here we show how the AOP varies with the 
choice of threshold, and we explain our final choice in more detail.

Figure 5 shows the AOP distributions (top) and the corresponding MLT profiles of 1D-AOP (bottom), as derived 
from three thresholds for positive identification of aurora, within an order of magnitude around the value of 

Figure 4. Top row: magnetic latitude-magnetic local time (MLat-MLT) distributions of auroral occurrence probability (AOP) 
for the Northern (left) and Southern (right) Hemispheres. Bottom panel: 1D-AOP as a function of MLT for the Northern 
(gray) and Southern (black) Hemispheres. The thick line indicates MLT regions well covered by the satellite orbits, while the 
thin line corresponds to MLT regions with incomplete coverage.
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1  ⋅  10 9  eV/cm 2/s/sr (Kilcommons et  al.,  2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10  eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1  ⋅  10 9  eV/cm 2/s/sr (Kilcommons et  al.,  2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10  eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1  ⋅  10 9  eV/cm 2/s/sr (Kilcommons et  al.,  2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10  eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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1 ⋅ 10 9 eV/cm 2/s/sr (Kilcommons et al., 2017). The morphology of the AOP distributions is similar for all 
three thresholds, especially the dawn-dusk asymmetry and the overall preference for the dawn side, as already 
described in the previous section. However, the choice of different thresholds results in auroral occurrence ovals 
with varying intensities; in particular, a lower threshold for aurora detection yields a more intense auroral oval, 
with a higher probability of observing aurora everywhere in the auroral zone, compared to a higher threshold. 
In addition, a decreased threshold results in a minor poleward expansion of the auroral oval on the dusk side, 
together with a non-negligible widening of the auroral oval both poleward and equatorward on the dawn side, as 
seen from the maps. As a consequence of the heterogeneous auroral oval expansion depending on MLT sectors, 
the resulting asymmetry between dawn and dusk in the AOP gets larger as the threshold gets lower. The MLT 
profiles highlight this variation in the relative dawn-dusk asymmetry: although the overall patterns for all three 
thresholds are similar, the slope of the line over ∼16–23 MLT slightly increases with an increasing threshold 
value. We have also tested thresholds greater than 1 ⋅ 10 10 eV/cm 2/s/sr (not shown) and found that the dawn-dusk 
asymmetry in the auroral occurrence oval continues to decrease as the threshold is increased.

We conclude that the AOP spatial variation is stable with respect to the choice of integrated energy flux thresh-
old for positive identification of aurora and that the threshold choice does not influence our study provided that 
it is roughly in the range of 10 8–10 10 eV/cm 2/s/sr. However, as shown by the leftmost distribution, a thresh-
old that is too low tends to give noisy results, even if the overall morphology of the auroral occurrence oval 
shape is unchanged. We therefore suggest that for a threshold to be meaningful, it likely must lie in the interval 
5 ⋅ 10 8–10 10 eV/cm 2/s/sr. We have chosen to use a threshold equal to 2 ⋅ 10 9 eV/cm 2/s/sr, as this value is very 
similar to the limit chosen by Kilcommons et al. (2017), and has the additional advantage to give a probability of 
observing aurora in the polar cap closer to zero than the 1 ⋅ 10 9 eV/cm 2/s/sr threshold.

4.4. Response of the AOP to IMF By

We now compare the distributions of AOP under different polarities of IMF By. Since we combine both hemi-
spheres in our analysis, and since the y component of the IMF is known to affect differently the two hemispheres 
in terms of ionospheric electrodynamics depending on its sign (Hatch et al., 2022), here we have flipped the sign 
of By in the Southern Hemisphere such that the comparison between the two IMF polarities is valid.

Figure 5. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP 
(bottom panel) for three different thresholds above which integrated high-energy (≥1 keV) electron energy flux is deemed 
to be aurora. From left to right the threshold values are respectively 10 8 eV/cm 2/s/sr (light gray), 10 9 eV/cm 2/s/sr (gray), and 
10 10 eV/cm 2/s/sr (black). The middle value is also the threshold used in the study of Kilcommons et al. (2017).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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The maps in Figure 6 indicate a weak response of the AOP to the sign of By. In particular, both distributions vary 
in a similar fashion, and the usual asymmetry between the dawn and the dusk sides of the auroral oval remains 
prominent for both orientations of By. Nevertheless, the MLT variations of the 1D-AOP highlight a decrease in 
the dawn-dusk asymmetry for By positive.

4.5. Response of the AOP to Substorm Epochs

Figure 7 shows the statistical evolution of the AOP with the substorm cycle, and the corresponding MLT profiles 
of 1D-AOP, from 30 min before substorm onset (t = 0) up until 30 min after onset, separated into 15-min intervals.

We emphasize that a neat interpretation of the substorm influence is difficult when one makes use of a substorm 
list based on magnetometer data, as the measured geomagnetic variations most likely include the contribution 
of induced currents (Juusola et al., 2020). Considering solely isolated substorms, as mentioned in Section 2.3, 
might slightly balance this issue but also results in the exclusion of most of the intense and global events (Rodger 
et al., 2016). In addition to that, the AOP evolution is automatically smoothed by the choice of time periods for 
the superposed epoch analysis, as large time ranges mingle the substorm onset times and phases. Finally, we point 
out that the nightside data are mainly from the Southern Hemisphere (as mentioned in Section 4.2), while the 
substorms are identified in the north. For all these reasons, the substorm effect on the AOP morphology reported 
here could be underestimated.

In fact, the first impression from both the maps and MLT profiles is that the AOP is very stable, without any 
clear correlation with the substorm epoch. A closer look at the midnight region on each map allows us to spot a 
small widening of the auroral occurrence oval after the substorm onset (t > 0). As for the MLT profiles, it can 
be seen that the after-onset lines (red) are below the before-onset lines (blue) from 3 to 20 MLT, that is, most of 
the time. However, around the midnight region, which is known to be an MLT sector highly affected by substorm 
dynamics, the after-onset line slopes increase from 21 to 2 MLT such that the 1D-AOP reaches higher values 

Figure 6. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom 
panel) for IMF By positive (left, gray) and By negative (right, black).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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after substorm onset, compared to before onset. This seems to be in agreement with the increased extent of the 
auroral occurrence oval after onset observed on the maps. This observation is the only tangible hint that the AOP 
is not completely uncorrelated to substorm activity, which would be highly unexpected, but such small changes 
indicate nonetheless that the time scales involved in the AOP dynamics might be longer than what is captured in 
our substorm analysis.

4.6. Response of the AOP to the Level of Geomagnetic Activity

Here we investigate the response of the AOP to three parameters reflecting either the reconnection rate between 
the IMF and the magnetosphere (IMF Bz) or the intensity of geomagnetic disturbances (SYM-H and AL indices). 
Our aim is to make use of those parameters to emulate either a high or a low level of geomagnetic activity and 
study its influence on the auroral oval dawn-dusk asymmetry.

Figure 8 shows the AOP maps and MLT profiles of the 1D-AOP for the three above-mentioned parameters. For 
Bz > 3 nT, SYM-H > −10 nT and AL > −50 nT (i.e., during low geomagnetic activity, top row), the AOP distribu-
tions exhibit a clear preference for the dawn sector (5–10 MLT). The same observation can be made from the MLT 
profiles with the low activity line (in blue) showing a significant asymmetry between the dawn and dusk sides, 
with a distinct peak of the 1D-AOP in the dawn sector. On the other hand, for Bz < −3 nT, SYM-H < −20 nT and 
AL < −150 nT (i.e., during high geomagnetic activity, middle row), the AOP dawn preference remains but is less 
pronounced. For such conditions, the main change in the AOP is an increase in latitudinal extent on the nightside, 
over approximately 22–5 MLT. From the MLT profiles, the high activity line (in red) shows higher values of the 
1D-AOP everywhere in the nightside sector compared to the dayside, with a minor peak in the dawn sector. This 
results in a less asymmetric pattern in the auroral oval for active times than for quiet times.

In summary, the behavior of the AOP and the associated MLT profiles is stable with regard to the different 
parameters we investigate. The AOP distributions sorted by Bz, SYM-H and AL all show: (a) an enhanced AOP 
on the nightside during active periods compared to periods of lower activity, (b) relatively enhanced AOP on the 
nightside compared to dayside during active times, and (c) a relatively enhanced AOP on the dayside compared to 
nightside during quiet times. These collateral changes affect the auroral oval extent asymmetry such that the dawn 
sector is the most prominent during quiet times, while the whole nightside region is predominant over the dayside 

Figure 7. Auroral occurrence probability (AOP) distributions (top row) and magnetic local time profiles of 1D-AOP (bottom panel) for four different 15 
min-time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark blue), 
0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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during active times. We conclude that the dawn preference in the auroral oval is influenced by the geomagnetic 
activity, with an increased dawn-dusk asymmetry as the activity decreases. We discuss this further in Section 5.

5. Discussion
We have investigated the auroral region morphology via the AOP, and have found a persistent dawn-dusk asym-
metry in the auroral occurrence oval extent. Such an asymmetric pattern has been observed before in average 
energy flux studies (e.g., Newell et al., 2009) and explained through the scope of kinetic dynamics. In a detailed 
review of such studies, Ni et al. (2016) point to the formation of discrete aurora in association with electron accel-
eration by quasi-static electric fields and dispersive Alfvén waves on the one hand, and to the major role of vari-
ous magnetospheric waves in driving the diffuse auroral precipitation on the other hand. They also stress that the 
predominant eastward transport of electrons, leading to a dawn-dusk asymmetry in the auroral oval morphology, 
is typically interpreted as a result of a combination of E × B and gradient drifting from the nightside plasma sheet.

However, we have shown that the AOP has some specific characteristics (in comparison with the mean energy 
flux) such as the substantial sensitivity to diffuse precipitation and the overall stability with respect to substorm 
epochs, as well as solar wind and geomagnetic conditions, suggesting a long-term, large-scale evolution of 
the AOP morphology. Hence, while we acknowledge the contribution and importance of the mechanisms that 

Figure 8. Auroral occurrence probability (AOP) distributions (two top rows) and magnetic local time profiles of 1D-AOP (bottom row) for low (top row, blue) and high 
(middle row, red) levels of geomagnetic activity, based on different geomagnetic parameters. From left to right the parameters are: IMF Bz, SYM-H index and AL index.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood,  1992; Milan,  2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood,  1992; Milan,  2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood,  1992; Milan,  2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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traditionally explain the main features of the global distribution of auroral precipitation, we suggest that the AOP 
is not only affected by the energetic precipitation but also reflects the magnetospheric topology. We thus propose 
a new interpretation of the observed asymmetry through a fluid description in which the AOP is regulated by the 
shape and bulk motion of the magnetospheric plasma that maps to the auroral region. This in turn is controlled by 
the following sequence: plasma sheet production by nightside reconnection (closing of flux), sunward transport, 
and then loss through dayside reconnection (opening of flux). Given our fluid description, we also suggest that 
the Earth's corotation, through its influence on the plasma convection pattern, may be partly responsible for the 
dawn-dusk asymmetry in the auroral occurrence oval. We discuss this in detail below.

5.1. Relation Between AOP and Plasma Sheet Magnetic Flux

The plasma convection pattern around Earth can be explained to first order by the Dungey cycle, which describes 
the magnetic flux transport in the magnetosphere (Dungey, 1961). More recently the expanding/contracting polar 
cap (ECPC) paradigm (Cowley & Lockwood, 1992; Milan, 2015), a modern view of the Dungey cycle, has 
described how convection is excited in relation to reconnection, magnetic flux transport within the magneto-
sphere, associated polar ionospheric flows, and changes of the polar cap size. Within the ECPC paradigm, the 
polar cap size, delimited by the open/closed boundary (OCB), reflects the amount of open flux in the magnetotail 
lobes. Expanding the ECPC concept, the ionospheric projection of the magnetotail plasma sheet (where closed 
flux is created during reconnection) is thus equatorward of the OCB and is topologically the preferential site of 
auroral precipitation (Newell et al., 2004).

The distributions shown in Figure 8 indicate that during enhanced geomagnetic activity the latitudinal extent of 
the AOP increases, especially on the nightside. In addition to that, the latitudinal extent of the AOP is greater on 
the dayside than on the nightside during geomagnetically quiet intervals. These observations suggest that the AOP 
evolution follows the sequence of closed magnetic flux production and loss, thus implying a mapping between 
plasma sheet and auroral oval. Within such a framework, we assume the amount of closed magnetic flux created 
by nightside reconnection, that is, in the plasma sheet, to be directly related to the probability of observing aurora.

Figure 9 illustrates the open magnetosphere produced by the Dungey cycle and the mapping between the magne-
tospheric plasma sheet and the auroral oval, in terms of open and closed magnetic field lines (in light and dark 
gray, respectively). The dayside reconnection between the Earth's and interplanetary magnetic fields comes 
with an opening of geomagnetic field lines, which are in turn dragged by the solar wind flow to the nightside. 

Figure 9. Schematics of the mapping between the auroral oval (in green) and the magnetospheric regions, within the global 
frame of the open magnetosphere produced by the Dungey cycle. Closed field lines are shown in dark gray, open field lines 
are in light gray. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.

 21699402, 2023, 6, D
ow
nloaded from
 https://agupubs.onlinelibrary.w
iley.com
/doi/10.1029/2023JA
031345 by U
N
IV
E
R
SIT
Y
 O
F B
E
R
G
E
N
, W
iley O
nline L
ibrary on [24/01/2024]. See the T
erm
s and C
onditions (https://onlinelibrary.w
iley.com
/term
s-and-conditions) on W
iley O
nline L
ibrary for rules of use; O
A
 articles are governed by the applicable C
reative C
om
m
ons L
icense

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

14 of 18

This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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This leads to an accumulation of flux and an increase of magnetic pressure in the magnetotail lobes, where the 
magnetic energy is stored before being released by nightside reconnection between field lines bordering the 
plasma sheet. The resulting plasma sheet closed field lines are eventually moved around Earth by convection to 
be destroyed by dayside reconnection, completing the Dungey cycle. In this picture, the auroral oval magnetic 
footpoints map to the so-called plasma sheet, that is, the magnetospheric boundary between open magnetic field 
lines in the magnetotail lobes, which map to the polar cap, and the plasmasphere closed field lines, equatorward 
of the auroral oval.

5.2. Influence of Earth's Rotation on the Convection Pattern

When studying the large-scale plasma circulation in the ionosphere, a correction for the Earth's corotation is gener-
ally applied so that an object at a fixed location on Earth has zero velocity. The plasma convection in this coro-
tating frame follows the well-known solar wind-driven two-cell convection pattern (Cowley & Lockwood, 1992), 
whose dusk cell has been shown to be predominant (Haaland et al., 2007). However, in reality, the high-latitude 
ionospheric plasma circulation not only reflects the solar wind-driven component but also the rotational motion 
of Earth. It has been shown that corotation impacts the return flow, making the dawn cell relatively larger than the 
dusk cell as Earth rotates eastward (Maynard et al., 1995). Additionally, while the solar wind-driven component 
of the plasma flow is highly dependent on the IMF orientation (intensifying for southward IMF and diminishing 
for northward IMF), the corotational component only depends on Earth's rotational speed, which is constant in 
time. This means that the relative importance of the corotational component also varies with the geomagnetic 
conditions: it tends to be negligible compared to the solar wind-driven component during high geomagnetic activ-
ity, while it becomes proportionally more important when the geomagnetic activity is low.

The distributions in Figure 8 show a persistent dawn-dusk asymmetry in the auroral occurrence oval no matter 
the conditions. Yet, the AOP evinces a clear response to the level of geomagnetic activity with a more distinct 
preference for the dawn side compared to the dusk side during periods of low activity. This dependence on the 
level of geomagnetic activity suggests a plausible contribution of the Earth's corotation to the observed dawn-
dusk asymmetry since the asymmetric pattern is enhanced during quiet times when corotation gets relatively 
more significant. Underpinning this argument is the assumption that the plasma sheet maps to the auroral oval, 
such that the asymmetry in the AOP may be viewed as a consequence of the Earth's rotation through the direct 
effect of the latter on the plasma sheet magnetic flux transport.

Figure 10 illustrates the circulation of the closed magnetic flux that constitutes the plasma sheet through a fluid 
description (i.e., we consider only the bulk motion of the plasma). The inner boundary of the plasma sheet 
delimits the plasmasphere, region of cold, dense, plasma surrounding Earth equatorward of the auroral oval. 

Figure 10. Schematics of the influence of Earth's rotation on the sunward transport of plasma sheet magnetic flux, as seen 
through a fluid description. Here, the Earth is seen from above the polar region. Illustration not to scale.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30  kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+ 𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
= 𝑃𝑃 (𝑥𝑥) − 𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥), (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30  kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+ 𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
= 𝑃𝑃 (𝑥𝑥) − 𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥), (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30  kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+ 𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
= 𝑃𝑃 (𝑥𝑥) − 𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥), (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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It can be seen that after being produced by nightside reconnection in the magnetotail, and as it is transported 
toward the Earth, the plasma sheet magnetic flux becomes subject to the high-latitude ionospheric convection 
pattern. During its sunward transport, the plasma sheet magnetic flux is thus under the influence of both the 
solar wind-driven convection and the Earth's corotation. As we show in what follows, the latter can apparently 
contribute to a “pile-up” of plasma sheet magnetic flux toward the dawn side, resulting in a wider auroral oval at 
dawn relative to the oval at dusk. Furthermore, during low geomagnetic activity, the dayside reconnection rate 
can be so low that the closed magnetic flux is only a little destroyed, resulting in a larger pile-up of flux at dawn, 
compared to more active periods.

Here we emphasize that the increase of the plasma sheet extent by this pile-up effect is only one interpretation of 
the influence of Earth's corotation through our fluid description; another possible interpretation could be that the 
convection of the plasma sheet around Earth goes faster toward dawn because of the corotation. In this alternative 
interpretation, the plasma sheet magnetic flux would reach the dawn side more often than dusk, which would 
in turn result in a higher probability of observing aurora at dawn relative to dusk, but not necessarily in a wider 
auroral oval.

5.3. Theoretical Approach—Model of the Sunward Transport of the 1D-Plasma Sheet Magnetic Flux

In order to test the corotational flow influence in creating the observed dawn-dusk asymmetry in the auroral 
oval, we construct a simple model of the plasma sheet magnetic flux as a function of magnetic local time. Since 
we seek a first-order picture of the plasma sheet (PS) fluid dynamics, we make simple assumptions in design-
ing our model. In particular, we choose to consider a 1D, steady-state system. The core parameter is the 1D PS 
magnetic flux Ψ(x) in units of [Wb/m], with x the length around the circle of latitude λ, starting at 0 MLT; in other 
words, Ψ(x) can be seen as a magnetic flux per MLT, where MLT is a scaled length between 0 and 2πRE cos(λ) 
(0–24 MLT). We assume this PS magnetic flux to be produced at a rate P(x) [V/m] via magnetic reconnection 
on the nightside, transported around Earth toward the dayside at a velocity v(x) [m/s] and eventually destroyed 
via dayside reconnection, in proportion to the available flux, at a rate α(x)Ψ(x) [V/m]. Both P(x) and α(x) are 
modeled as Gaussian distributions that respectively peak at midnight and noon. The integrated production rate 
P(x) is chosen so that the total nightside reconnection rate is 30 kV. This corresponds to a total cross polar 
cap potential of 30 kV, assuming that the dayside and nightside reconnection rates exactly balance. Such value 
is consistent (same order of magnitude) with typical cross polar cap potential values, as seen for example, in 
Haaland et al. (2007). On the other hand, the loss coefficient α(x) has an amplitude that is sufficient to destroy all 
closed flux by dayside reconnection before it reaches noon. The full width at half maximum for both parameters 
is 1.33 MLT.

The 1D closed magnetic flux Ψ(x) is then described through the time-stationary 1D continuity equation along a 
circle of latitude λ

Ψ(𝑥𝑥)
𝑑𝑑𝑑𝑑(𝑥𝑥)

𝑑𝑑𝑥𝑥
+𝑑𝑑(𝑥𝑥)

𝑑𝑑Ψ(𝑥𝑥)

𝑑𝑑𝑥𝑥
=𝑃𝑃(𝑥𝑥)−𝛼𝛼(𝑥𝑥)Ψ(𝑥𝑥),  (1)

with v(x) = VSW + Vcorotation since our model takes into account both solar wind-driven convection flow and constant 
corotational flow in the sunward transport of the PS magnetic flux. We approximate VSW as V0 sin(x), such that 
it describes a return flow that maximizes at x = 6 and 18 MLT. According to convection studies, V0 is usually 
between 200 m/s and 600 m/s, depending on the level of geomagnetic activity (Reistad et al., 2018). In our study 
we make V0 vary within that range in order to reproduce the balance between corotation and return flow for various 
geomagnetic conditions. As for the corotation speed Vcorotation, which only varies with geographic latitude, we set it 
to an approximate value of 158 m/s at 70° MLat (Laundal et al., 2022). By choosing a latitude typically within the 
auroral region, we ensure that the estimated corotation speed corresponds to its value in the magnetospheric PS.

In the end, all Equation 1 parameters are assumed to be known and only Ψ is an unknown function of x. The trans-
port equation can then be solved by using finite differences with the periodic boundary condition that Ψ(0) = Ψ(24).

5.4. Is Corotation Enough to Explain the Dawn Preference in the AOP ?

We solve Equation 1 for a slow (V0 = 200 m/s) and a fast (V0 = 600 m/s) return flow, and compare the resulting 
MLT profiles of the modeled PS magnetic flux Ψ(x) for two different corotation/return flow equilibria with the 
MLT profiles of 1D-AOP for two different levels of geomagnetic activity.
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann,  1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann,  1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann,  1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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The left panel of Figure 11 shows the MLT profiles of the PS magnetic flux derived from our model. As expected 
from closed flux, and independently of V0, most of the PS magnetic flux is located on the nightside, with a 
post-midnight peak, while very little flux is left around noon. Besides that, we can immediately spot the asym-
metric distribution of magnetic flux between the dawn and dusk sides. From our investigation of the AOP 
response to IMF Bz (Section 4.6), we have shown that the MLT profiles of 1D-AOP evince similar features, 
regardless of Bz sign (right panel of Figure 11). Additionally, Figure 11 highlights how the level of geomagnetic 
activity influences the dawn-dusk asymmetric pattern for both the 1D-AOP and 1D-PS magnetic flux. Favora-
ble magnetic conditions for reconnection (negative Bz) and increased return flow velocity (V0 = 600 m/s) both 
express geomagnetically active times, while more quiet times generally come with a northward IMF (positive Bz) 
and a slower return flow (V0 = 200 m/s). We find that the two quantities show the same specific response, that is 
an increased asymmetry for lower geomagnetic activity (blue lines) and a reduced, but persistent, asymmetry for 
higher activity (red lines), with a lingering dawn preference.

The simple model that we have constructed ignores the complexities of several relevant physical processes, 
including particular mechanisms for particle precipitation and the effects of different solar wind parameters. 
We nevertheless suggest that the correlation between the 1D-AOP and our model of 1D-PS magnetic flux can 
be extrapolated such that the asymmetric distributions of PS magnetic flux and AOP are related. In this picture, 
the role of Earth's corotation in producing a dawn-dusk asymmetry in the auroral occurrence oval thus reflects 
the  driving of more PS magnetic flux toward the dawn side during its sunward transport. The relative importance 
of the dawn cell compared to the dusk cell is drastically increased during low geomagnetic activity due to the 
combined action of convection being controlled by corotation and an overall lower rate of removal of accumu-
lated PS flux by dayside reconnection. Conversely, during higher geomagnetic activity the solar wind influence 
dominates the convection system over corotation, leading to a more homogeneous distribution of PS magnetic 
flux and a less pronounced dawn preference. Independently of geomagnetic conditions and how intense the coro-
tation effect is, we have argued that this could result in either a magnetic flux pile-up at dawn (wider auroral oval) 
or simply an increased probability of aurora at dawn, regardless of width.

In conclusion, our fluid description of the evolution of the auroral oval morphology indicates that the Earth's rota-
tion may contribute to the dawn-dusk asymmetry observed in our AOP distributions. Nonetheless, the supposed 
predominance of the corotation influence on the formation of asymmetric patterns in the auroral oval does not 
necessarily remain true when going beyond our fluid model and its related bulk plasma motion. When consider-
ing the whole complex picture, particle precipitation mechanisms have a central role in producing the observed 
dawn-dusk asymmetry, and their relative importance compared to the bulk plasma motion associated effects 
should be thoroughly analyzed. According to (Eq. 3.21 Baumjohann & Treumann, 1997), the magnetic drift 
speed is proportional to particle energy, such that energetic electrons will drift eastward (and ions westward) 
faster than the Earth's rotational speed. However, for 1 keV particles, the lower energy limit used for our AOP 
maps, corotation is faster than magnetic drift by a factor of ≈6.7, assuming a dipole field at 67° latitude. This 
supports our suggestion that corotation influences the dawn-dusk asymmetry observed in this paper, although it 
is likely negligible for higher energy particles.

Figure 11. Left panel: Modeled 1D-plasma sheet magnetic flux as a function of magnetic local time (MLT) Ψ(x) for low 
(blue) and high (red) convection speed. Right panel: 1D-AOP as a function of MLT for Bz positive (blue) and Bz negative (red) 
(same as the bottom left plot in Figure 8).
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.

Data Availability Statement
The data used in this paper (see Section 2) come from publicly available databases through the following links. 
The DMSP/SSJ data were obtained from NASA/GSFC CDAWeb at https://cdaweb.gsfc.nasa.gov/pub/data/
dmsp/. The OMNI data, including the solar wind data and geomagnetic activity indices, are available on the 
NASA/GSFC SPDF interface at http://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/. The substorm data are 
accessible at the JHU/APL SuperMAG website at https://supermag.jhuapl.edu/substorms/?tab=download.
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.

Data Availability Statement
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The DMSP/SSJ data were obtained from NASA/GSFC CDAWeb at https://cdaweb.gsfc.nasa.gov/pub/data/
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In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.

Data Availability Statement
The data used in this paper (see Section 2) come from publicly available databases through the following links. 
The DMSP/SSJ data were obtained from NASA/GSFC CDAWeb at https://cdaweb.gsfc.nasa.gov/pub/data/
dmsp/. The OMNI data, including the solar wind data and geomagnetic activity indices, are available on the 
NASA/GSFC SPDF interface at http://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/. The substorm data are 
accessible at the JHU/APL SuperMAG website at https://supermag.jhuapl.edu/substorms/?tab=download.
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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The DMSP/SSJ data were obtained from NASA/GSFC CDAWeb at https://cdaweb.gsfc.nasa.gov/pub/data/
dmsp/. The OMNI data, including the solar wind data and geomagnetic activity indices, are available on the 
NASA/GSFC SPDF interface at http://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/. The substorm data are 
accessible at the JHU/APL SuperMAG website at https://supermag.jhuapl.edu/substorms/?tab=download.

References
Baumjohann, W., & Treumann, R. (1997). Basic space plasma physics. Imperial College Press.
Breddels, M. A., & Veljanoski, J. (2018). Vaex: Big data exploration in the era of gaia. A&A, 618, A13. https://doi.org/10.1051/0004-6361/201732493
Burrell, A. G., Chisham, G., Milan, S. E., Kilcommons, L., Chen, Y.-J., Thomas, E. G., & Anderson, B. (2020). Ampere polar cap boundaries. 

Annales Geophysicae, 38(2), 481–490. https://doi.org/10.5194/angeo-38-481-2020
Chisham, G., Burrell, A. G., Thomas, E. G., & Chen, Y.-J. (2022). Ionospheric boundaries derived from auroral images. Journal of Geophysical 

Research: Space Physics, 127(7). e2022JA030622. https://doi.org/10.1029/2022JA030622
Coumans, V., Gérard, J.-C., Hubert, B., & Evans, D. S. (2002). Electron and proton excitation of the FUV aurora: Simultaneous image and NOAA 

observations. Journal of Geophysical Research, 107(A11), 1347. https://doi.org/10.1029/2001JA009233
Cowley, S. (1981). Magnetospheric asymmetries associated with the y-component of the IMF. Planetary and Space Science, 29(1), 79–96. https://

doi.org/10.1016/0032-0633(81)90141-0
Cowley, S., & Lockwood, M. (1992). Excitation and decay of solar-wind driven flows in the magnetosphere-ionosphere system. Annales 

Geophysicae, 10, 103–115.
Di Matteo, S., & Sivadas, N. (2022). Solar-wind/magnetosphere coupling: Understand uncertainties in upstream conditions. Frontiers in Astron-

omy and Space Sciences, 9. https://doi.org/10.3389/fspas.2022.1060072
Dombeck, J., Cattell, C., Prasad, N., Meeker, E., Hanson, E., & McFadden, J. (2018). Identification of auroral electron precipitation mechanism 

combinations and their relationships to net downgoing energy and number flux. Journal of Geophysical Research: Space Physics, 123(12). 
2018JA025749. https://doi.org/10.1029/2018JA025749

Dungey, J. W. (1961). Interplanetary magnetic field and the auroral zones. Physical Review Letters, 6(2), 47–48. https://doi.org/10.1103/
PhysRevLett.6.47

Acknowledgments
This study was funded by the Trond 
Mohn Foundation, and by the Research 
Council of Norway through contracts 
223252/F50 and 300844/F50. We thank 
R.J. Redmon and L.M. Kilcommons 
for providing the DMSP/SSJ data, 
and J.H. King and N.E. Papitashvili 
for the multi-sources OMNI data. We 
acknowledge the use of NASA/GSFC 
SPDF service to obtain these data. We 
also acknowledge the substorm timing 
list identified by the Ohtani and Gjerloev 
technique (Ohtani & Gjerloev, 2020), 
the SMU and SML indices (Newell & 
Gjerloev, 2011); and the SuperMAG 
collaboration (Gjerloev, 2012). Finally, 
we thank A. Decotte for nicely illustrating 
the conceptual ideas behind this paper 
(Figures 9 and 10).

 2
16

99
40

2,
 2

02
3,

 6
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
13

45
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
4/

01
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

Journal of Geophysical Research: Space Physics

DECOTTE ET AL.

10.1029/2023JA031345

17 of 18

6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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The DMSP/SSJ data were obtained from NASA/GSFC CDAWeb at https://cdaweb.gsfc.nasa.gov/pub/data/
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6. Conclusion
In this study, we have presented a method for investigating the auroral oval morphology. Using a threshold for 
aurora detection of 2 ⋅ 10 9 eV/cm 2/s/sr, we have derived the AOP from 20 years of DMSP/SSJ electron energy 
flux measurements in the energy range 1–30 keV, and have used it to assess the probabilistic extent of the auroral 
oval as a function of magnetic local time. We have shown that the AOP evinces a typical asymmetric pattern with 
a clear and persistent enhancement at dawn that is independent of the data selection. In particular, this pattern is 
very well conserved with respect to variation of the auroral detection threshold as well as substorm epoch. On 
the other hand, the dawn-dusk asymmetry varies with the level of geomagnetic activity, being more pronounced 
during geomagnetically quiet periods and less prominent during periods of enhanced geomagnetic activity. While 
this dawn-dusk asymmetry in the auroral oval has been described before in average auroral precipitation studies, 
here we have pointed out the differences between the AOP and the average energy flux, and the prominence of 
diffuse precipitation in our data analysis.

These aspects, taken together, prompt consideration of possible alternatives to the usual explanation of the auro-
ral oval dynamics through kinetic effects. In specific, we have posited that it may be possible to describe the 
governing physical processes involved in shaping the asymmetric auroral oval in terms of convection by assum-
ing a mapping between the magnetospheric plasma sheet and the auroral oval. We have therefore constructed a 
simple 1-D model of the plasma sheet magnetic flux, subject to production and loss of closed flux by magnetic 
reconnection as well as Earth's corotation, to compare its MLT dependence with that of the AOP. Our model 
suggests that the features of the auroral occurrence oval may depend on the amount of plasma sheet magnetic flux 
being convected from the nightside to the dayside. Moreover, the persistent dawn preference can apparently be 
described in part as a consequence of the Earth's rotation, which drives more magnetic flux toward the east. The 
tendency of the dawn-dusk asymmetry to be more prominent during low geomagnetic activity supports the idea 
that corotation plays a role in shaping the distribution of the occurrence of aurora.

For future research, it will be of interest to extend the database that we use in this study by including precipita-
tion measurements made by other low Earth-orbiting satellites, such as the NOAA POES satellites, or possibly 
combining precipitation measurements with, for example, global auroral images from the upcoming SMILE 
mission. One could also make use of magnetohydrodynamics simulations to produce model AOP distributions.
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Occurrence Probability of Magnetic Field Disturbances
Measured With Swarm: Mapping the Dynamic
Magnetosphere‐Ionosphere Coupling
Margot Decotte1 , Karl M. Laundal1 , Spencer M. Hatch1 , and Jone P. Reistad1

1Department of Physics and Technology, University of Bergen, Bergen, Norway

Abstract The exchange of kinetic and electromagnetic energy by precipitation and/or outflow and through
field‐aligned currents are two aspects of the ionosphere‐magnetosphere coupling. A thorough investigation of
these processes is required to better understand magnetospheric dynamics. Building on our previous study using
the Defense Meteorological Satellite Program spectrometer data, here we use Swarm vector field magnetometer
data to describe the auroral zone morphology in terms of east‐west magnetic field perturbations. We define a
threshold for detecting magnetic fluctuations based on the power spectral density of ΔBEW, and derive the
disturbed magnetic field occurrence probability (dBOP) at low [0.1–1 Hz] and high [2.5–5 Hz] frequencies.
High‐frequency distributions of dBOP reveal a dayside‐nightside asymmetry, whereas low‐frequency dBOP
exhibits a persistent morphological asymmetry between the dawn‐to‐noon and the dusk‐to‐midnight sectors,
peaking at dawn. Notably, weak solar wind conditions are associated with an increase in the dBOP asymmetric
patterns. At low frequency in particular, while the dBOP seems to be primarily constant at dawn, the dusk dBOP
decreases during quiet times, inducing a relatively larger dawn‐dusk asymmetry in such conditions.
Furthermore, based on a comparison analysis between low‐frequency dBOP and auroral electron precipitation
occurrence probability, we suggest that both types of distribution offer a more comprehensive understanding of
the large‐scale auroral zone when considered concurrently. Our interpretation is that the dBOP at low
frequencies reflects a quasi‐steady state circulation of energy, while the high‐frequency dBOP reflects the
regions of rapid changes in the magnetosphere. The dBOP is therefore a crucial source of information regarding
the magnetosphere‐ionosphere coupling.

Plain Language Summary The Earth's magnetic environment (magnetosphere) and the ionized
upper atmosphere (ionosphere) are electrodynamically coupled. Within the magnetosphere‐ionosphere (MI)
system, energy and momentum are exchanged through both charged and neutral particles. The polar ionosphere,
particularly in the auroral zone, constitutes a convergence region for magnetospheric energy. While it is
commonly thought of as a visual spectacular event, the definition of aurora is broad and all types of aurora are
not necessarily visible from the ground. Aurora can also be inferred from satellite data, such as precipitating
electron energy flux and magnetic field perturbations. In this study, we derive the occurrence probability of
magnetic field perturbations based on crossings of the polar region by the Swarm satellites. In terms of spatial
distribution, magnetic fluctuations exhibit an asymmetric pattern that is also observed in the occurrence
probability of auroral precipitation. These two quantities reflect different aspects of the auroral zone, such that
their joined examination offers significant perspectives in the quest for a better understanding of the complex
and dynamic MI coupling.

1. Introduction
Magnetic reconnection at Earth's dayside magnetosphere results in the exchange of plasma populations between
the solar wind and the magnetosphere (Dungey, 1961). Following Dungey's cycle, the motion of plasma and the
associated convection of magnetic flux within the magnetosphere leads to reconnection in the magnetotail, which
in turn excites a flow of accelerated electrons and ions toward the Earth. Solar wind energy and momentum are
ultimately transferred from the magnetosphere to the high‐latitude ionosphere via the field‐aligned currents
(FACs), which themselves arise as a response to the stresses applied to the magnetosphere‐ionosphere (MI)
system (Strangeway et al., 2000) and are carried by charged particles flowing along magnetic field lines. FACs
have been broadly studied based on observations from low‐orbiting satellites, as well as inferred from radars and
ground‐based magnetometer network observations (e.g., Christiansen et al., 2002; Iijima & Potemra, 1976;
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Key Points:
• The disturbed magnetic field

occurrence probability is derived from
Swarm measurements in the polar
regions and investigated statistically

• Low‐frequency distributions evince a
persistent dawn‐dusk asymmetry,
peaking at dawn, similar to auroral
electron precipitation

• The disturbed magnetic field
occurrence probability could, like
auroral precipitation observations, be
used to infer magnetospheric dynamics
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OccurrenceProbabilityofMagneticFieldDisturbances
MeasuredWithSwarm:MappingtheDynamic
Magnetosphere‐IonosphereCoupling
MargotDecotte1,KarlM.Laundal1,SpencerM.Hatch1,andJoneP.Reistad1

1DepartmentofPhysicsandTechnology,UniversityofBergen,Bergen,Norway

AbstractTheexchangeofkineticandelectromagneticenergybyprecipitationand/oroutflowandthrough
field‐alignedcurrentsaretwoaspectsoftheionosphere‐magnetospherecoupling.Athoroughinvestigationof
theseprocessesisrequiredtobetterunderstandmagnetosphericdynamics.Buildingonourpreviousstudyusing
theDefenseMeteorologicalSatelliteProgramspectrometerdata,hereweuseSwarmvectorfieldmagnetometer
datatodescribetheauroralzonemorphologyintermsofeast‐westmagneticfieldperturbations.Wedefinea
thresholdfordetectingmagneticfluctuationsbasedonthepowerspectraldensityofΔBEW,andderivethe
disturbedmagneticfieldoccurrenceprobability(dBOP)atlow[0.1–1Hz]andhigh[2.5–5Hz]frequencies.
High‐frequencydistributionsofdBOPrevealadayside‐nightsideasymmetry,whereaslow‐frequencydBOP
exhibitsapersistentmorphologicalasymmetrybetweenthedawn‐to‐noonandthedusk‐to‐midnightsectors,
peakingatdawn.Notably,weaksolarwindconditionsareassociatedwithanincreaseinthedBOPasymmetric
patterns.Atlowfrequencyinparticular,whilethedBOPseemstobeprimarilyconstantatdawn,theduskdBOP
decreasesduringquiettimes,inducingarelativelylargerdawn‐duskasymmetryinsuchconditions.
Furthermore,basedonacomparisonanalysisbetweenlow‐frequencydBOPandauroralelectronprecipitation
occurrenceprobability,wesuggestthatbothtypesofdistributionofferamorecomprehensiveunderstandingof
thelarge‐scaleauroralzonewhenconsideredconcurrently.OurinterpretationisthatthedBOPatlow
frequenciesreflectsaquasi‐steadystatecirculationofenergy,whilethehigh‐frequencydBOPreflectsthe
regionsofrapidchangesinthemagnetosphere.ThedBOPisthereforeacrucialsourceofinformationregarding
themagnetosphere‐ionospherecoupling.

PlainLanguageSummaryTheEarth'smagneticenvironment(magnetosphere)andtheionized
upperatmosphere(ionosphere)areelectrodynamicallycoupled.Withinthemagnetosphere‐ionosphere(MI)
system,energyandmomentumareexchangedthroughbothchargedandneutralparticles.Thepolarionosphere,
particularlyintheauroralzone,constitutesaconvergenceregionformagnetosphericenergy.Whileitis
commonlythoughtofasavisualspectacularevent,thedefinitionofauroraisbroadandalltypesofauroraare
notnecessarilyvisiblefromtheground.Auroracanalsobeinferredfromsatellitedata,suchasprecipitating
electronenergyfluxandmagneticfieldperturbations.Inthisstudy,wederivetheoccurrenceprobabilityof
magneticfieldperturbationsbasedoncrossingsofthepolarregionbytheSwarmsatellites.Intermsofspatial
distribution,magneticfluctuationsexhibitanasymmetricpatternthatisalsoobservedintheoccurrence
probabilityofauroralprecipitation.Thesetwoquantitiesreflectdifferentaspectsoftheauroralzone,suchthat
theirjoinedexaminationofferssignificantperspectivesinthequestforabetterunderstandingofthecomplex
anddynamicMIcoupling.

1.Introduction
MagneticreconnectionatEarth'sdaysidemagnetosphereresultsintheexchangeofplasmapopulationsbetween
thesolarwindandthemagnetosphere(Dungey,1961).FollowingDungey'scycle,themotionofplasmaandthe
associatedconvectionofmagneticfluxwithinthemagnetosphereleadstoreconnectioninthemagnetotail,which
inturnexcitesaflowofacceleratedelectronsandionstowardtheEarth.Solarwindenergyandmomentumare
ultimatelytransferredfromthemagnetospheretothehigh‐latitudeionosphereviathefield‐alignedcurrents
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anddynamicMIcoupling.
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Abstract The exchange of kinetic and electromagnetic energy by precipitation and/or outflow and through
field‐aligned currents are two aspects of the ionosphere‐magnetosphere coupling. A thorough investigation of
these processes is required to better understand magnetospheric dynamics. Building on our previous study using
the Defense Meteorological Satellite Program spectrometer data, here we use Swarm vector field magnetometer
data to describe the auroral zone morphology in terms of east‐west magnetic field perturbations. We define a
threshold for detecting magnetic fluctuations based on the power spectral density of ΔBEW, and derive the
disturbed magnetic field occurrence probability (dBOP) at low [0.1–1 Hz] and high [2.5–5 Hz] frequencies.
High‐frequency distributions of dBOP reveal a dayside‐nightside asymmetry, whereas low‐frequency dBOP
exhibits a persistent morphological asymmetry between the dawn‐to‐noon and the dusk‐to‐midnight sectors,
peaking at dawn. Notably, weak solar wind conditions are associated with an increase in the dBOP asymmetric
patterns. At low frequency in particular, while the dBOP seems to be primarily constant at dawn, the dusk dBOP
decreases during quiet times, inducing a relatively larger dawn‐dusk asymmetry in such conditions.
Furthermore, based on a comparison analysis between low‐frequency dBOP and auroral electron precipitation
occurrence probability, we suggest that both types of distribution offer a more comprehensive understanding of
the large‐scale auroral zone when considered concurrently. Our interpretation is that the dBOP at low
frequencies reflects a quasi‐steady state circulation of energy, while the high‐frequency dBOP reflects the
regions of rapid changes in the magnetosphere. The dBOP is therefore a crucial source of information regarding
the magnetosphere‐ionosphere coupling.

Plain Language Summary The Earth's magnetic environment (magnetosphere) and the ionized
upper atmosphere (ionosphere) are electrodynamically coupled. Within the magnetosphere‐ionosphere (MI)
system, energy and momentum are exchanged through both charged and neutral particles. The polar ionosphere,
particularly in the auroral zone, constitutes a convergence region for magnetospheric energy. While it is
commonly thought of as a visual spectacular event, the definition of aurora is broad and all types of aurora are
not necessarily visible from the ground. Aurora can also be inferred from satellite data, such as precipitating
electron energy flux and magnetic field perturbations. In this study, we derive the occurrence probability of
magnetic field perturbations based on crossings of the polar region by the Swarm satellites. In terms of spatial
distribution, magnetic fluctuations exhibit an asymmetric pattern that is also observed in the occurrence
probability of auroral precipitation. These two quantities reflect different aspects of the auroral zone, such that
their joined examination offers significant perspectives in the quest for a better understanding of the complex
and dynamic MI coupling.

1. Introduction
Magnetic reconnection at Earth's dayside magnetosphere results in the exchange of plasma populations between
the solar wind and the magnetosphere (Dungey, 1961). Following Dungey's cycle, the motion of plasma and the
associated convection of magnetic flux within the magnetosphere leads to reconnection in the magnetotail, which
in turn excites a flow of accelerated electrons and ions toward the Earth. Solar wind energy and momentum are
ultimately transferred from the magnetosphere to the high‐latitude ionosphere via the field‐aligned currents
(FACs), which themselves arise as a response to the stresses applied to the magnetosphere‐ionosphere (MI)
system (Strangeway et al., 2000) and are carried by charged particles flowing along magnetic field lines. FACs
have been broadly studied based on observations from low‐orbiting satellites, as well as inferred from radars and
ground‐based magnetometer network observations (e.g., Christiansen et al., 2002; Iijima & Potemra, 1976;
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magnetic field perturbations based on crossings of the polar region by the Swarm satellites. In terms of spatial
distribution, magnetic fluctuations exhibit an asymmetric pattern that is also observed in the occurrence
probability of auroral precipitation. These two quantities reflect different aspects of the auroral zone, such that
their joined examination offers significant perspectives in the quest for a better understanding of the complex
and dynamic MI coupling.

1. Introduction
Magnetic reconnection at Earth's dayside magnetosphere results in the exchange of plasma populations between
the solar wind and the magnetosphere (Dungey, 1961). Following Dungey's cycle, the motion of plasma and the
associated convection of magnetic flux within the magnetosphere leads to reconnection in the magnetotail, which
in turn excites a flow of accelerated electrons and ions toward the Earth. Solar wind energy and momentum are
ultimately transferred from the magnetosphere to the high‐latitude ionosphere via the field‐aligned currents
(FACs), which themselves arise as a response to the stresses applied to the magnetosphere‐ionosphere (MI)
system (Strangeway et al., 2000) and are carried by charged particles flowing along magnetic field lines. FACs
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field‐alignedcurrentsaretwoaspectsoftheionosphere‐magnetospherecoupling.Athoroughinvestigationof
theseprocessesisrequiredtobetterunderstandmagnetosphericdynamics.Buildingonourpreviousstudyusing
theDefenseMeteorologicalSatelliteProgramspectrometerdata,hereweuseSwarmvectorfieldmagnetometer
datatodescribetheauroralzonemorphologyintermsofeast‐westmagneticfieldperturbations.Wedefinea
thresholdfordetectingmagneticfluctuationsbasedonthepowerspectraldensityofΔBEW,andderivethe
disturbedmagneticfieldoccurrenceprobability(dBOP)atlow[0.1–1Hz]andhigh[2.5–5Hz]frequencies.
High‐frequencydistributionsofdBOPrevealadayside‐nightsideasymmetry,whereaslow‐frequencydBOP
exhibitsapersistentmorphologicalasymmetrybetweenthedawn‐to‐noonandthedusk‐to‐midnightsectors,
peakingatdawn.Notably,weaksolarwindconditionsareassociatedwithanincreaseinthedBOPasymmetric
patterns.Atlowfrequencyinparticular,whilethedBOPseemstobeprimarilyconstantatdawn,theduskdBOP
decreasesduringquiettimes,inducingarelativelylargerdawn‐duskasymmetryinsuchconditions.
Furthermore,basedonacomparisonanalysisbetweenlow‐frequencydBOPandauroralelectronprecipitation
occurrenceprobability,wesuggestthatbothtypesofdistributionofferamorecomprehensiveunderstandingof
thelarge‐scaleauroralzonewhenconsideredconcurrently.OurinterpretationisthatthedBOPatlow
frequenciesreflectsaquasi‐steadystatecirculationofenergy,whilethehigh‐frequencydBOPreflectsthe
regionsofrapidchangesinthemagnetosphere.ThedBOPisthereforeacrucialsourceofinformationregarding
themagnetosphere‐ionospherecoupling.

PlainLanguageSummaryTheEarth'smagneticenvironment(magnetosphere)andtheionized
upperatmosphere(ionosphere)areelectrodynamicallycoupled.Withinthemagnetosphere‐ionosphere(MI)
system,energyandmomentumareexchangedthroughbothchargedandneutralparticles.Thepolarionosphere,
particularlyintheauroralzone,constitutesaconvergenceregionformagnetosphericenergy.Whileitis
commonlythoughtofasavisualspectacularevent,thedefinitionofauroraisbroadandalltypesofauroraare
notnecessarilyvisiblefromtheground.Auroracanalsobeinferredfromsatellitedata,suchasprecipitating
electronenergyfluxandmagneticfieldperturbations.Inthisstudy,wederivetheoccurrenceprobabilityof
magneticfieldperturbationsbasedoncrossingsofthepolarregionbytheSwarmsatellites.Intermsofspatial
distribution,magneticfluctuationsexhibitanasymmetricpatternthatisalsoobservedintheoccurrence
probabilityofauroralprecipitation.Thesetwoquantitiesreflectdifferentaspectsoftheauroralzone,suchthat
theirjoinedexaminationofferssignificantperspectivesinthequestforabetterunderstandingofthecomplex
anddynamicMIcoupling.

1.Introduction
MagneticreconnectionatEarth'sdaysidemagnetosphereresultsintheexchangeofplasmapopulationsbetween
thesolarwindandthemagnetosphere(Dungey,1961).FollowingDungey'scycle,themotionofplasmaandthe
associatedconvectionofmagneticfluxwithinthemagnetosphereleadstoreconnectioninthemagnetotail,which
inturnexcitesaflowofacceleratedelectronsandionstowardtheEarth.Solarwindenergyandmomentumare
ultimatelytransferredfromthemagnetospheretothehigh‐latitudeionosphereviathefield‐alignedcurrents
(FACs),whichthemselvesariseasaresponsetothestressesappliedtothemagnetosphere‐ionosphere(MI)
system(Strangewayetal.,2000)andarecarriedbychargedparticlesflowingalongmagneticfieldlines.FACs
havebeenbroadlystudiedbasedonobservationsfromlow‐orbitingsatellites,aswellasinferredfromradarsand
ground‐basedmagnetometernetworkobservations(e.g.,Christiansenetal.,2002;Iijima&Potemra,1976;
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AbstractTheexchangeofkineticandelectromagneticenergybyprecipitationand/oroutflowandthrough
field‐alignedcurrentsaretwoaspectsoftheionosphere‐magnetospherecoupling.Athoroughinvestigationof
theseprocessesisrequiredtobetterunderstandmagnetosphericdynamics.Buildingonourpreviousstudyusing
theDefenseMeteorologicalSatelliteProgramspectrometerdata,hereweuseSwarmvectorfieldmagnetometer
datatodescribetheauroralzonemorphologyintermsofeast‐westmagneticfieldperturbations.Wedefinea
thresholdfordetectingmagneticfluctuationsbasedonthepowerspectraldensityofΔBEW,andderivethe
disturbedmagneticfieldoccurrenceprobability(dBOP)atlow[0.1–1Hz]andhigh[2.5–5Hz]frequencies.
High‐frequencydistributionsofdBOPrevealadayside‐nightsideasymmetry,whereaslow‐frequencydBOP
exhibitsapersistentmorphologicalasymmetrybetweenthedawn‐to‐noonandthedusk‐to‐midnightsectors,
peakingatdawn.Notably,weaksolarwindconditionsareassociatedwithanincreaseinthedBOPasymmetric
patterns.Atlowfrequencyinparticular,whilethedBOPseemstobeprimarilyconstantatdawn,theduskdBOP
decreasesduringquiettimes,inducingarelativelylargerdawn‐duskasymmetryinsuchconditions.
Furthermore,basedonacomparisonanalysisbetweenlow‐frequencydBOPandauroralelectronprecipitation
occurrenceprobability,wesuggestthatbothtypesofdistributionofferamorecomprehensiveunderstandingof
thelarge‐scaleauroralzonewhenconsideredconcurrently.OurinterpretationisthatthedBOPatlow
frequenciesreflectsaquasi‐steadystatecirculationofenergy,whilethehigh‐frequencydBOPreflectsthe
regionsofrapidchangesinthemagnetosphere.ThedBOPisthereforeacrucialsourceofinformationregarding
themagnetosphere‐ionospherecoupling.

PlainLanguageSummaryTheEarth'smagneticenvironment(magnetosphere)andtheionized
upperatmosphere(ionosphere)areelectrodynamicallycoupled.Withinthemagnetosphere‐ionosphere(MI)
system,energyandmomentumareexchangedthroughbothchargedandneutralparticles.Thepolarionosphere,
particularlyintheauroralzone,constitutesaconvergenceregionformagnetosphericenergy.Whileitis
commonlythoughtofasavisualspectacularevent,thedefinitionofauroraisbroadandalltypesofauroraare
notnecessarilyvisiblefromtheground.Auroracanalsobeinferredfromsatellitedata,suchasprecipitating
electronenergyfluxandmagneticfieldperturbations.Inthisstudy,wederivetheoccurrenceprobabilityof
magneticfieldperturbationsbasedoncrossingsofthepolarregionbytheSwarmsatellites.Intermsofspatial
distribution,magneticfluctuationsexhibitanasymmetricpatternthatisalsoobservedintheoccurrence
probabilityofauroralprecipitation.Thesetwoquantitiesreflectdifferentaspectsoftheauroralzone,suchthat
theirjoinedexaminationofferssignificantperspectivesinthequestforabetterunderstandingofthecomplex
anddynamicMIcoupling.

1.Introduction
MagneticreconnectionatEarth'sdaysidemagnetosphereresultsintheexchangeofplasmapopulationsbetween
thesolarwindandthemagnetosphere(Dungey,1961).FollowingDungey'scycle,themotionofplasmaandthe
associatedconvectionofmagneticfluxwithinthemagnetosphereleadstoreconnectioninthemagnetotail,which
inturnexcitesaflowofacceleratedelectronsandionstowardtheEarth.Solarwindenergyandmomentumare
ultimatelytransferredfromthemagnetospheretothehigh‐latitudeionosphereviathefield‐alignedcurrents
(FACs),whichthemselvesariseasaresponsetothestressesappliedtothemagnetosphere‐ionosphere(MI)
system(Strangewayetal.,2000)andarecarriedbychargedparticlesflowingalongmagneticfieldlines.FACs
havebeenbroadlystudiedbasedonobservationsfromlow‐orbitingsatellites,aswellasinferredfromradarsand
ground‐basedmagnetometernetworkobservations(e.g.,Christiansenetal.,2002;Iijima&Potemra,1976;
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Kamide et al., 1981; Kustov et al., 2000). These and many additional studies have established that FACs play a
fundamental role in the solar wind‐magnetosphere‐ionosphere coupling and, more specifically, auroral physics
(Milan et al., 2017).

The auroral oval is commonly described as the high‐latitude region where energetic electrons, originally
accelerated in the magnetospheric plasma sheet, precipitate (Khazanov & Glocer, 2020; Newell et al., 2004,
2009). A myriad of studies have focused on auroral particle measurements in the specific context of defining a
proxy of the auroral oval. Dombeck et al. (2018), Zhang and Paxton (2008) and Newell et al. (2004, 2014), for
example, derived statistical models of the aurora based on the average precipitating energy flux. In particular, the
OVATION Prime model aims at predicting the auroral power deposited in the ionosphere, depending on the solar
wind driving. Newell et al. (2009) also contributed to developing auroral precipitation forecasting as they
categorized the aurora into diffuse, monoenergetic, broadband, and ion.

Extended knowledge of auroral precipitation has benefited the investigation of the auroral region morphology and
dynamics. In their studies, Newell et al. (1996); Redmon et al. (2010); Kilcommons et al. (2017a) derived the
auroral oval boundaries based on precipitation data. Recently, Decotte et al. (2023) obtained maps of auroral
occurrence probability from precipitating electron energy flux measurements. Furthermore, the expanding‐
contracting polar cap model predicts the size of the polar cap, depending on the opening and closure of mag-
netic flux through dayside and nightside reconnection (Cowley & Lockwood, 1992). This, in turn, controls the
open‐closed boundary (OCB) location, which varies with the amount of open magnetic flux in the magnetotail
lobes. Chisham et al. (2022), among others (e.g., Carbary et al., 2003; Kauristie et al., 1999; Laundal et al., 2010;
Newell et al., 2004) have demonstrated that the OCB essentially constitutes the poleward precipitation auroral
oval boundary.

In the past decades, it has been extensively shown that a relationship exists between magnetic field perturbations/
FACs and particle precipitation. Sato et al. (2004) investigated magnetic field variations and concluded that they
were in phase with the high‐energy electron flux seen by the Fast Auroral SnapshoT Explorer satellite. Similarly,
Hatch, Moretto, et al. (2020) demonstrated the statistical relationship between east‐west magnetic field fluctu-
ations and energetic outflows in the MI transition region. It has also been shown that electron and ion energy flux
increase with FACs magnitude in both upward and downward current regions (Robinson et al., 2018). Although
they pointed out systematic differences in the location of particle energy fluxes and FACs intensity peak, Xiong
et al. (2020) showed that electron and ion energy flux behave in a similar way as FACs, with, in particular, a
similar response to enhanced southward Bz.

It has additionally been established in many different studies that magnetic fluctuations and auroral structures were
related. Nagatsuma et al. (1995) have found a latitudinally narrow FAC system on the poleward boundary of the
nightside auroral oval. They found that this boundary current system is associated with suprathermal electrons with
pitch angles predominately in the field‐aligned direction. Nagatsuma et al. (1996) further demonstrated that the
FAC fluctuations in this boundary current system are due to the superposition of incident and reflected Alfvén
waves. Fujii et al. (1985) established that the magnetic fluctuations related well to the fluctuations in auroral lu-
minosities estimated at 100 km altitude. Moreover, Gillies et al. (2015) used Swarm magnetometers to demonstrate
the existence of a region of fluctuating FACs associated with persistent patchy pulsating aurora structures.

Hence, while precipitation studies are crucial in the quest for a better understanding of the auroral region, FACs
appear to be a reasonable proxy for the auroral oval. Xiong et al. (2014) have derived auroral oval boundaries from
small‐ and medium‐scale FACs and have validated the position of these boundaries against the British Antarctic
Survey auroral model derived from IMAGE optical observations. Iijima and Potemra (1978) suggested that FACs
sheets are generally aligned with the poleward boundary of the auroral oval, which has been proven true by
Burrell et al. (2020), as they derived the OCB location from the region 1 to region 2 FACs boundary.

The auroral oval is the region of the ionosphere‐thermosphere system where the magnetospheric energy con-
verges (Thayer & Semeter, 2004). This convergence of energy results in, among other things, photon emission,
Joule heating and satellite drag in the upper atmosphere, and electric currents as well as associated ground
magnetic field disturbances (Juusola et al., 2020). A better understanding of the auroral oval dynamics would
therefore benefit the MI coupling research and more generally contribute to a better understanding of how the
space environment impacts Earth. However, it is challenging to monitor the dynamics of the auroral oval, as this
region is highly variable both in space and time (Ohma et al., 2023). All available sensing methods should then be
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Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
fundamentalroleinthesolarwind‐magnetosphere‐ionospherecouplingand,morespecifically,auroralphysics
(Milanetal.,2017).

Theauroralovaliscommonlydescribedasthehigh‐latituderegionwhereenergeticelectrons,originally
acceleratedinthemagnetosphericplasmasheet,precipitate(Khazanov&Glocer,2020;Newelletal.,2004,
2009).Amyriadofstudieshavefocusedonauroralparticlemeasurementsinthespecificcontextofdefininga
proxyoftheauroraloval.Dombecketal.(2018),ZhangandPaxton(2008)andNewelletal.(2004,2014),for
example,derivedstatisticalmodelsoftheaurorabasedontheaverageprecipitatingenergyflux.Inparticular,the
OVATIONPrimemodelaimsatpredictingtheauroralpowerdepositedintheionosphere,dependingonthesolar
winddriving.Newelletal.(2009)alsocontributedtodevelopingauroralprecipitationforecastingasthey
categorizedtheauroraintodiffuse,monoenergetic,broadband,andion.

Extendedknowledgeofauroralprecipitationhasbenefitedtheinvestigationoftheauroralregionmorphologyand
dynamics.Intheirstudies,Newelletal.(1996);Redmonetal.(2010);Kilcommonsetal.(2017a)derivedthe
auroralovalboundariesbasedonprecipitationdata.Recently,Decotteetal.(2023)obtainedmapsofauroral
occurrenceprobabilityfromprecipitatingelectronenergyfluxmeasurements.Furthermore,theexpanding‐
contractingpolarcapmodelpredictsthesizeofthepolarcap,dependingontheopeningandclosureofmag-
neticfluxthroughdaysideandnightsidereconnection(Cowley&Lockwood,1992).This,inturn,controlsthe
open‐closedboundary(OCB)location,whichvarieswiththeamountofopenmagneticfluxinthemagnetotail
lobes.Chishametal.(2022),amongothers(e.g.,Carbaryetal.,2003;Kauristieetal.,1999;Laundaletal.,2010;
Newelletal.,2004)havedemonstratedthattheOCBessentiallyconstitutesthepolewardprecipitationauroral
ovalboundary.

Inthepastdecades,ithasbeenextensivelyshownthatarelationshipexistsbetweenmagneticfieldperturbations/
FACsandparticleprecipitation.Satoetal.(2004)investigatedmagneticfieldvariationsandconcludedthatthey
wereinphasewiththehigh‐energyelectronfluxseenbytheFastAuroralSnapshoTExplorersatellite.Similarly,
Hatch,Moretto,etal.(2020)demonstratedthestatisticalrelationshipbetweeneast‐westmagneticfieldfluctu-
ationsandenergeticoutflowsintheMItransitionregion.Ithasalsobeenshownthatelectronandionenergyflux
increasewithFACsmagnitudeinbothupwardanddownwardcurrentregions(Robinsonetal.,2018).Although
theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
spaceenvironmentimpactsEarth.However,itischallengingtomonitorthedynamicsoftheauroraloval,asthis
regionishighlyvariablebothinspaceandtime(Ohmaetal.,2023).Allavailablesensingmethodsshouldthenbe
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Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
fundamentalroleinthesolarwind‐magnetosphere‐ionospherecouplingand,morespecifically,auroralphysics
(Milanetal.,2017).

Theauroralovaliscommonlydescribedasthehigh‐latituderegionwhereenergeticelectrons,originally
acceleratedinthemagnetosphericplasmasheet,precipitate(Khazanov&Glocer,2020;Newelletal.,2004,
2009).Amyriadofstudieshavefocusedonauroralparticlemeasurementsinthespecificcontextofdefininga
proxyoftheauroraloval.Dombecketal.(2018),ZhangandPaxton(2008)andNewelletal.(2004,2014),for
example,derivedstatisticalmodelsoftheaurorabasedontheaverageprecipitatingenergyflux.Inparticular,the
OVATIONPrimemodelaimsatpredictingtheauroralpowerdepositedintheionosphere,dependingonthesolar
winddriving.Newelletal.(2009)alsocontributedtodevelopingauroralprecipitationforecastingasthey
categorizedtheauroraintodiffuse,monoenergetic,broadband,andion.

Extendedknowledgeofauroralprecipitationhasbenefitedtheinvestigationoftheauroralregionmorphologyand
dynamics.Intheirstudies,Newelletal.(1996);Redmonetal.(2010);Kilcommonsetal.(2017a)derivedthe
auroralovalboundariesbasedonprecipitationdata.Recently,Decotteetal.(2023)obtainedmapsofauroral
occurrenceprobabilityfromprecipitatingelectronenergyfluxmeasurements.Furthermore,theexpanding‐
contractingpolarcapmodelpredictsthesizeofthepolarcap,dependingontheopeningandclosureofmag-
neticfluxthroughdaysideandnightsidereconnection(Cowley&Lockwood,1992).This,inturn,controlsthe
open‐closedboundary(OCB)location,whichvarieswiththeamountofopenmagneticfluxinthemagnetotail
lobes.Chishametal.(2022),amongothers(e.g.,Carbaryetal.,2003;Kauristieetal.,1999;Laundaletal.,2010;
Newelletal.,2004)havedemonstratedthattheOCBessentiallyconstitutesthepolewardprecipitationauroral
ovalboundary.

Inthepastdecades,ithasbeenextensivelyshownthatarelationshipexistsbetweenmagneticfieldperturbations/
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wereinphasewiththehigh‐energyelectronfluxseenbytheFastAuroralSnapshoTExplorersatellite.Similarly,
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theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
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Kamide et al., 1981; Kustov et al., 2000). These and many additional studies have established that FACs play a
fundamental role in the solar wind‐magnetosphere‐ionosphere coupling and, more specifically, auroral physics
(Milan et al., 2017).

The auroral oval is commonly described as the high‐latitude region where energetic electrons, originally
accelerated in the magnetospheric plasma sheet, precipitate (Khazanov & Glocer, 2020; Newell et al., 2004,
2009). A myriad of studies have focused on auroral particle measurements in the specific context of defining a
proxy of the auroral oval. Dombeck et al. (2018), Zhang and Paxton (2008) and Newell et al. (2004, 2014), for
example, derived statistical models of the aurora based on the average precipitating energy flux. In particular, the
OVATION Prime model aims at predicting the auroral power deposited in the ionosphere, depending on the solar
wind driving. Newell et al. (2009) also contributed to developing auroral precipitation forecasting as they
categorized the aurora into diffuse, monoenergetic, broadband, and ion.

Extended knowledge of auroral precipitation has benefited the investigation of the auroral region morphology and
dynamics. In their studies, Newell et al. (1996); Redmon et al. (2010); Kilcommons et al. (2017a) derived the
auroral oval boundaries based on precipitation data. Recently, Decotte et al. (2023) obtained maps of auroral
occurrence probability from precipitating electron energy flux measurements. Furthermore, the expanding‐
contracting polar cap model predicts the size of the polar cap, depending on the opening and closure of mag-
netic flux through dayside and nightside reconnection (Cowley & Lockwood, 1992). This, in turn, controls the
open‐closed boundary (OCB) location, which varies with the amount of open magnetic flux in the magnetotail
lobes. Chisham et al. (2022), among others (e.g., Carbary et al., 2003; Kauristie et al., 1999; Laundal et al., 2010;
Newell et al., 2004) have demonstrated that the OCB essentially constitutes the poleward precipitation auroral
oval boundary.

In the past decades, it has been extensively shown that a relationship exists between magnetic field perturbations/
FACs and particle precipitation. Sato et al. (2004) investigated magnetic field variations and concluded that they
were in phase with the high‐energy electron flux seen by the Fast Auroral SnapshoT Explorer satellite. Similarly,
Hatch, Moretto, et al. (2020) demonstrated the statistical relationship between east‐west magnetic field fluctu-
ations and energetic outflows in the MI transition region. It has also been shown that electron and ion energy flux
increase with FACs magnitude in both upward and downward current regions (Robinson et al., 2018). Although
they pointed out systematic differences in the location of particle energy fluxes and FACs intensity peak, Xiong
et al. (2020) showed that electron and ion energy flux behave in a similar way as FACs, with, in particular, a
similar response to enhanced southward Bz.

It has additionally been established in many different studies that magnetic fluctuations and auroral structures were
related. Nagatsuma et al. (1995) have found a latitudinally narrow FAC system on the poleward boundary of the
nightside auroral oval. They found that this boundary current system is associated with suprathermal electrons with
pitch angles predominately in the field‐aligned direction. Nagatsuma et al. (1996) further demonstrated that the
FAC fluctuations in this boundary current system are due to the superposition of incident and reflected Alfvén
waves. Fujii et al. (1985) established that the magnetic fluctuations related well to the fluctuations in auroral lu-
minosities estimated at 100 km altitude. Moreover, Gillies et al. (2015) used Swarm magnetometers to demonstrate
the existence of a region of fluctuating FACs associated with persistent patchy pulsating aurora structures.

Hence, while precipitation studies are crucial in the quest for a better understanding of the auroral region, FACs
appear to be a reasonable proxy for the auroral oval. Xiong et al. (2014) have derived auroral oval boundaries from
small‐ and medium‐scale FACs and have validated the position of these boundaries against the British Antarctic
Survey auroral model derived from IMAGE optical observations. Iijima and Potemra (1978) suggested that FACs
sheets are generally aligned with the poleward boundary of the auroral oval, which has been proven true by
Burrell et al. (2020), as they derived the OCB location from the region 1 to region 2 FACs boundary.

The auroral oval is the region of the ionosphere‐thermosphere system where the magnetospheric energy con-
verges (Thayer & Semeter, 2004). This convergence of energy results in, among other things, photon emission,
Joule heating and satellite drag in the upper atmosphere, and electric currents as well as associated ground
magnetic field disturbances (Juusola et al., 2020). A better understanding of the auroral oval dynamics would
therefore benefit the MI coupling research and more generally contribute to a better understanding of how the
space environment impacts Earth. However, it is challenging to monitor the dynamics of the auroral oval, as this
region is highly variable both in space and time (Ohma et al., 2023). All available sensing methods should then be
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Kamide et al., 1981; Kustov et al., 2000). These and many additional studies have established that FACs play a
fundamental role in the solar wind‐magnetosphere‐ionosphere coupling and, more specifically, auroral physics
(Milan et al., 2017).

The auroral oval is commonly described as the high‐latitude region where energetic electrons, originally
accelerated in the magnetospheric plasma sheet, precipitate (Khazanov & Glocer, 2020; Newell et al., 2004,
2009). A myriad of studies have focused on auroral particle measurements in the specific context of defining a
proxy of the auroral oval. Dombeck et al. (2018), Zhang and Paxton (2008) and Newell et al. (2004, 2014), for
example, derived statistical models of the aurora based on the average precipitating energy flux. In particular, the
OVATION Prime model aims at predicting the auroral power deposited in the ionosphere, depending on the solar
wind driving. Newell et al. (2009) also contributed to developing auroral precipitation forecasting as they
categorized the aurora into diffuse, monoenergetic, broadband, and ion.

Extended knowledge of auroral precipitation has benefited the investigation of the auroral region morphology and
dynamics. In their studies, Newell et al. (1996); Redmon et al. (2010); Kilcommons et al. (2017a) derived the
auroral oval boundaries based on precipitation data. Recently, Decotte et al. (2023) obtained maps of auroral
occurrence probability from precipitating electron energy flux measurements. Furthermore, the expanding‐
contracting polar cap model predicts the size of the polar cap, depending on the opening and closure of mag-
netic flux through dayside and nightside reconnection (Cowley & Lockwood, 1992). This, in turn, controls the
open‐closed boundary (OCB) location, which varies with the amount of open magnetic flux in the magnetotail
lobes. Chisham et al. (2022), among others (e.g., Carbary et al., 2003; Kauristie et al., 1999; Laundal et al., 2010;
Newell et al., 2004) have demonstrated that the OCB essentially constitutes the poleward precipitation auroral
oval boundary.

In the past decades, it has been extensively shown that a relationship exists between magnetic field perturbations/
FACs and particle precipitation. Sato et al. (2004) investigated magnetic field variations and concluded that they
were in phase with the high‐energy electron flux seen by the Fast Auroral SnapshoT Explorer satellite. Similarly,
Hatch, Moretto, et al. (2020) demonstrated the statistical relationship between east‐west magnetic field fluctu-
ations and energetic outflows in the MI transition region. It has also been shown that electron and ion energy flux
increase with FACs magnitude in both upward and downward current regions (Robinson et al., 2018). Although
they pointed out systematic differences in the location of particle energy fluxes and FACs intensity peak, Xiong
et al. (2020) showed that electron and ion energy flux behave in a similar way as FACs, with, in particular, a
similar response to enhanced southward Bz.

It has additionally been established in many different studies that magnetic fluctuations and auroral structures were
related. Nagatsuma et al. (1995) have found a latitudinally narrow FAC system on the poleward boundary of the
nightside auroral oval. They found that this boundary current system is associated with suprathermal electrons with
pitch angles predominately in the field‐aligned direction. Nagatsuma et al. (1996) further demonstrated that the
FAC fluctuations in this boundary current system are due to the superposition of incident and reflected Alfvén
waves. Fujii et al. (1985) established that the magnetic fluctuations related well to the fluctuations in auroral lu-
minosities estimated at 100 km altitude. Moreover, Gillies et al. (2015) used Swarm magnetometers to demonstrate
the existence of a region of fluctuating FACs associated with persistent patchy pulsating aurora structures.

Hence, while precipitation studies are crucial in the quest for a better understanding of the auroral region, FACs
appear to be a reasonable proxy for the auroral oval. Xiong et al. (2014) have derived auroral oval boundaries from
small‐ and medium‐scale FACs and have validated the position of these boundaries against the British Antarctic
Survey auroral model derived from IMAGE optical observations. Iijima and Potemra (1978) suggested that FACs
sheets are generally aligned with the poleward boundary of the auroral oval, which has been proven true by
Burrell et al. (2020), as they derived the OCB location from the region 1 to region 2 FACs boundary.

The auroral oval is the region of the ionosphere‐thermosphere system where the magnetospheric energy con-
verges (Thayer & Semeter, 2004). This convergence of energy results in, among other things, photon emission,
Joule heating and satellite drag in the upper atmosphere, and electric currents as well as associated ground
magnetic field disturbances (Juusola et al., 2020). A better understanding of the auroral oval dynamics would
therefore benefit the MI coupling research and more generally contribute to a better understanding of how the
space environment impacts Earth. However, it is challenging to monitor the dynamics of the auroral oval, as this
region is highly variable both in space and time (Ohma et al., 2023). All available sensing methods should then be
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Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
fundamentalroleinthesolarwind‐magnetosphere‐ionospherecouplingand,morespecifically,auroralphysics
(Milanetal.,2017).

Theauroralovaliscommonlydescribedasthehigh‐latituderegionwhereenergeticelectrons,originally
acceleratedinthemagnetosphericplasmasheet,precipitate(Khazanov&Glocer,2020;Newelletal.,2004,
2009).Amyriadofstudieshavefocusedonauroralparticlemeasurementsinthespecificcontextofdefininga
proxyoftheauroraloval.Dombecketal.(2018),ZhangandPaxton(2008)andNewelletal.(2004,2014),for
example,derivedstatisticalmodelsoftheaurorabasedontheaverageprecipitatingenergyflux.Inparticular,the
OVATIONPrimemodelaimsatpredictingtheauroralpowerdepositedintheionosphere,dependingonthesolar
winddriving.Newelletal.(2009)alsocontributedtodevelopingauroralprecipitationforecastingasthey
categorizedtheauroraintodiffuse,monoenergetic,broadband,andion.

Extendedknowledgeofauroralprecipitationhasbenefitedtheinvestigationoftheauroralregionmorphologyand
dynamics.Intheirstudies,Newelletal.(1996);Redmonetal.(2010);Kilcommonsetal.(2017a)derivedthe
auroralovalboundariesbasedonprecipitationdata.Recently,Decotteetal.(2023)obtainedmapsofauroral
occurrenceprobabilityfromprecipitatingelectronenergyfluxmeasurements.Furthermore,theexpanding‐
contractingpolarcapmodelpredictsthesizeofthepolarcap,dependingontheopeningandclosureofmag-
neticfluxthroughdaysideandnightsidereconnection(Cowley&Lockwood,1992).This,inturn,controlsthe
open‐closedboundary(OCB)location,whichvarieswiththeamountofopenmagneticfluxinthemagnetotail
lobes.Chishametal.(2022),amongothers(e.g.,Carbaryetal.,2003;Kauristieetal.,1999;Laundaletal.,2010;
Newelletal.,2004)havedemonstratedthattheOCBessentiallyconstitutesthepolewardprecipitationauroral
ovalboundary.

Inthepastdecades,ithasbeenextensivelyshownthatarelationshipexistsbetweenmagneticfieldperturbations/
FACsandparticleprecipitation.Satoetal.(2004)investigatedmagneticfieldvariationsandconcludedthatthey
wereinphasewiththehigh‐energyelectronfluxseenbytheFastAuroralSnapshoTExplorersatellite.Similarly,
Hatch,Moretto,etal.(2020)demonstratedthestatisticalrelationshipbetweeneast‐westmagneticfieldfluctu-
ationsandenergeticoutflowsintheMItransitionregion.Ithasalsobeenshownthatelectronandionenergyflux
increasewithFACsmagnitudeinbothupwardanddownwardcurrentregions(Robinsonetal.,2018).Although
theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
spaceenvironmentimpactsEarth.However,itischallengingtomonitorthedynamicsoftheauroraloval,asthis
regionishighlyvariablebothinspaceandtime(Ohmaetal.,2023).Allavailablesensingmethodsshouldthenbe

JournalofGeophysicalResearch:SpacePhysics10.1029/2023JA032191

DECOTTEETAL.2of20

 2
16

99
40

2,
 2

02
4,

 2
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
21

91
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
7/

02
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
fundamentalroleinthesolarwind‐magnetosphere‐ionospherecouplingand,morespecifically,auroralphysics
(Milanetal.,2017).

Theauroralovaliscommonlydescribedasthehigh‐latituderegionwhereenergeticelectrons,originally
acceleratedinthemagnetosphericplasmasheet,precipitate(Khazanov&Glocer,2020;Newelletal.,2004,
2009).Amyriadofstudieshavefocusedonauroralparticlemeasurementsinthespecificcontextofdefininga
proxyoftheauroraloval.Dombecketal.(2018),ZhangandPaxton(2008)andNewelletal.(2004,2014),for
example,derivedstatisticalmodelsoftheaurorabasedontheaverageprecipitatingenergyflux.Inparticular,the
OVATIONPrimemodelaimsatpredictingtheauroralpowerdepositedintheionosphere,dependingonthesolar
winddriving.Newelletal.(2009)alsocontributedtodevelopingauroralprecipitationforecastingasthey
categorizedtheauroraintodiffuse,monoenergetic,broadband,andion.

Extendedknowledgeofauroralprecipitationhasbenefitedtheinvestigationoftheauroralregionmorphologyand
dynamics.Intheirstudies,Newelletal.(1996);Redmonetal.(2010);Kilcommonsetal.(2017a)derivedthe
auroralovalboundariesbasedonprecipitationdata.Recently,Decotteetal.(2023)obtainedmapsofauroral
occurrenceprobabilityfromprecipitatingelectronenergyfluxmeasurements.Furthermore,theexpanding‐
contractingpolarcapmodelpredictsthesizeofthepolarcap,dependingontheopeningandclosureofmag-
neticfluxthroughdaysideandnightsidereconnection(Cowley&Lockwood,1992).This,inturn,controlsthe
open‐closedboundary(OCB)location,whichvarieswiththeamountofopenmagneticfluxinthemagnetotail
lobes.Chishametal.(2022),amongothers(e.g.,Carbaryetal.,2003;Kauristieetal.,1999;Laundaletal.,2010;
Newelletal.,2004)havedemonstratedthattheOCBessentiallyconstitutesthepolewardprecipitationauroral
ovalboundary.

Inthepastdecades,ithasbeenextensivelyshownthatarelationshipexistsbetweenmagneticfieldperturbations/
FACsandparticleprecipitation.Satoetal.(2004)investigatedmagneticfieldvariationsandconcludedthatthey
wereinphasewiththehigh‐energyelectronfluxseenbytheFastAuroralSnapshoTExplorersatellite.Similarly,
Hatch,Moretto,etal.(2020)demonstratedthestatisticalrelationshipbetweeneast‐westmagneticfieldfluctu-
ationsandenergeticoutflowsintheMItransitionregion.Ithasalsobeenshownthatelectronandionenergyflux
increasewithFACsmagnitudeinbothupwardanddownwardcurrentregions(Robinsonetal.,2018).Although
theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
spaceenvironmentimpactsEarth.However,itischallengingtomonitorthedynamicsoftheauroraloval,asthis
regionishighlyvariablebothinspaceandtime(Ohmaetal.,2023).Allavailablesensingmethodsshouldthenbe
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Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
fundamentalroleinthesolarwind‐magnetosphere‐ionospherecouplingand,morespecifically,auroralphysics
(Milanetal.,2017).

Theauroralovaliscommonlydescribedasthehigh‐latituderegionwhereenergeticelectrons,originally
acceleratedinthemagnetosphericplasmasheet,precipitate(Khazanov&Glocer,2020;Newelletal.,2004,
2009).Amyriadofstudieshavefocusedonauroralparticlemeasurementsinthespecificcontextofdefininga
proxyoftheauroraloval.Dombecketal.(2018),ZhangandPaxton(2008)andNewelletal.(2004,2014),for
example,derivedstatisticalmodelsoftheaurorabasedontheaverageprecipitatingenergyflux.Inparticular,the
OVATIONPrimemodelaimsatpredictingtheauroralpowerdepositedintheionosphere,dependingonthesolar
winddriving.Newelletal.(2009)alsocontributedtodevelopingauroralprecipitationforecastingasthey
categorizedtheauroraintodiffuse,monoenergetic,broadband,andion.

Extendedknowledgeofauroralprecipitationhasbenefitedtheinvestigationoftheauroralregionmorphologyand
dynamics.Intheirstudies,Newelletal.(1996);Redmonetal.(2010);Kilcommonsetal.(2017a)derivedthe
auroralovalboundariesbasedonprecipitationdata.Recently,Decotteetal.(2023)obtainedmapsofauroral
occurrenceprobabilityfromprecipitatingelectronenergyfluxmeasurements.Furthermore,theexpanding‐
contractingpolarcapmodelpredictsthesizeofthepolarcap,dependingontheopeningandclosureofmag-
neticfluxthroughdaysideandnightsidereconnection(Cowley&Lockwood,1992).This,inturn,controlsthe
open‐closedboundary(OCB)location,whichvarieswiththeamountofopenmagneticfluxinthemagnetotail
lobes.Chishametal.(2022),amongothers(e.g.,Carbaryetal.,2003;Kauristieetal.,1999;Laundaletal.,2010;
Newelletal.,2004)havedemonstratedthattheOCBessentiallyconstitutesthepolewardprecipitationauroral
ovalboundary.

Inthepastdecades,ithasbeenextensivelyshownthatarelationshipexistsbetweenmagneticfieldperturbations/
FACsandparticleprecipitation.Satoetal.(2004)investigatedmagneticfieldvariationsandconcludedthatthey
wereinphasewiththehigh‐energyelectronfluxseenbytheFastAuroralSnapshoTExplorersatellite.Similarly,
Hatch,Moretto,etal.(2020)demonstratedthestatisticalrelationshipbetweeneast‐westmagneticfieldfluctu-
ationsandenergeticoutflowsintheMItransitionregion.Ithasalsobeenshownthatelectronandionenergyflux
increasewithFACsmagnitudeinbothupwardanddownwardcurrentregions(Robinsonetal.,2018).Although
theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
spaceenvironmentimpactsEarth.However,itischallengingtomonitorthedynamicsoftheauroraloval,asthis
regionishighlyvariablebothinspaceandtime(Ohmaetal.,2023).Allavailablesensingmethodsshouldthenbe
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Kamideetal.,1981;Kustovetal.,2000).TheseandmanyadditionalstudieshaveestablishedthatFACsplaya
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(Milanetal.,2017).
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increasewithFACsmagnitudeinbothupwardanddownwardcurrentregions(Robinsonetal.,2018).Although
theypointedoutsystematicdifferencesinthelocationofparticleenergyfluxesandFACsintensitypeak,Xiong
etal.(2020)showedthatelectronandionenergyfluxbehaveinasimilarwayasFACs,with,inparticular,a
similarresponsetoenhancedsouthwardBz.

Ithasadditionallybeenestablishedinmanydifferentstudiesthatmagneticfluctuationsandauroralstructureswere
related.Nagatsumaetal.(1995)havefoundalatitudinallynarrowFACsystemonthepolewardboundaryofthe
nightsideauroraloval.Theyfoundthatthisboundarycurrentsystemisassociatedwithsuprathermalelectronswith
pitchanglespredominatelyinthefield‐aligneddirection.Nagatsumaetal.(1996)furtherdemonstratedthatthe
FACfluctuationsinthisboundarycurrentsystemareduetothesuperpositionofincidentandreflectedAlfvén
waves.Fujiietal.(1985)establishedthatthemagneticfluctuationsrelatedwelltothefluctuationsinaurorallu-
minositiesestimatedat100kmaltitude.Moreover,Gilliesetal.(2015)usedSwarmmagnetometerstodemonstrate
theexistenceofaregionoffluctuatingFACsassociatedwithpersistentpatchypulsatingaurorastructures.

Hence,whileprecipitationstudiesarecrucialinthequestforabetterunderstandingoftheauroralregion,FACs
appeartobeareasonableproxyfortheauroraloval.Xiongetal.(2014)havederivedauroralovalboundariesfrom
small‐andmedium‐scaleFACsandhavevalidatedthepositionoftheseboundariesagainsttheBritishAntarctic
SurveyauroralmodelderivedfromIMAGEopticalobservations.IijimaandPotemra(1978)suggestedthatFACs
sheetsaregenerallyalignedwiththepolewardboundaryoftheauroraloval,whichhasbeenproventrueby
Burrelletal.(2020),astheyderivedtheOCBlocationfromtheregion1toregion2FACsboundary.

Theauroralovalistheregionoftheionosphere‐thermospheresystemwherethemagnetosphericenergycon-
verges(Thayer&Semeter,2004).Thisconvergenceofenergyresultsin,amongotherthings,photonemission,
Jouleheatingandsatellitedragintheupperatmosphere,andelectriccurrentsaswellasassociatedground
magneticfielddisturbances(Juusolaetal.,2020).Abetterunderstandingoftheauroralovaldynamicswould
thereforebenefittheMIcouplingresearchandmoregenerallycontributetoabetterunderstandingofhowthe
spaceenvironmentimpactsEarth.However,itischallengingtomonitorthedynamicsoftheauroraloval,asthis
regionishighlyvariablebothinspaceandtime(Ohmaetal.,2023).Allavailablesensingmethodsshouldthenbe
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considered when investigating the auroral oval. This study follows a previous investigation of the auroral
occurrence probability, using electron precipitation data from the Defense Meteorological Satellite Program
(DMSP) (Decotte et al., 2023). Here we use the Swarm magnetometer data and derive the disturbed magnetic field
occurrence probability (dBOP) in the auroral region. This is an alternative to deriving the auroral boundaries
directly, which can be ambiguous as it has been shown that the relation between optical observations, ground and
space magnetic field measurements, FACs, etc. is complex (Walker et al., 2023). Further, when derived from Sun‐
synchronous satellite observations, modeled boundaries are subject to a local time bias that is bypassed when
looking at occurrence probability instead (Decotte et al., 2023). We aim to investigate if the dBOP could be a
reliable proxy of the auroral oval.

In Section 2 we introduce the data sets used in this study, which comprise magnetic field and interplanetary
magnetic field (IMF) data. We then describe the methodology for deriving the dBOP from magnetic field per-
turbations. We present the resulting occurrence distributions (maps and magnetic local time (MLT) profiles) as a
function of external conditions such as solar wind driving and substorm activity in Section 3. In Section 4 we
summarize the results in terms of morphological features of the auroral oval, and we discuss our findings in
relation to the auroral electron precipitation occurrence probability (POP) derived in our previous study (Decotte
et al., 2023).

2. Data and Methodology
In this section, we present the data used in our study. We also give a detail of the data pre‐processing before we
introduce the concept of disturbed magnetic field occurrence probability. A summary of the analysis steps is
presented as a diagram in Figure 1.

Figure 1. Diagram summarizing the analysis procedure leading to the derivation of the disturbed magnetic field occurrence probability. Each step is described in more
detail throughout Section 2.
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consideredwheninvestigatingtheauroraloval.Thisstudyfollowsapreviousinvestigationoftheauroral
occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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considered when investigating the auroral oval. This study follows a previous investigation of the auroral
occurrence probability, using electron precipitation data from the Defense Meteorological Satellite Program
(DMSP) (Decotte et al., 2023). Here we use the Swarm magnetometer data and derive the disturbed magnetic field
occurrence probability (dBOP) in the auroral region. This is an alternative to deriving the auroral boundaries
directly, which can be ambiguous as it has been shown that the relation between optical observations, ground and
space magnetic field measurements, FACs, etc. is complex (Walker et al., 2023). Further, when derived from Sun‐
synchronous satellite observations, modeled boundaries are subject to a local time bias that is bypassed when
looking at occurrence probability instead (Decotte et al., 2023). We aim to investigate if the dBOP could be a
reliable proxy of the auroral oval.

In Section 2 we introduce the data sets used in this study, which comprise magnetic field and interplanetary
magnetic field (IMF) data. We then describe the methodology for deriving the dBOP from magnetic field per-
turbations. We present the resulting occurrence distributions (maps and magnetic local time (MLT) profiles) as a
function of external conditions such as solar wind driving and substorm activity in Section 3. In Section 4 we
summarize the results in terms of morphological features of the auroral oval, and we discuss our findings in
relation to the auroral electron precipitation occurrence probability (POP) derived in our previous study (Decotte
et al., 2023).

2. Data and Methodology
In this section, we present the data used in our study. We also give a detail of the data pre‐processing before we
introduce the concept of disturbed magnetic field occurrence probability. A summary of the analysis steps is
presented as a diagram in Figure 1.

Figure 1. Diagram summarizing the analysis procedure leading to the derivation of the disturbed magnetic field occurrence probability. Each step is described in more
detail throughout Section 2.
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considered when investigating the auroral oval. This study follows a previous investigation of the auroral
occurrence probability, using electron precipitation data from the Defense Meteorological Satellite Program
(DMSP) (Decotte et al., 2023). Here we use the Swarm magnetometer data and derive the disturbed magnetic field
occurrence probability (dBOP) in the auroral region. This is an alternative to deriving the auroral boundaries
directly, which can be ambiguous as it has been shown that the relation between optical observations, ground and
space magnetic field measurements, FACs, etc. is complex (Walker et al., 2023). Further, when derived from Sun‐
synchronous satellite observations, modeled boundaries are subject to a local time bias that is bypassed when
looking at occurrence probability instead (Decotte et al., 2023). We aim to investigate if the dBOP could be a
reliable proxy of the auroral oval.

In Section 2 we introduce the data sets used in this study, which comprise magnetic field and interplanetary
magnetic field (IMF) data. We then describe the methodology for deriving the dBOP from magnetic field per-
turbations. We present the resulting occurrence distributions (maps and magnetic local time (MLT) profiles) as a
function of external conditions such as solar wind driving and substorm activity in Section 3. In Section 4 we
summarize the results in terms of morphological features of the auroral oval, and we discuss our findings in
relation to the auroral electron precipitation occurrence probability (POP) derived in our previous study (Decotte
et al., 2023).

2. Data and Methodology
In this section, we present the data used in our study. We also give a detail of the data pre‐processing before we
introduce the concept of disturbed magnetic field occurrence probability. A summary of the analysis steps is
presented as a diagram in Figure 1.

Figure 1. Diagram summarizing the analysis procedure leading to the derivation of the disturbed magnetic field occurrence probability. Each step is described in more
detail throughout Section 2.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032191

DECOTTE ET AL. 3 of 20

 2
16
99
40
2,
 2
02
4,
 2
, D
ow
nl
oa
de
d 
fr
om
 h
ttp
s:
//a
gu
pu
bs
.o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/d
oi
/1
0.
10
29
/2
02
3J
A
03
21
91
 b
y 
U
N
IV
E
R
SI
T
Y
 O
F 
B
E
R
G
E
N
, W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 o
n 
[0
7/
02
/2
02
4]
. S
ee
 th
e 
T
er
m
s 
an
d 
C
on
di
tio
ns
 (
ht
tp
s:
//o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/te
rm
s-
an
d-
co
nd
iti
on
s)
 o
n 
W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 f
or
 r
ul
es
 o
f 
us
e;
 O
A
 a
rt
ic
le
s 
ar
e 
go
ve
rn
ed
 b
y 
th
e 
ap
pl
ic
ab
le
 C
re
at
iv
e 
C
om
m
on
s 
L
ic
en
se

consideredwheninvestigatingtheauroraloval.Thisstudyfollowsapreviousinvestigationoftheauroral
occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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consideredwheninvestigatingtheauroraloval.Thisstudyfollowsapreviousinvestigationoftheauroral
occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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consideredwheninvestigatingtheauroraloval.Thisstudyfollowsapreviousinvestigationoftheauroral
occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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consideredwheninvestigatingtheauroraloval.Thisstudyfollowsapreviousinvestigationoftheauroral
occurrenceprobability,usingelectronprecipitationdatafromtheDefenseMeteorologicalSatelliteProgram
(DMSP)(Decotteetal.,2023).HereweusetheSwarmmagnetometerdataandderivethedisturbedmagneticfield
occurrenceprobability(dBOP)intheauroralregion.Thisisanalternativetoderivingtheauroralboundaries
directly,whichcanbeambiguousasithasbeenshownthattherelationbetweenopticalobservations,groundand
spacemagneticfieldmeasurements,FACs,etc.iscomplex(Walkeretal.,2023).Further,whenderivedfromSun‐
synchronoussatelliteobservations,modeledboundariesaresubjecttoalocaltimebiasthatisbypassedwhen
lookingatoccurrenceprobabilityinstead(Decotteetal.,2023).WeaimtoinvestigateifthedBOPcouldbea
reliableproxyoftheauroraloval.

InSection2weintroducethedatasetsusedinthisstudy,whichcomprisemagneticfieldandinterplanetary
magneticfield(IMF)data.WethendescribethemethodologyforderivingthedBOPfrommagneticfieldper-
turbations.Wepresenttheresultingoccurrencedistributions(mapsandmagneticlocaltime(MLT)profiles)asa
functionofexternalconditionssuchassolarwinddrivingandsubstormactivityinSection3.InSection4we
summarizetheresultsintermsofmorphologicalfeaturesoftheauroraloval,andwediscussourfindingsin
relationtotheauroralelectronprecipitationoccurrenceprobability(POP)derivedinourpreviousstudy(Decotte
etal.,2023).

2.DataandMethodology
Inthissection,wepresentthedatausedinourstudy.Wealsogiveadetailofthedatapre‐processingbeforewe
introducetheconceptofdisturbedmagneticfieldoccurrenceprobability.Asummaryoftheanalysisstepsis
presentedasadiagraminFigure1.

Figure1.Diagramsummarizingtheanalysisprocedureleadingtothederivationofthedisturbedmagneticfieldoccurrenceprobability.Eachstepisdescribedinmore
detailthroughoutSection2.
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2.1. Swarm Magnetic Field Data Set

Our study relies on the measurement of magnetic field perturbations provided by the Vector Field Magnetometer
(VFM) carried aboard the Swarm satellites as they cross the polar auroral region. The Swarm constellation
mission consists of three identical satellites (A, B, and C) in near‐polar, circular orbits. Swarm A and C form a pair
as they are flying side‐by‐side (separated by 1.4° in longitude) at approximately 460 km altitude, while Swarm B
orbits at a higher altitude of approximately 510 km. All three satellites have an inclination angle of about 87°–88°.
Such a multi‐satellite configuration is well suited to study the current systems of the polar ionosphere (Ritter
et al., 2013). We use the virtual research platform—VirES for Swarm—(Smith & Pačes, 2022) to access and
collect the high‐resolution (50 Hz) magnetic field vector data, which are provided in a local NEC (North‐East‐
Centre) geocentric reference frame. After converting from geocentric to geodetic coordinates, we downsample
the Swarm 50 Hz magnetic field vector measurements to 10 Hz by selecting every fifth data point, and we
eventually gather all available data from Swarm A and B between 2014 and 2021. We omit Swarm C in our
analysis as Swarm A and C are expected to give similar results due to their proximity and the similarity of their
orbital configurations.

As we aim to investigate how the disturbed magnetic field behaves under various geomagnetic conditions, we
combine our Swarm data set with the solar wind magnetic field and plasma parameters from the OMNI database.
We point out that these data represent near‐Earth estimates of solar wind properties as the original upstream
observations have been time‐shifted to the Earth's bow shock nose (King & Papitashvili, 2005).

2.2. Data Selection Procedure

We use the International Geomagnetic Reference Field model to infer the Earth's main magnetic field component
for each Swarm data point. We then subtract it from the measured magnetic field, such that only the magnetic field
perturbations remain: Bmeas − BIGRF = ΔB. After converting the residual perturbation vector to Apex coordinates
(Richmond, 1995), we extract the magnetic field perturbation in the magnetic East‐West direction ΔBEW. The
selected data should then mostly reflect FAC sheets that run primarily in that direction. The rest of the analysis
applies to the portions of the ΔBEW time series falling within 50° ≤ |MLat| ≤ 90°, with the magnetic latitude
(MLat) in Modified Apex coordinates (Laundal & Richmond, 2017).

2.3. ΔBEW Spectrograms and Spectral Power Estimates

We use the multitaper method (e.g., Hatch, Haaland, et al., 2020) to derive spectrograms (power spectral density
vs. frequency and time) from ΔBEW time series. Each power spectrum is calculated from a 20‐s window (201
measurements at 10 Hz), and consecutive power spectra are calculated using a 1‐s shift. Consequently, given the
frequency lower limit (0.05 Hz) and the spacecraft velocity (7.5 km/s), only currents with spatial scales smaller
than 150 km are represented. Note that by cutting the 0 Hz frequency we eliminate fluctuations that would
otherwise contribute to a similar analysis as done on FACs.

Figure 2 shows an example ΔBEW time series (panel b) and the corresponding spectrogram (panel c) during a
Swarm crossing of the polar region (panel a and polar map). Note that the spectrogram's y‐axis ranges from 0.05 to
5 Hz. The upper limit corresponds to the maximum frequency intended to avoid aliasing in the sub‐sampled data
(10 Hz). ΔBEW(t) shows that magnetic field perturbations occur in the vicinity of the auroral region (approxi-
mately 68°–80° MLat) (panels a and b). Power intensification in the ΔBEW power spectral density (panel c)
expresses the presence of fluctuations in ΔBEW(t), especially at low frequencies (<0.5 Hz). The dominance of
such low frequencies reveals that the power spectral density of ΔBEW mostly features relatively large spatial scale
structures (15–150 km).

We eventually calculate the ΔBEW spectral power by integrating the power spectral density over three different
frequency ranges in the spacecraft frame of reference: 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz. Panel d of Figure 2
shows the three corresponding power time series in cyan, orange and green, respectively. Note that if all observed
magnetic fluctuations varied only in space, these frequency bands would respectively correspond to spatial scales
of approximately 15–150 km, 7.5–75 km, and 1.5–3 km (see Section 4 for further discussion on this matter).
Nevertheless, this conversion from frequency to spatial scale assumes periodic structures. If localized small‐scale
fluctuations are present in the magnetic field, a simple Fourier analysis might result in a broadband frequency
spectrum, making it challenging to associate specific frequencies with particular spatial scales. Hence, when
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2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when
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2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when
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2.1. Swarm Magnetic Field Data Set

Our study relies on the measurement of magnetic field perturbations provided by the Vector Field Magnetometer
(VFM) carried aboard the Swarm satellites as they cross the polar auroral region. The Swarm constellation
mission consists of three identical satellites (A, B, and C) in near‐polar, circular orbits. Swarm A and C form a pair
as they are flying side‐by‐side (separated by 1.4° in longitude) at approximately 460 km altitude, while Swarm B
orbits at a higher altitude of approximately 510 km. All three satellites have an inclination angle of about 87°–88°.
Such a multi‐satellite configuration is well suited to study the current systems of the polar ionosphere (Ritter
et al., 2013). We use the virtual research platform—VirES for Swarm—(Smith & Pačes, 2022) to access and
collect the high‐resolution (50 Hz) magnetic field vector data, which are provided in a local NEC (North‐East‐
Centre) geocentric reference frame. After converting from geocentric to geodetic coordinates, we downsample
the Swarm 50 Hz magnetic field vector measurements to 10 Hz by selecting every fifth data point, and we
eventually gather all available data from Swarm A and B between 2014 and 2021. We omit Swarm C in our
analysis as Swarm A and C are expected to give similar results due to their proximity and the similarity of their
orbital configurations.

As we aim to investigate how the disturbed magnetic field behaves under various geomagnetic conditions, we
combine our Swarm data set with the solar wind magnetic field and plasma parameters from the OMNI database.
We point out that these data represent near‐Earth estimates of solar wind properties as the original upstream
observations have been time‐shifted to the Earth's bow shock nose (King & Papitashvili, 2005).

2.2. Data Selection Procedure

We use the International Geomagnetic Reference Field model to infer the Earth's main magnetic field component
for each Swarm data point. We then subtract it from the measured magnetic field, such that only the magnetic field
perturbations remain: Bmeas − BIGRF = ΔB. After converting the residual perturbation vector to Apex coordinates
(Richmond, 1995), we extract the magnetic field perturbation in the magnetic East‐West direction ΔBEW. The
selected data should then mostly reflect FAC sheets that run primarily in that direction. The rest of the analysis
applies to the portions of the ΔBEW time series falling within 50° ≤ |MLat| ≤ 90°, with the magnetic latitude
(MLat) in Modified Apex coordinates (Laundal & Richmond, 2017).

2.3. ΔBEW Spectrograms and Spectral Power Estimates

We use the multitaper method (e.g., Hatch, Haaland, et al., 2020) to derive spectrograms (power spectral density
vs. frequency and time) from ΔBEW time series. Each power spectrum is calculated from a 20‐s window (201
measurements at 10 Hz), and consecutive power spectra are calculated using a 1‐s shift. Consequently, given the
frequency lower limit (0.05 Hz) and the spacecraft velocity (7.5 km/s), only currents with spatial scales smaller
than 150 km are represented. Note that by cutting the 0 Hz frequency we eliminate fluctuations that would
otherwise contribute to a similar analysis as done on FACs.

Figure 2 shows an example ΔBEW time series (panel b) and the corresponding spectrogram (panel c) during a
Swarm crossing of the polar region (panel a and polar map). Note that the spectrogram's y‐axis ranges from 0.05 to
5 Hz. The upper limit corresponds to the maximum frequency intended to avoid aliasing in the sub‐sampled data
(10 Hz). ΔBEW(t) shows that magnetic field perturbations occur in the vicinity of the auroral region (approxi-
mately 68°–80° MLat) (panels a and b). Power intensification in the ΔBEW power spectral density (panel c)
expresses the presence of fluctuations in ΔBEW(t), especially at low frequencies (<0.5 Hz). The dominance of
such low frequencies reveals that the power spectral density of ΔBEW mostly features relatively large spatial scale
structures (15–150 km).

We eventually calculate the ΔBEW spectral power by integrating the power spectral density over three different
frequency ranges in the spacecraft frame of reference: 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz. Panel d of Figure 2
shows the three corresponding power time series in cyan, orange and green, respectively. Note that if all observed
magnetic fluctuations varied only in space, these frequency bands would respectively correspond to spatial scales
of approximately 15–150 km, 7.5–75 km, and 1.5–3 km (see Section 4 for further discussion on this matter).
Nevertheless, this conversion from frequency to spatial scale assumes periodic structures. If localized small‐scale
fluctuations are present in the magnetic field, a simple Fourier analysis might result in a broadband frequency
spectrum, making it challenging to associate specific frequencies with particular spatial scales. Hence, when
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2.1. Swarm Magnetic Field Data Set

Our study relies on the measurement of magnetic field perturbations provided by the Vector Field Magnetometer
(VFM) carried aboard the Swarm satellites as they cross the polar auroral region. The Swarm constellation
mission consists of three identical satellites (A, B, and C) in near‐polar, circular orbits. Swarm A and C form a pair
as they are flying side‐by‐side (separated by 1.4° in longitude) at approximately 460 km altitude, while Swarm B
orbits at a higher altitude of approximately 510 km. All three satellites have an inclination angle of about 87°–88°.
Such a multi‐satellite configuration is well suited to study the current systems of the polar ionosphere (Ritter
et al., 2013). We use the virtual research platform—VirES for Swarm—(Smith & Pačes, 2022) to access and
collect the high‐resolution (50 Hz) magnetic field vector data, which are provided in a local NEC (North‐East‐
Centre) geocentric reference frame. After converting from geocentric to geodetic coordinates, we downsample
the Swarm 50 Hz magnetic field vector measurements to 10 Hz by selecting every fifth data point, and we
eventually gather all available data from Swarm A and B between 2014 and 2021. We omit Swarm C in our
analysis as Swarm A and C are expected to give similar results due to their proximity and the similarity of their
orbital configurations.

As we aim to investigate how the disturbed magnetic field behaves under various geomagnetic conditions, we
combine our Swarm data set with the solar wind magnetic field and plasma parameters from the OMNI database.
We point out that these data represent near‐Earth estimates of solar wind properties as the original upstream
observations have been time‐shifted to the Earth's bow shock nose (King & Papitashvili, 2005).

2.2. Data Selection Procedure

We use the International Geomagnetic Reference Field model to infer the Earth's main magnetic field component
for each Swarm data point. We then subtract it from the measured magnetic field, such that only the magnetic field
perturbations remain: Bmeas − BIGRF = ΔB. After converting the residual perturbation vector to Apex coordinates
(Richmond, 1995), we extract the magnetic field perturbation in the magnetic East‐West direction ΔBEW. The
selected data should then mostly reflect FAC sheets that run primarily in that direction. The rest of the analysis
applies to the portions of the ΔBEW time series falling within 50° ≤ |MLat| ≤ 90°, with the magnetic latitude
(MLat) in Modified Apex coordinates (Laundal & Richmond, 2017).

2.3. ΔBEW Spectrograms and Spectral Power Estimates

We use the multitaper method (e.g., Hatch, Haaland, et al., 2020) to derive spectrograms (power spectral density
vs. frequency and time) from ΔBEW time series. Each power spectrum is calculated from a 20‐s window (201
measurements at 10 Hz), and consecutive power spectra are calculated using a 1‐s shift. Consequently, given the
frequency lower limit (0.05 Hz) and the spacecraft velocity (7.5 km/s), only currents with spatial scales smaller
than 150 km are represented. Note that by cutting the 0 Hz frequency we eliminate fluctuations that would
otherwise contribute to a similar analysis as done on FACs.

Figure 2 shows an example ΔBEW time series (panel b) and the corresponding spectrogram (panel c) during a
Swarm crossing of the polar region (panel a and polar map). Note that the spectrogram's y‐axis ranges from 0.05 to
5 Hz. The upper limit corresponds to the maximum frequency intended to avoid aliasing in the sub‐sampled data
(10 Hz). ΔBEW(t) shows that magnetic field perturbations occur in the vicinity of the auroral region (approxi-
mately 68°–80° MLat) (panels a and b). Power intensification in the ΔBEW power spectral density (panel c)
expresses the presence of fluctuations in ΔBEW(t), especially at low frequencies (<0.5 Hz). The dominance of
such low frequencies reveals that the power spectral density of ΔBEW mostly features relatively large spatial scale
structures (15–150 km).

We eventually calculate the ΔBEW spectral power by integrating the power spectral density over three different
frequency ranges in the spacecraft frame of reference: 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz. Panel d of Figure 2
shows the three corresponding power time series in cyan, orange and green, respectively. Note that if all observed
magnetic fluctuations varied only in space, these frequency bands would respectively correspond to spatial scales
of approximately 15–150 km, 7.5–75 km, and 1.5–3 km (see Section 4 for further discussion on this matter).
Nevertheless, this conversion from frequency to spatial scale assumes periodic structures. If localized small‐scale
fluctuations are present in the magnetic field, a simple Fourier analysis might result in a broadband frequency
spectrum, making it challenging to associate specific frequencies with particular spatial scales. Hence, when
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2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when

JournalofGeophysicalResearch:SpacePhysics10.1029/2023JA032191

DECOTTEETAL.4of20

 2
16

99
40

2,
 2

02
4,

 2
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
21

91
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
7/

02
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se

2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when
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2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when
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2.1.SwarmMagneticFieldDataSet

OurstudyreliesonthemeasurementofmagneticfieldperturbationsprovidedbytheVectorFieldMagnetometer
(VFM)carriedaboardtheSwarmsatellitesastheycrossthepolarauroralregion.TheSwarmconstellation
missionconsistsofthreeidenticalsatellites(A,B,andC)innear‐polar,circularorbits.SwarmAandCformapair
astheyareflyingside‐by‐side(separatedby1.4°inlongitude)atapproximately460kmaltitude,whileSwarmB
orbitsatahigheraltitudeofapproximately510km.Allthreesatelliteshaveaninclinationangleofabout87°–88°.
Suchamulti‐satelliteconfigurationiswellsuitedtostudythecurrentsystemsofthepolarionosphere(Ritter
etal.,2013).Weusethevirtualresearchplatform—VirESforSwarm—(Smith&Pačes,2022)toaccessand
collectthehigh‐resolution(50Hz)magneticfieldvectordata,whichareprovidedinalocalNEC(North‐East‐
Centre)geocentricreferenceframe.Afterconvertingfromgeocentrictogeodeticcoordinates,wedownsample
theSwarm50Hzmagneticfieldvectormeasurementsto10Hzbyselectingeveryfifthdatapoint,andwe
eventuallygatherallavailabledatafromSwarmAandBbetween2014and2021.WeomitSwarmCinour
analysisasSwarmAandCareexpectedtogivesimilarresultsduetotheirproximityandthesimilarityoftheir
orbitalconfigurations.

Asweaimtoinvestigatehowthedisturbedmagneticfieldbehavesundervariousgeomagneticconditions,we
combineourSwarmdatasetwiththesolarwindmagneticfieldandplasmaparametersfromtheOMNIdatabase.
Wepointoutthatthesedatarepresentnear‐Earthestimatesofsolarwindpropertiesastheoriginalupstream
observationshavebeentime‐shiftedtotheEarth'sbowshocknose(King&Papitashvili,2005).

2.2.DataSelectionProcedure

WeusetheInternationalGeomagneticReferenceFieldmodeltoinfertheEarth'smainmagneticfieldcomponent
foreachSwarmdatapoint.Wethensubtractitfromthemeasuredmagneticfield,suchthatonlythemagneticfield
perturbationsremain:Bmeas−BIGRF=ΔB.AfterconvertingtheresidualperturbationvectortoApexcoordinates
(Richmond,1995),weextractthemagneticfieldperturbationinthemagneticEast‐WestdirectionΔBEW.The
selecteddatashouldthenmostlyreflectFACsheetsthatrunprimarilyinthatdirection.Therestoftheanalysis
appliestotheportionsoftheΔBEWtimeseriesfallingwithin50°≤|MLat|≤90°,withthemagneticlatitude
(MLat)inModifiedApexcoordinates(Laundal&Richmond,2017).

2.3.ΔBEWSpectrogramsandSpectralPowerEstimates

Weusethemultitapermethod(e.g.,Hatch,Haaland,etal.,2020)toderivespectrograms(powerspectraldensity
vs.frequencyandtime)fromΔBEWtimeseries.Eachpowerspectrumiscalculatedfroma20‐swindow(201
measurementsat10Hz),andconsecutivepowerspectraarecalculatedusinga1‐sshift.Consequently,giventhe
frequencylowerlimit(0.05Hz)andthespacecraftvelocity(7.5km/s),onlycurrentswithspatialscalessmaller
than150kmarerepresented.Notethatbycuttingthe0Hzfrequencyweeliminatefluctuationsthatwould
otherwisecontributetoasimilaranalysisasdoneonFACs.

Figure2showsanexampleΔBEWtimeseries(panelb)andthecorrespondingspectrogram(panelc)duringa
Swarmcrossingofthepolarregion(panelaandpolarmap).Notethatthespectrogram'sy‐axisrangesfrom0.05to
5Hz.Theupperlimitcorrespondstothemaximumfrequencyintendedtoavoidaliasinginthesub‐sampleddata
(10Hz).ΔBEW(t)showsthatmagneticfieldperturbationsoccurinthevicinityoftheauroralregion(approxi-
mately68°–80°MLat)(panelsaandb).PowerintensificationintheΔBEWpowerspectraldensity(panelc)
expressesthepresenceoffluctuationsinΔBEW(t),especiallyatlowfrequencies(<0.5Hz).Thedominanceof
suchlowfrequenciesrevealsthatthepowerspectraldensityofΔBEWmostlyfeaturesrelativelylargespatialscale
structures(15–150km).

WeeventuallycalculatetheΔBEWspectralpowerbyintegratingthepowerspectraldensityoverthreedifferent
frequencyrangesinthespacecraftframeofreference:0.05–0.5Hz,0.1–1Hz,and2.5–5Hz.PaneldofFigure2
showsthethreecorrespondingpowertimeseriesincyan,orangeandgreen,respectively.Notethatifallobserved
magneticfluctuationsvariedonlyinspace,thesefrequencybandswouldrespectivelycorrespondtospatialscales
ofapproximately15–150km,7.5–75km,and1.5–3km(seeSection4forfurtherdiscussiononthismatter).
Nevertheless,thisconversionfromfrequencytospatialscaleassumesperiodicstructures.Iflocalizedsmall‐scale
fluctuationsarepresentinthemagneticfield,asimpleFourieranalysismightresultinabroadbandfrequency
spectrum,makingitchallengingtoassociatespecificfrequencieswithparticularspatialscales.Hence,when
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focusing on the spatial scale of magnetic field structures, a wavelet analysis would be a more suitable approach,
especially in the presence of significant localized fluctuations in the signal. In the present study, however, the
spatial scales are given for information purposes only and are not the main focus.

Performing this procedure for the ≈195,000 polar passes identified between 2014 and 2021 for Swarm A and B
(in both hemispheres) results in about 108 measurements that are saved into a database together with their cor-
responding time and location, to be used in our subsequent statistical analysis.

2.4. Power Threshold for Detection of Magnetic Field Fluctuations

We then derive a binary data set that indicates whether portions of ΔBEW spectral power estimate, within each of
the above‐mentioned frequency bands, may be deemed to be associated with magnetic field perturbations or not.
To generate such a data set we must define the threshold above which the power estimates are deemed “disturbed
magnetic field”, and “undisturbed magnetic field” otherwise. This is conceptually similar to the procedure
described by Decotte et al. (2023) for producing a binary “aurora/no aurora” time series from DMSP/SSJ electron
precipitation measurements. We will discuss how both data sets compare in Section 4.

We choose the magnetic field disturbances detection threshold to correspond to the 75th percentile of the ΔBEW

spectral power estimate in each frequency band. This yields power thresholds of 69 nT2, 48 nT2, and 0.02 nT2 for

Figure 2. Example disturbed magnetic field identification based on ΔBEW time series from one northern polar region crossing
by Swarm A on the 25th of September 2014, between 00:58:55 and 01:21:00 UT. Left: The spacecraft orbit is shown in black
on an Apex magnetic latitude (MLat)—local time grid. Right: (a) MLat of the satellite orbit during this pass. (b) Associated
ΔBEW time series. (c) ΔBEW spectrogram with the frequency on the y‐axis and time on the x‐axis. The horizontal lines
correspond to the lower (dotted) and upper (dashed) limits of different frequency ranges: 0.05–0.5, 0.1–1, and 2.5–5 Hz in
cyan, orange and green respectively. (d) ΔBEW integrated over each of the previously mentioned frequency bands. The
horizontal lines show the threshold for the detection of disturbed magnetic field, within each frequency band. The different
regions of detected disturbed magnetic field are shown shaded in cyan, orange or green, depending on the frequency band.
The identified regions of disturbed magnetic field are also highlighted in the same color along the satellite orbit (left). This
figure can be compared with Figure 2 in Decotte et al. (2023) and Kilcommons et al. (2017).
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focusingonthespatialscaleofmagneticfieldstructures,awaveletanalysiswouldbeamoresuitableapproach,
especiallyinthepresenceofsignificantlocalizedfluctuationsinthesignal.Inthepresentstudy,however,the
spatialscalesaregivenforinformationpurposesonlyandarenotthemainfocus.

Performingthisprocedureforthe≈195,000polarpassesidentifiedbetween2014and2021forSwarmAandB
(inbothhemispheres)resultsinabout108measurementsthataresavedintoadatabasetogetherwiththeircor-
respondingtimeandlocation,tobeusedinoursubsequentstatisticalanalysis.

2.4.PowerThresholdforDetectionofMagneticFieldFluctuations

WethenderiveabinarydatasetthatindicateswhetherportionsofΔBEWspectralpowerestimate,withineachof
theabove‐mentionedfrequencybands,maybedeemedtobeassociatedwithmagneticfieldperturbationsornot.
Togeneratesuchadatasetwemustdefinethethresholdabovewhichthepowerestimatesaredeemed“disturbed
magneticfield”,and“undisturbedmagneticfield”otherwise.Thisisconceptuallysimilartotheprocedure
describedbyDecotteetal.(2023)forproducingabinary“aurora/noaurora”timeseriesfromDMSP/SSJelectron
precipitationmeasurements.WewilldiscusshowbothdatasetscompareinSection4.

Wechoosethemagneticfielddisturbancesdetectionthresholdtocorrespondtothe75thpercentileoftheΔBEW

spectralpowerestimateineachfrequencyband.Thisyieldspowerthresholdsof69nT2,48nT2,and0.02nT2for

Figure2.ExampledisturbedmagneticfieldidentificationbasedonΔBEWtimeseriesfromonenorthernpolarregioncrossing
bySwarmAonthe25thofSeptember2014,between00:58:55and01:21:00UT.Left:Thespacecraftorbitisshowninblack
onanApexmagneticlatitude(MLat)—localtimegrid.Right:(a)MLatofthesatelliteorbitduringthispass.(b)Associated
ΔBEWtimeseries.(c)ΔBEWspectrogramwiththefrequencyonthey‐axisandtimeonthex‐axis.Thehorizontallines
correspondtothelower(dotted)andupper(dashed)limitsofdifferentfrequencyranges:0.05–0.5,0.1–1,and2.5–5Hzin
cyan,orangeandgreenrespectively.(d)ΔBEWintegratedovereachofthepreviouslymentionedfrequencybands.The
horizontallinesshowthethresholdforthedetectionofdisturbedmagneticfield,withineachfrequencyband.Thedifferent
regionsofdetecteddisturbedmagneticfieldareshownshadedincyan,orangeorgreen,dependingonthefrequencyband.
Theidentifiedregionsofdisturbedmagneticfieldarealsohighlightedinthesamecoloralongthesatelliteorbit(left).This
figurecanbecomparedwithFigure2inDecotteetal.(2023)andKilcommonsetal.(2017).
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especiallyinthepresenceofsignificantlocalizedfluctuationsinthesignal.Inthepresentstudy,however,the
spatialscalesaregivenforinformationpurposesonlyandarenotthemainfocus.

Performingthisprocedureforthe≈195,000polarpassesidentifiedbetween2014and2021forSwarmAandB
(inbothhemispheres)resultsinabout108measurementsthataresavedintoadatabasetogetherwiththeircor-
respondingtimeandlocation,tobeusedinoursubsequentstatisticalanalysis.

2.4.PowerThresholdforDetectionofMagneticFieldFluctuations

WethenderiveabinarydatasetthatindicateswhetherportionsofΔBEWspectralpowerestimate,withineachof
theabove‐mentionedfrequencybands,maybedeemedtobeassociatedwithmagneticfieldperturbationsornot.
Togeneratesuchadatasetwemustdefinethethresholdabovewhichthepowerestimatesaredeemed“disturbed
magneticfield”,and“undisturbedmagneticfield”otherwise.Thisisconceptuallysimilartotheprocedure
describedbyDecotteetal.(2023)forproducingabinary“aurora/noaurora”timeseriesfromDMSP/SSJelectron
precipitationmeasurements.WewilldiscusshowbothdatasetscompareinSection4.

Wechoosethemagneticfielddisturbancesdetectionthresholdtocorrespondtothe75thpercentileoftheΔBEW

spectralpowerestimateineachfrequencyband.Thisyieldspowerthresholdsof69nT2,48nT2,and0.02nT2for

Figure2.ExampledisturbedmagneticfieldidentificationbasedonΔBEWtimeseriesfromonenorthernpolarregioncrossing
bySwarmAonthe25thofSeptember2014,between00:58:55and01:21:00UT.Left:Thespacecraftorbitisshowninblack
onanApexmagneticlatitude(MLat)—localtimegrid.Right:(a)MLatofthesatelliteorbitduringthispass.(b)Associated
ΔBEWtimeseries.(c)ΔBEWspectrogramwiththefrequencyonthey‐axisandtimeonthex‐axis.Thehorizontallines
correspondtothelower(dotted)andupper(dashed)limitsofdifferentfrequencyranges:0.05–0.5,0.1–1,and2.5–5Hzin
cyan,orangeandgreenrespectively.(d)ΔBEWintegratedovereachofthepreviouslymentionedfrequencybands.The
horizontallinesshowthethresholdforthedetectionofdisturbedmagneticfield,withineachfrequencyband.Thedifferent
regionsofdetecteddisturbedmagneticfieldareshownshadedincyan,orangeorgreen,dependingonthefrequencyband.
Theidentifiedregionsofdisturbedmagneticfieldarealsohighlightedinthesamecoloralongthesatelliteorbit(left).This
figurecanbecomparedwithFigure2inDecotteetal.(2023)andKilcommonsetal.(2017).

JournalofGeophysicalResearch:SpacePhysics10.1029/2023JA032191

DECOTTEETAL.5of20

 21699402, 2024, 2, D
ow
nloaded from
 https://agupubs.onlinelibrary.w
iley.com
/doi/10.1029/2023JA
032191 by U
N
IV
E
R
SIT
Y
 O
F B
E
R
G
E
N
, W
iley O
nline L
ibrary on [07/02/2024]. See the T
erm
s and C
onditions (https://onlinelibrary.w
iley.com
/term
s-and-conditions) on W
iley O
nline L
ibrary for rules of use; O
A
 articles are governed by the applicable C
reative C
om
m
ons L
icense

focusing on the spatial scale of magnetic field structures, a wavelet analysis would be a more suitable approach,
especially in the presence of significant localized fluctuations in the signal. In the present study, however, the
spatial scales are given for information purposes only and are not the main focus.

Performing this procedure for the ≈195,000 polar passes identified between 2014 and 2021 for Swarm A and B
(in both hemispheres) results in about 10

8
measurements that are saved into a database together with their cor-

responding time and location, to be used in our subsequent statistical analysis.

2.4. Power Threshold for Detection of Magnetic Field Fluctuations

We then derive a binary data set that indicates whether portions of ΔBEW spectral power estimate, within each of
the above‐mentioned frequency bands, may be deemed to be associated with magnetic field perturbations or not.
To generate such a data set we must define the threshold above which the power estimates are deemed “disturbed
magnetic field”, and “undisturbed magnetic field” otherwise. This is conceptually similar to the procedure
described by Decotte et al. (2023) for producing a binary “aurora/no aurora” time series from DMSP/SSJ electron
precipitation measurements. We will discuss how both data sets compare in Section 4.

We choose the magnetic field disturbances detection threshold to correspond to the 75th percentile of the ΔBEW

spectral power estimate in each frequency band. This yields power thresholds of 69 nT
2
, 48 nT

2
, and 0.02 nT

2
for

Figure 2. Example disturbed magnetic field identification based on ΔBEW time series from one northern polar region crossing
by Swarm A on the 25th of September 2014, between 00:58:55 and 01:21:00 UT. Left: The spacecraft orbit is shown in black
on an Apex magnetic latitude (MLat)—local time grid. Right: (a) MLat of the satellite orbit during this pass. (b) Associated
ΔBEW time series. (c) ΔBEW spectrogram with the frequency on the y‐axis and time on the x‐axis. The horizontal lines
correspond to the lower (dotted) and upper (dashed) limits of different frequency ranges: 0.05–0.5, 0.1–1, and 2.5–5 Hz in
cyan, orange and green respectively. (d) ΔBEW integrated over each of the previously mentioned frequency bands. The
horizontal lines show the threshold for the detection of disturbed magnetic field, within each frequency band. The different
regions of detected disturbed magnetic field are shown shaded in cyan, orange or green, depending on the frequency band.
The identified regions of disturbed magnetic field are also highlighted in the same color along the satellite orbit (left). This
figure can be compared with Figure 2 in Decotte et al. (2023) and Kilcommons et al. (2017).
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focusing on the spatial scale of magnetic field structures, a wavelet analysis would be a more suitable approach,
especially in the presence of significant localized fluctuations in the signal. In the present study, however, the
spatial scales are given for information purposes only and are not the main focus.

Performing this procedure for the ≈195,000 polar passes identified between 2014 and 2021 for Swarm A and B
(in both hemispheres) results in about 10

8
measurements that are saved into a database together with their cor-

responding time and location, to be used in our subsequent statistical analysis.

2.4. Power Threshold for Detection of Magnetic Field Fluctuations

We then derive a binary data set that indicates whether portions of ΔBEW spectral power estimate, within each of
the above‐mentioned frequency bands, may be deemed to be associated with magnetic field perturbations or not.
To generate such a data set we must define the threshold above which the power estimates are deemed “disturbed
magnetic field”, and “undisturbed magnetic field” otherwise. This is conceptually similar to the procedure
described by Decotte et al. (2023) for producing a binary “aurora/no aurora” time series from DMSP/SSJ electron
precipitation measurements. We will discuss how both data sets compare in Section 4.

We choose the magnetic field disturbances detection threshold to correspond to the 75th percentile of the ΔBEW

spectral power estimate in each frequency band. This yields power thresholds of 69 nT
2
, 48 nT

2
, and 0.02 nT

2
for

Figure 2. Example disturbed magnetic field identification based on ΔBEW time series from one northern polar region crossing
by Swarm A on the 25th of September 2014, between 00:58:55 and 01:21:00 UT. Left: The spacecraft orbit is shown in black
on an Apex magnetic latitude (MLat)—local time grid. Right: (a) MLat of the satellite orbit during this pass. (b) Associated
ΔBEW time series. (c) ΔBEW spectrogram with the frequency on the y‐axis and time on the x‐axis. The horizontal lines
correspond to the lower (dotted) and upper (dashed) limits of different frequency ranges: 0.05–0.5, 0.1–1, and 2.5–5 Hz in
cyan, orange and green respectively. (d) ΔBEW integrated over each of the previously mentioned frequency bands. The
horizontal lines show the threshold for the detection of disturbed magnetic field, within each frequency band. The different
regions of detected disturbed magnetic field are shown shaded in cyan, orange or green, depending on the frequency band.
The identified regions of disturbed magnetic field are also highlighted in the same color along the satellite orbit (left). This
figure can be compared with Figure 2 in Decotte et al. (2023) and Kilcommons et al. (2017).
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focusingonthespatialscaleofmagneticfieldstructures,awaveletanalysiswouldbeamoresuitableapproach,
especiallyinthepresenceofsignificantlocalizedfluctuationsinthesignal.Inthepresentstudy,however,the
spatialscalesaregivenforinformationpurposesonlyandarenotthemainfocus.

Performingthisprocedureforthe≈195,000polarpassesidentifiedbetween2014and2021forSwarmAandB
(inbothhemispheres)resultsinabout10

8
measurementsthataresavedintoadatabasetogetherwiththeircor-

respondingtimeandlocation,tobeusedinoursubsequentstatisticalanalysis.

2.4.PowerThresholdforDetectionofMagneticFieldFluctuations

WethenderiveabinarydatasetthatindicateswhetherportionsofΔBEWspectralpowerestimate,withineachof
theabove‐mentionedfrequencybands,maybedeemedtobeassociatedwithmagneticfieldperturbationsornot.
Togeneratesuchadatasetwemustdefinethethresholdabovewhichthepowerestimatesaredeemed“disturbed
magneticfield”,and“undisturbedmagneticfield”otherwise.Thisisconceptuallysimilartotheprocedure
describedbyDecotteetal.(2023)forproducingabinary“aurora/noaurora”timeseriesfromDMSP/SSJelectron
precipitationmeasurements.WewilldiscusshowbothdatasetscompareinSection4.

Wechoosethemagneticfielddisturbancesdetectionthresholdtocorrespondtothe75thpercentileoftheΔBEW

spectralpowerestimateineachfrequencyband.Thisyieldspowerthresholdsof69nT
2
,48nT

2
,and0.02nT

2
for

Figure2.ExampledisturbedmagneticfieldidentificationbasedonΔBEWtimeseriesfromonenorthernpolarregioncrossing
bySwarmAonthe25thofSeptember2014,between00:58:55and01:21:00UT.Left:Thespacecraftorbitisshowninblack
onanApexmagneticlatitude(MLat)—localtimegrid.Right:(a)MLatofthesatelliteorbitduringthispass.(b)Associated
ΔBEWtimeseries.(c)ΔBEWspectrogramwiththefrequencyonthey‐axisandtimeonthex‐axis.Thehorizontallines
correspondtothelower(dotted)andupper(dashed)limitsofdifferentfrequencyranges:0.05–0.5,0.1–1,and2.5–5Hzin
cyan,orangeandgreenrespectively.(d)ΔBEWintegratedovereachofthepreviouslymentionedfrequencybands.The
horizontallinesshowthethresholdforthedetectionofdisturbedmagneticfield,withineachfrequencyband.Thedifferent
regionsofdetecteddisturbedmagneticfieldareshownshadedincyan,orangeorgreen,dependingonthefrequencyband.
Theidentifiedregionsofdisturbedmagneticfieldarealsohighlightedinthesamecoloralongthesatelliteorbit(left).This
figurecanbecomparedwithFigure2inDecotteetal.(2023)andKilcommonsetal.(2017).
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focusingonthespatialscaleofmagneticfieldstructures,awaveletanalysiswouldbeamoresuitableapproach,
especiallyinthepresenceofsignificantlocalizedfluctuationsinthesignal.Inthepresentstudy,however,the
spatialscalesaregivenforinformationpurposesonlyandarenotthemainfocus.

Performingthisprocedureforthe≈195,000polarpassesidentifiedbetween2014and2021forSwarmAandB
(inbothhemispheres)resultsinabout10

8
measurementsthataresavedintoadatabasetogetherwiththeircor-

respondingtimeandlocation,tobeusedinoursubsequentstatisticalanalysis.

2.4.PowerThresholdforDetectionofMagneticFieldFluctuations

WethenderiveabinarydatasetthatindicateswhetherportionsofΔBEWspectralpowerestimate,withineachof
theabove‐mentionedfrequencybands,maybedeemedtobeassociatedwithmagneticfieldperturbationsornot.
Togeneratesuchadatasetwemustdefinethethresholdabovewhichthepowerestimatesaredeemed“disturbed
magneticfield”,and“undisturbedmagneticfield”otherwise.Thisisconceptuallysimilartotheprocedure
describedbyDecotteetal.(2023)forproducingabinary“aurora/noaurora”timeseriesfromDMSP/SSJelectron
precipitationmeasurements.WewilldiscusshowbothdatasetscompareinSection4.

Wechoosethemagneticfielddisturbancesdetectionthresholdtocorrespondtothe75thpercentileoftheΔBEW

spectralpowerestimateineachfrequencyband.Thisyieldspowerthresholdsof69nT
2
,48nT

2
,and0.02nT

2
for

Figure2.ExampledisturbedmagneticfieldidentificationbasedonΔBEWtimeseriesfromonenorthernpolarregioncrossing
bySwarmAonthe25thofSeptember2014,between00:58:55and01:21:00UT.Left:Thespacecraftorbitisshowninblack
onanApexmagneticlatitude(MLat)—localtimegrid.Right:(a)MLatofthesatelliteorbitduringthispass.(b)Associated
ΔBEWtimeseries.(c)ΔBEWspectrogramwiththefrequencyonthey‐axisandtimeonthex‐axis.Thehorizontallines
correspondtothelower(dotted)andupper(dashed)limitsofdifferentfrequencyranges:0.05–0.5,0.1–1,and2.5–5Hzin
cyan,orangeandgreenrespectively.(d)ΔBEWintegratedovereachofthepreviouslymentionedfrequencybands.The
horizontallinesshowthethresholdforthedetectionofdisturbedmagneticfield,withineachfrequencyband.Thedifferent
regionsofdetecteddisturbedmagneticfieldareshownshadedincyan,orangeorgreen,dependingonthefrequencyband.
Theidentifiedregionsofdisturbedmagneticfieldarealsohighlightedinthesamecoloralongthesatelliteorbit(left).This
figurecanbecomparedwithFigure2inDecotteetal.(2023)andKilcommonsetal.(2017).
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bySwarmAonthe25thofSeptember2014,between00:58:55and01:21:00UT.Left:Thespacecraftorbitisshowninblack
onanApexmagneticlatitude(MLat)—localtimegrid.Right:(a)MLatofthesatelliteorbitduringthispass.(b)Associated
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cyan,orangeandgreenrespectively.(d)ΔBEWintegratedovereachofthepreviouslymentionedfrequencybands.The
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the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency bands, respectively. More details about the selection of power
limits are given in Section 3.1. We will also show that the choice of threshold in a given frequency band has only a
minor influence on the conclusions we draw in this study.

Figure 2d shows the integrated power spectral density in the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency
bands in cyan, orange, and green, respectively. The threshold used in each frequency band is represented by the
horizontal line of the same color, such that the spectral power of ΔBEW constitutes magnetic field perturbations
when above that limit. The polar plot at left of Figure 2 shows the latitudinal extent of the portions of ΔBEW

spectral power exceeding the detection threshold, depending on the frequency band. It can be seen that the high‐
frequency magnetic field fluctuations (in green) tend to extend to higher latitudes than the lower‐frequency
structures (in cyan and orange).

2.5. Disturbed Magnetic Field Occurrence Probability (dBOP)—Probability of Detecting Magnetic
Fluctuations in the Auroral Region

Still following Decotte et al. (2023), data points from the “disturbed/not disturbed” magnetic field data set defined
in Section 2.4 are binned to an approximately equal‐area MLat‐MLT grid covering the entire polar regions (>60° |
MLat|). The grid cells are organized in rings of width 1° MLat, with 2 cells in the 89°–90° ring and 68 cells in the
50°–51° one. We calculate the probability of detecting disturbed magnetic field in each bin (providing that it
contains >200 measurements), by dividing the sum of all observations identified as magnetic field fluctuations by
the total number of measurements. In Section 3, we investigate the MLat‐MLT distributions of the resulting
disturbed magnetic field occurrence probability (dBOP) and its MLT variation under varying external conditions.
The MLT profile of dBOP (1D dBOP) is derived by interpolating the probabilities to a regular MLat‐MLT grid
(0.5° MLat and 8 min MLT resolution) and averaging the gridded values over latitude. We will see that the 1D
dBOP gives a better sight of potential spatial asymmetries in the disturbed magnetic field than the complete MLat‐
MLT distribution of dBOP. Note that both hemispheres are combined in all the dBOP distributions presented in
the following study, except for the By analysis.

3. Results
In this section, we explore the response of the dBOP to intrinsic parameters such as the frequency band and the
threshold for magnetic fluctuation detection. We also investigate how the dBOP behaves with respect to various
conditions related to IMF orientation and substorm epochs.

3.1. Variation With Frequency Band and Threshold

Figure 3 shows how the dBOP distribution varies depending on the frequency band and threshold for disturbed
magnetic field detection. We emphasize that high (green to yellow) values of dBOP correspond to a high
probability of detecting a disturbed magnetic field. We also point out that, in all distributions presented in this
paper, the seven most poleward bins have been neglected since the East‐West component of the magnetic field
perturbation is unstable near the pole.

Figure 3A shows the dBOP distributions obtained within three different frequency bands, with each column
corresponding to a given threshold. Figure 3B shows the MLT profiles (1D dBOP) obtained for all three
thresholds, within a given frequency range. The power thresholds are given by the 65th (in black), 75th (dark
gray) and 85th (light gray) percentiles (from left to right in panel A) of the ΔBEW spectral power estimate in
each frequency band. Eventually, Figure 3C shows how the MLT profiles compare between the different
frequency bands, using the threshold values corresponding to the 75th percentile. Within a given frequency
band, we observe that only the dBOP intensity is affected by the choice of threshold, while the overall dis-
tribution morphology is stable. On the other hand, the choice of frequency range can cause major variations in
the dBOP distributions, as seen from the maps and the MLT profiles. See Section 4 for a detailed discussion on
this topic.

The dBOP distributions obtained from the two lowest frequency bands 0.05–0.5 Hz and 0.1–1 Hz are highly
similar in shape and intensity (top two rows in Figure 3A). They both exhibit an oval shape around the
magnetic pole. Regarding the latitudinal range, the low‐frequency dBOP essentially spreads between 68° and
80° MLat. The 1D dBOP profiles at these frequencies (Figures 3B(a) and 3B(b)) show two peaks in the dawn
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the0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequencybands,respectively.Moredetailsabouttheselectionofpower
limitsaregiveninSection3.1.Wewillalsoshowthatthechoiceofthresholdinagivenfrequencybandhasonlya
minorinfluenceontheconclusionswedrawinthisstudy.

Figure2dshowstheintegratedpowerspectraldensityinthe0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequency
bandsincyan,orange,andgreen,respectively.Thethresholdusedineachfrequencybandisrepresentedbythe
horizontallineofthesamecolor,suchthatthespectralpowerofΔBEWconstitutesmagneticfieldperturbations
whenabovethatlimit.ThepolarplotatleftofFigure2showsthelatitudinalextentoftheportionsofΔBEW

spectralpowerexceedingthedetectionthreshold,dependingonthefrequencyband.Itcanbeseenthatthehigh‐
frequencymagneticfieldfluctuations(ingreen)tendtoextendtohigherlatitudesthanthelower‐frequency
structures(incyanandorange).

2.5.DisturbedMagneticFieldOccurrenceProbability(dBOP)—ProbabilityofDetectingMagnetic
FluctuationsintheAuroralRegion

StillfollowingDecotteetal.(2023),datapointsfromthe“disturbed/notdisturbed”magneticfielddatasetdefined
inSection2.4arebinnedtoanapproximatelyequal‐areaMLat‐MLTgridcoveringtheentirepolarregions(>60°|
MLat|).Thegridcellsareorganizedinringsofwidth1°MLat,with2cellsinthe89°–90°ringand68cellsinthe
50°–51°one.Wecalculatetheprobabilityofdetectingdisturbedmagneticfieldineachbin(providingthatit
contains>200measurements),bydividingthesumofallobservationsidentifiedasmagneticfieldfluctuationsby
thetotalnumberofmeasurements.InSection3,weinvestigatetheMLat‐MLTdistributionsoftheresulting
disturbedmagneticfieldoccurrenceprobability(dBOP)anditsMLTvariationundervaryingexternalconditions.
TheMLTprofileofdBOP(1DdBOP)isderivedbyinterpolatingtheprobabilitiestoaregularMLat‐MLTgrid
(0.5°MLatand8minMLTresolution)andaveragingthegriddedvaluesoverlatitude.Wewillseethatthe1D
dBOPgivesabettersightofpotentialspatialasymmetriesinthedisturbedmagneticfieldthanthecompleteMLat‐
MLTdistributionofdBOP.NotethatbothhemispheresarecombinedinallthedBOPdistributionspresentedin
thefollowingstudy,exceptfortheByanalysis.

3.Results
Inthissection,weexploretheresponseofthedBOPtointrinsicparameterssuchasthefrequencybandandthe
thresholdformagneticfluctuationdetection.WealsoinvestigatehowthedBOPbehaveswithrespecttovarious
conditionsrelatedtoIMForientationandsubstormepochs.

3.1.VariationWithFrequencyBandandThreshold

Figure3showshowthedBOPdistributionvariesdependingonthefrequencybandandthresholdfordisturbed
magneticfielddetection.Weemphasizethathigh(greentoyellow)valuesofdBOPcorrespondtoahigh
probabilityofdetectingadisturbedmagneticfield.Wealsopointoutthat,inalldistributionspresentedinthis
paper,thesevenmostpolewardbinshavebeenneglectedsincetheEast‐Westcomponentofthemagneticfield
perturbationisunstablenearthepole.

Figure3AshowsthedBOPdistributionsobtainedwithinthreedifferentfrequencybands,witheachcolumn
correspondingtoagiventhreshold.Figure3BshowstheMLTprofiles(1DdBOP)obtainedforallthree
thresholds,withinagivenfrequencyrange.Thepowerthresholdsaregivenbythe65th(inblack),75th(dark
gray)and85th(lightgray)percentiles(fromlefttorightinpanelA)oftheΔBEWspectralpowerestimatein
eachfrequencyband.Eventually,Figure3CshowshowtheMLTprofilescomparebetweenthedifferent
frequencybands,usingthethresholdvaluescorrespondingtothe75thpercentile.Withinagivenfrequency
band,weobservethatonlythedBOPintensityisaffectedbythechoiceofthreshold,whiletheoveralldis-
tributionmorphologyisstable.Ontheotherhand,thechoiceoffrequencyrangecancausemajorvariationsin
thedBOPdistributions,asseenfromthemapsandtheMLTprofiles.SeeSection4foradetaileddiscussionon
thistopic.

ThedBOPdistributionsobtainedfromthetwolowestfrequencybands0.05–0.5Hzand0.1–1Hzarehighly
similarinshapeandintensity(toptworowsinFigure3A).Theybothexhibitanovalshapearoundthe
magneticpole.Regardingthelatitudinalrange,thelow‐frequencydBOPessentiallyspreadsbetween68°and
80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency bands, respectively. More details about the selection of power
limits are given in Section 3.1. We will also show that the choice of threshold in a given frequency band has only a
minor influence on the conclusions we draw in this study.

Figure 2d shows the integrated power spectral density in the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency
bands in cyan, orange, and green, respectively. The threshold used in each frequency band is represented by the
horizontal line of the same color, such that the spectral power of ΔBEW constitutes magnetic field perturbations
when above that limit. The polar plot at left of Figure 2 shows the latitudinal extent of the portions of ΔBEW

spectral power exceeding the detection threshold, depending on the frequency band. It can be seen that the high‐
frequency magnetic field fluctuations (in green) tend to extend to higher latitudes than the lower‐frequency
structures (in cyan and orange).

2.5. Disturbed Magnetic Field Occurrence Probability (dBOP)—Probability of Detecting Magnetic
Fluctuations in the Auroral Region

Still following Decotte et al. (2023), data points from the “disturbed/not disturbed” magnetic field data set defined
in Section 2.4 are binned to an approximately equal‐area MLat‐MLT grid covering the entire polar regions (>60° |
MLat|). The grid cells are organized in rings of width 1° MLat, with 2 cells in the 89°–90° ring and 68 cells in the
50°–51° one. We calculate the probability of detecting disturbed magnetic field in each bin (providing that it
contains >200 measurements), by dividing the sum of all observations identified as magnetic field fluctuations by
the total number of measurements. In Section 3, we investigate the MLat‐MLT distributions of the resulting
disturbed magnetic field occurrence probability (dBOP) and its MLT variation under varying external conditions.
The MLT profile of dBOP (1D dBOP) is derived by interpolating the probabilities to a regular MLat‐MLT grid
(0.5° MLat and 8 min MLT resolution) and averaging the gridded values over latitude. We will see that the 1D
dBOP gives a better sight of potential spatial asymmetries in the disturbed magnetic field than the complete MLat‐
MLT distribution of dBOP. Note that both hemispheres are combined in all the dBOP distributions presented in
the following study, except for the By analysis.

3. Results
In this section, we explore the response of the dBOP to intrinsic parameters such as the frequency band and the
threshold for magnetic fluctuation detection. We also investigate how the dBOP behaves with respect to various
conditions related to IMF orientation and substorm epochs.

3.1. Variation With Frequency Band and Threshold

Figure 3 shows how the dBOP distribution varies depending on the frequency band and threshold for disturbed
magnetic field detection. We emphasize that high (green to yellow) values of dBOP correspond to a high
probability of detecting a disturbed magnetic field. We also point out that, in all distributions presented in this
paper, the seven most poleward bins have been neglected since the East‐West component of the magnetic field
perturbation is unstable near the pole.

Figure 3A shows the dBOP distributions obtained within three different frequency bands, with each column
corresponding to a given threshold. Figure 3B shows the MLT profiles (1D dBOP) obtained for all three
thresholds, within a given frequency range. The power thresholds are given by the 65th (in black), 75th (dark
gray) and 85th (light gray) percentiles (from left to right in panel A) of the ΔBEW spectral power estimate in
each frequency band. Eventually, Figure 3C shows how the MLT profiles compare between the different
frequency bands, using the threshold values corresponding to the 75th percentile. Within a given frequency
band, we observe that only the dBOP intensity is affected by the choice of threshold, while the overall dis-
tribution morphology is stable. On the other hand, the choice of frequency range can cause major variations in
the dBOP distributions, as seen from the maps and the MLT profiles. See Section 4 for a detailed discussion on
this topic.

The dBOP distributions obtained from the two lowest frequency bands 0.05–0.5 Hz and 0.1–1 Hz are highly
similar in shape and intensity (top two rows in Figure 3A). They both exhibit an oval shape around the
magnetic pole. Regarding the latitudinal range, the low‐frequency dBOP essentially spreads between 68° and
80° MLat. The 1D dBOP profiles at these frequencies (Figures 3B(a) and 3B(b)) show two peaks in the dawn
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the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency bands, respectively. More details about the selection of power
limits are given in Section 3.1. We will also show that the choice of threshold in a given frequency band has only a
minor influence on the conclusions we draw in this study.

Figure 2d shows the integrated power spectral density in the 0.05–0.5 Hz, 0.1–1 Hz, and 2.5–5 Hz frequency
bands in cyan, orange, and green, respectively. The threshold used in each frequency band is represented by the
horizontal line of the same color, such that the spectral power of ΔBEW constitutes magnetic field perturbations
when above that limit. The polar plot at left of Figure 2 shows the latitudinal extent of the portions of ΔBEW

spectral power exceeding the detection threshold, depending on the frequency band. It can be seen that the high‐
frequency magnetic field fluctuations (in green) tend to extend to higher latitudes than the lower‐frequency
structures (in cyan and orange).

2.5. Disturbed Magnetic Field Occurrence Probability (dBOP)—Probability of Detecting Magnetic
Fluctuations in the Auroral Region

Still following Decotte et al. (2023), data points from the “disturbed/not disturbed” magnetic field data set defined
in Section 2.4 are binned to an approximately equal‐area MLat‐MLT grid covering the entire polar regions (>60° |
MLat|). The grid cells are organized in rings of width 1° MLat, with 2 cells in the 89°–90° ring and 68 cells in the
50°–51° one. We calculate the probability of detecting disturbed magnetic field in each bin (providing that it
contains >200 measurements), by dividing the sum of all observations identified as magnetic field fluctuations by
the total number of measurements. In Section 3, we investigate the MLat‐MLT distributions of the resulting
disturbed magnetic field occurrence probability (dBOP) and its MLT variation under varying external conditions.
The MLT profile of dBOP (1D dBOP) is derived by interpolating the probabilities to a regular MLat‐MLT grid
(0.5° MLat and 8 min MLT resolution) and averaging the gridded values over latitude. We will see that the 1D
dBOP gives a better sight of potential spatial asymmetries in the disturbed magnetic field than the complete MLat‐
MLT distribution of dBOP. Note that both hemispheres are combined in all the dBOP distributions presented in
the following study, except for the By analysis.

3. Results
In this section, we explore the response of the dBOP to intrinsic parameters such as the frequency band and the
threshold for magnetic fluctuation detection. We also investigate how the dBOP behaves with respect to various
conditions related to IMF orientation and substorm epochs.

3.1. Variation With Frequency Band and Threshold

Figure 3 shows how the dBOP distribution varies depending on the frequency band and threshold for disturbed
magnetic field detection. We emphasize that high (green to yellow) values of dBOP correspond to a high
probability of detecting a disturbed magnetic field. We also point out that, in all distributions presented in this
paper, the seven most poleward bins have been neglected since the East‐West component of the magnetic field
perturbation is unstable near the pole.

Figure 3A shows the dBOP distributions obtained within three different frequency bands, with each column
corresponding to a given threshold. Figure 3B shows the MLT profiles (1D dBOP) obtained for all three
thresholds, within a given frequency range. The power thresholds are given by the 65th (in black), 75th (dark
gray) and 85th (light gray) percentiles (from left to right in panel A) of the ΔBEW spectral power estimate in
each frequency band. Eventually, Figure 3C shows how the MLT profiles compare between the different
frequency bands, using the threshold values corresponding to the 75th percentile. Within a given frequency
band, we observe that only the dBOP intensity is affected by the choice of threshold, while the overall dis-
tribution morphology is stable. On the other hand, the choice of frequency range can cause major variations in
the dBOP distributions, as seen from the maps and the MLT profiles. See Section 4 for a detailed discussion on
this topic.

The dBOP distributions obtained from the two lowest frequency bands 0.05–0.5 Hz and 0.1–1 Hz are highly
similar in shape and intensity (top two rows in Figure 3A). They both exhibit an oval shape around the
magnetic pole. Regarding the latitudinal range, the low‐frequency dBOP essentially spreads between 68° and
80° MLat. The 1D dBOP profiles at these frequencies (Figures 3B(a) and 3B(b)) show two peaks in the dawn
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the0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequencybands,respectively.Moredetailsabouttheselectionofpower
limitsaregiveninSection3.1.Wewillalsoshowthatthechoiceofthresholdinagivenfrequencybandhasonlya
minorinfluenceontheconclusionswedrawinthisstudy.

Figure2dshowstheintegratedpowerspectraldensityinthe0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequency
bandsincyan,orange,andgreen,respectively.Thethresholdusedineachfrequencybandisrepresentedbythe
horizontallineofthesamecolor,suchthatthespectralpowerofΔBEWconstitutesmagneticfieldperturbations
whenabovethatlimit.ThepolarplotatleftofFigure2showsthelatitudinalextentoftheportionsofΔBEW

spectralpowerexceedingthedetectionthreshold,dependingonthefrequencyband.Itcanbeseenthatthehigh‐
frequencymagneticfieldfluctuations(ingreen)tendtoextendtohigherlatitudesthanthelower‐frequency
structures(incyanandorange).

2.5.DisturbedMagneticFieldOccurrenceProbability(dBOP)—ProbabilityofDetectingMagnetic
FluctuationsintheAuroralRegion

StillfollowingDecotteetal.(2023),datapointsfromthe“disturbed/notdisturbed”magneticfielddatasetdefined
inSection2.4arebinnedtoanapproximatelyequal‐areaMLat‐MLTgridcoveringtheentirepolarregions(>60°|
MLat|).Thegridcellsareorganizedinringsofwidth1°MLat,with2cellsinthe89°–90°ringand68cellsinthe
50°–51°one.Wecalculatetheprobabilityofdetectingdisturbedmagneticfieldineachbin(providingthatit
contains>200measurements),bydividingthesumofallobservationsidentifiedasmagneticfieldfluctuationsby
thetotalnumberofmeasurements.InSection3,weinvestigatetheMLat‐MLTdistributionsoftheresulting
disturbedmagneticfieldoccurrenceprobability(dBOP)anditsMLTvariationundervaryingexternalconditions.
TheMLTprofileofdBOP(1DdBOP)isderivedbyinterpolatingtheprobabilitiestoaregularMLat‐MLTgrid
(0.5°MLatand8minMLTresolution)andaveragingthegriddedvaluesoverlatitude.Wewillseethatthe1D
dBOPgivesabettersightofpotentialspatialasymmetriesinthedisturbedmagneticfieldthanthecompleteMLat‐
MLTdistributionofdBOP.NotethatbothhemispheresarecombinedinallthedBOPdistributionspresentedin
thefollowingstudy,exceptfortheByanalysis.

3.Results
Inthissection,weexploretheresponseofthedBOPtointrinsicparameterssuchasthefrequencybandandthe
thresholdformagneticfluctuationdetection.WealsoinvestigatehowthedBOPbehaveswithrespecttovarious
conditionsrelatedtoIMForientationandsubstormepochs.

3.1.VariationWithFrequencyBandandThreshold

Figure3showshowthedBOPdistributionvariesdependingonthefrequencybandandthresholdfordisturbed
magneticfielddetection.Weemphasizethathigh(greentoyellow)valuesofdBOPcorrespondtoahigh
probabilityofdetectingadisturbedmagneticfield.Wealsopointoutthat,inalldistributionspresentedinthis
paper,thesevenmostpolewardbinshavebeenneglectedsincetheEast‐Westcomponentofthemagneticfield
perturbationisunstablenearthepole.

Figure3AshowsthedBOPdistributionsobtainedwithinthreedifferentfrequencybands,witheachcolumn
correspondingtoagiventhreshold.Figure3BshowstheMLTprofiles(1DdBOP)obtainedforallthree
thresholds,withinagivenfrequencyrange.Thepowerthresholdsaregivenbythe65th(inblack),75th(dark
gray)and85th(lightgray)percentiles(fromlefttorightinpanelA)oftheΔBEWspectralpowerestimatein
eachfrequencyband.Eventually,Figure3CshowshowtheMLTprofilescomparebetweenthedifferent
frequencybands,usingthethresholdvaluescorrespondingtothe75thpercentile.Withinagivenfrequency
band,weobservethatonlythedBOPintensityisaffectedbythechoiceofthreshold,whiletheoveralldis-
tributionmorphologyisstable.Ontheotherhand,thechoiceoffrequencyrangecancausemajorvariationsin
thedBOPdistributions,asseenfromthemapsandtheMLTprofiles.SeeSection4foradetaileddiscussionon
thistopic.

ThedBOPdistributionsobtainedfromthetwolowestfrequencybands0.05–0.5Hzand0.1–1Hzarehighly
similarinshapeandintensity(toptworowsinFigure3A).Theybothexhibitanovalshapearoundthe
magneticpole.Regardingthelatitudinalrange,thelow‐frequencydBOPessentiallyspreadsbetween68°and
80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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the0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequencybands,respectively.Moredetailsabouttheselectionofpower
limitsaregiveninSection3.1.Wewillalsoshowthatthechoiceofthresholdinagivenfrequencybandhasonlya
minorinfluenceontheconclusionswedrawinthisstudy.

Figure2dshowstheintegratedpowerspectraldensityinthe0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequency
bandsincyan,orange,andgreen,respectively.Thethresholdusedineachfrequencybandisrepresentedbythe
horizontallineofthesamecolor,suchthatthespectralpowerofΔBEWconstitutesmagneticfieldperturbations
whenabovethatlimit.ThepolarplotatleftofFigure2showsthelatitudinalextentoftheportionsofΔBEW

spectralpowerexceedingthedetectionthreshold,dependingonthefrequencyband.Itcanbeseenthatthehigh‐
frequencymagneticfieldfluctuations(ingreen)tendtoextendtohigherlatitudesthanthelower‐frequency
structures(incyanandorange).

2.5.DisturbedMagneticFieldOccurrenceProbability(dBOP)—ProbabilityofDetectingMagnetic
FluctuationsintheAuroralRegion

StillfollowingDecotteetal.(2023),datapointsfromthe“disturbed/notdisturbed”magneticfielddatasetdefined
inSection2.4arebinnedtoanapproximatelyequal‐areaMLat‐MLTgridcoveringtheentirepolarregions(>60°|
MLat|).Thegridcellsareorganizedinringsofwidth1°MLat,with2cellsinthe89°–90°ringand68cellsinthe
50°–51°one.Wecalculatetheprobabilityofdetectingdisturbedmagneticfieldineachbin(providingthatit
contains>200measurements),bydividingthesumofallobservationsidentifiedasmagneticfieldfluctuationsby
thetotalnumberofmeasurements.InSection3,weinvestigatetheMLat‐MLTdistributionsoftheresulting
disturbedmagneticfieldoccurrenceprobability(dBOP)anditsMLTvariationundervaryingexternalconditions.
TheMLTprofileofdBOP(1DdBOP)isderivedbyinterpolatingtheprobabilitiestoaregularMLat‐MLTgrid
(0.5°MLatand8minMLTresolution)andaveragingthegriddedvaluesoverlatitude.Wewillseethatthe1D
dBOPgivesabettersightofpotentialspatialasymmetriesinthedisturbedmagneticfieldthanthecompleteMLat‐
MLTdistributionofdBOP.NotethatbothhemispheresarecombinedinallthedBOPdistributionspresentedin
thefollowingstudy,exceptfortheByanalysis.

3.Results
Inthissection,weexploretheresponseofthedBOPtointrinsicparameterssuchasthefrequencybandandthe
thresholdformagneticfluctuationdetection.WealsoinvestigatehowthedBOPbehaveswithrespecttovarious
conditionsrelatedtoIMForientationandsubstormepochs.

3.1.VariationWithFrequencyBandandThreshold

Figure3showshowthedBOPdistributionvariesdependingonthefrequencybandandthresholdfordisturbed
magneticfielddetection.Weemphasizethathigh(greentoyellow)valuesofdBOPcorrespondtoahigh
probabilityofdetectingadisturbedmagneticfield.Wealsopointoutthat,inalldistributionspresentedinthis
paper,thesevenmostpolewardbinshavebeenneglectedsincetheEast‐Westcomponentofthemagneticfield
perturbationisunstablenearthepole.

Figure3AshowsthedBOPdistributionsobtainedwithinthreedifferentfrequencybands,witheachcolumn
correspondingtoagiventhreshold.Figure3BshowstheMLTprofiles(1DdBOP)obtainedforallthree
thresholds,withinagivenfrequencyrange.Thepowerthresholdsaregivenbythe65th(inblack),75th(dark
gray)and85th(lightgray)percentiles(fromlefttorightinpanelA)oftheΔBEWspectralpowerestimatein
eachfrequencyband.Eventually,Figure3CshowshowtheMLTprofilescomparebetweenthedifferent
frequencybands,usingthethresholdvaluescorrespondingtothe75thpercentile.Withinagivenfrequency
band,weobservethatonlythedBOPintensityisaffectedbythechoiceofthreshold,whiletheoveralldis-
tributionmorphologyisstable.Ontheotherhand,thechoiceoffrequencyrangecancausemajorvariationsin
thedBOPdistributions,asseenfromthemapsandtheMLTprofiles.SeeSection4foradetaileddiscussionon
thistopic.

ThedBOPdistributionsobtainedfromthetwolowestfrequencybands0.05–0.5Hzand0.1–1Hzarehighly
similarinshapeandintensity(toptworowsinFigure3A).Theybothexhibitanovalshapearoundthe
magneticpole.Regardingthelatitudinalrange,thelow‐frequencydBOPessentiallyspreadsbetween68°and
80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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the0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequencybands,respectively.Moredetailsabouttheselectionofpower
limitsaregiveninSection3.1.Wewillalsoshowthatthechoiceofthresholdinagivenfrequencybandhasonlya
minorinfluenceontheconclusionswedrawinthisstudy.

Figure2dshowstheintegratedpowerspectraldensityinthe0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequency
bandsincyan,orange,andgreen,respectively.Thethresholdusedineachfrequencybandisrepresentedbythe
horizontallineofthesamecolor,suchthatthespectralpowerofΔBEWconstitutesmagneticfieldperturbations
whenabovethatlimit.ThepolarplotatleftofFigure2showsthelatitudinalextentoftheportionsofΔBEW

spectralpowerexceedingthedetectionthreshold,dependingonthefrequencyband.Itcanbeseenthatthehigh‐
frequencymagneticfieldfluctuations(ingreen)tendtoextendtohigherlatitudesthanthelower‐frequency
structures(incyanandorange).

2.5.DisturbedMagneticFieldOccurrenceProbability(dBOP)—ProbabilityofDetectingMagnetic
FluctuationsintheAuroralRegion

StillfollowingDecotteetal.(2023),datapointsfromthe“disturbed/notdisturbed”magneticfielddatasetdefined
inSection2.4arebinnedtoanapproximatelyequal‐areaMLat‐MLTgridcoveringtheentirepolarregions(>60°|
MLat|).Thegridcellsareorganizedinringsofwidth1°MLat,with2cellsinthe89°–90°ringand68cellsinthe
50°–51°one.Wecalculatetheprobabilityofdetectingdisturbedmagneticfieldineachbin(providingthatit
contains>200measurements),bydividingthesumofallobservationsidentifiedasmagneticfieldfluctuationsby
thetotalnumberofmeasurements.InSection3,weinvestigatetheMLat‐MLTdistributionsoftheresulting
disturbedmagneticfieldoccurrenceprobability(dBOP)anditsMLTvariationundervaryingexternalconditions.
TheMLTprofileofdBOP(1DdBOP)isderivedbyinterpolatingtheprobabilitiestoaregularMLat‐MLTgrid
(0.5°MLatand8minMLTresolution)andaveragingthegriddedvaluesoverlatitude.Wewillseethatthe1D
dBOPgivesabettersightofpotentialspatialasymmetriesinthedisturbedmagneticfieldthanthecompleteMLat‐
MLTdistributionofdBOP.NotethatbothhemispheresarecombinedinallthedBOPdistributionspresentedin
thefollowingstudy,exceptfortheByanalysis.

3.Results
Inthissection,weexploretheresponseofthedBOPtointrinsicparameterssuchasthefrequencybandandthe
thresholdformagneticfluctuationdetection.WealsoinvestigatehowthedBOPbehaveswithrespecttovarious
conditionsrelatedtoIMForientationandsubstormepochs.

3.1.VariationWithFrequencyBandandThreshold

Figure3showshowthedBOPdistributionvariesdependingonthefrequencybandandthresholdfordisturbed
magneticfielddetection.Weemphasizethathigh(greentoyellow)valuesofdBOPcorrespondtoahigh
probabilityofdetectingadisturbedmagneticfield.Wealsopointoutthat,inalldistributionspresentedinthis
paper,thesevenmostpolewardbinshavebeenneglectedsincetheEast‐Westcomponentofthemagneticfield
perturbationisunstablenearthepole.

Figure3AshowsthedBOPdistributionsobtainedwithinthreedifferentfrequencybands,witheachcolumn
correspondingtoagiventhreshold.Figure3BshowstheMLTprofiles(1DdBOP)obtainedforallthree
thresholds,withinagivenfrequencyrange.Thepowerthresholdsaregivenbythe65th(inblack),75th(dark
gray)and85th(lightgray)percentiles(fromlefttorightinpanelA)oftheΔBEWspectralpowerestimatein
eachfrequencyband.Eventually,Figure3CshowshowtheMLTprofilescomparebetweenthedifferent
frequencybands,usingthethresholdvaluescorrespondingtothe75thpercentile.Withinagivenfrequency
band,weobservethatonlythedBOPintensityisaffectedbythechoiceofthreshold,whiletheoveralldis-
tributionmorphologyisstable.Ontheotherhand,thechoiceoffrequencyrangecancausemajorvariationsin
thedBOPdistributions,asseenfromthemapsandtheMLTprofiles.SeeSection4foradetaileddiscussionon
thistopic.

ThedBOPdistributionsobtainedfromthetwolowestfrequencybands0.05–0.5Hzand0.1–1Hzarehighly
similarinshapeandintensity(toptworowsinFigure3A).Theybothexhibitanovalshapearoundthe
magneticpole.Regardingthelatitudinalrange,thelow‐frequencydBOPessentiallyspreadsbetween68°and
80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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the0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequencybands,respectively.Moredetailsabouttheselectionofpower
limitsaregiveninSection3.1.Wewillalsoshowthatthechoiceofthresholdinagivenfrequencybandhasonlya
minorinfluenceontheconclusionswedrawinthisstudy.

Figure2dshowstheintegratedpowerspectraldensityinthe0.05–0.5Hz,0.1–1Hz,and2.5–5Hzfrequency
bandsincyan,orange,andgreen,respectively.Thethresholdusedineachfrequencybandisrepresentedbythe
horizontallineofthesamecolor,suchthatthespectralpowerofΔBEWconstitutesmagneticfieldperturbations
whenabovethatlimit.ThepolarplotatleftofFigure2showsthelatitudinalextentoftheportionsofΔBEW

spectralpowerexceedingthedetectionthreshold,dependingonthefrequencyband.Itcanbeseenthatthehigh‐
frequencymagneticfieldfluctuations(ingreen)tendtoextendtohigherlatitudesthanthelower‐frequency
structures(incyanandorange).

2.5.DisturbedMagneticFieldOccurrenceProbability(dBOP)—ProbabilityofDetectingMagnetic
FluctuationsintheAuroralRegion

StillfollowingDecotteetal.(2023),datapointsfromthe“disturbed/notdisturbed”magneticfielddatasetdefined
inSection2.4arebinnedtoanapproximatelyequal‐areaMLat‐MLTgridcoveringtheentirepolarregions(>60°|
MLat|).Thegridcellsareorganizedinringsofwidth1°MLat,with2cellsinthe89°–90°ringand68cellsinthe
50°–51°one.Wecalculatetheprobabilityofdetectingdisturbedmagneticfieldineachbin(providingthatit
contains>200measurements),bydividingthesumofallobservationsidentifiedasmagneticfieldfluctuationsby
thetotalnumberofmeasurements.InSection3,weinvestigatetheMLat‐MLTdistributionsoftheresulting
disturbedmagneticfieldoccurrenceprobability(dBOP)anditsMLTvariationundervaryingexternalconditions.
TheMLTprofileofdBOP(1DdBOP)isderivedbyinterpolatingtheprobabilitiestoaregularMLat‐MLTgrid
(0.5°MLatand8minMLTresolution)andaveragingthegriddedvaluesoverlatitude.Wewillseethatthe1D
dBOPgivesabettersightofpotentialspatialasymmetriesinthedisturbedmagneticfieldthanthecompleteMLat‐
MLTdistributionofdBOP.NotethatbothhemispheresarecombinedinallthedBOPdistributionspresentedin
thefollowingstudy,exceptfortheByanalysis.

3.Results
Inthissection,weexploretheresponseofthedBOPtointrinsicparameterssuchasthefrequencybandandthe
thresholdformagneticfluctuationdetection.WealsoinvestigatehowthedBOPbehaveswithrespecttovarious
conditionsrelatedtoIMForientationandsubstormepochs.

3.1.VariationWithFrequencyBandandThreshold

Figure3showshowthedBOPdistributionvariesdependingonthefrequencybandandthresholdfordisturbed
magneticfielddetection.Weemphasizethathigh(greentoyellow)valuesofdBOPcorrespondtoahigh
probabilityofdetectingadisturbedmagneticfield.Wealsopointoutthat,inalldistributionspresentedinthis
paper,thesevenmostpolewardbinshavebeenneglectedsincetheEast‐Westcomponentofthemagneticfield
perturbationisunstablenearthepole.

Figure3AshowsthedBOPdistributionsobtainedwithinthreedifferentfrequencybands,witheachcolumn
correspondingtoagiventhreshold.Figure3BshowstheMLTprofiles(1DdBOP)obtainedforallthree
thresholds,withinagivenfrequencyrange.Thepowerthresholdsaregivenbythe65th(inblack),75th(dark
gray)and85th(lightgray)percentiles(fromlefttorightinpanelA)oftheΔBEWspectralpowerestimatein
eachfrequencyband.Eventually,Figure3CshowshowtheMLTprofilescomparebetweenthedifferent
frequencybands,usingthethresholdvaluescorrespondingtothe75thpercentile.Withinagivenfrequency
band,weobservethatonlythedBOPintensityisaffectedbythechoiceofthreshold,whiletheoveralldis-
tributionmorphologyisstable.Ontheotherhand,thechoiceoffrequencyrangecancausemajorvariationsin
thedBOPdistributions,asseenfromthemapsandtheMLTprofiles.SeeSection4foradetaileddiscussionon
thistopic.

ThedBOPdistributionsobtainedfromthetwolowestfrequencybands0.05–0.5Hzand0.1–1Hzarehighly
similarinshapeandintensity(toptworowsinFigure3A).Theybothexhibitanovalshapearoundthe
magneticpole.Regardingthelatitudinalrange,thelow‐frequencydBOPessentiallyspreadsbetween68°and
80°MLat.The1DdBOPprofilesatthesefrequencies(Figures3B(a)and3B(b))showtwopeaksinthedawn
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(5–8 MT) and dusk (14–18 MLT) sectors, with an asymmetry between these two regions such that the disturbed
magnetic field is more often detected at dawn. In contrast, the dBOP distribution obtained from the highest
frequency band 2.5–5 Hz (bottom row in Figures 3A and 3B(c)) exhibits a smaller oval, in particular narrower
than the low‐frequency dBOP distributions along the dawn‐dusk axis. The high‐frequency dBOP also has a
different asymmetric pattern, with an overall dayside prominence, and a much fainter presence on the nightside.
While the dayside peak can be decomposed into two spikes of approximately the same magnitude (at 6 and 15
MLT) in the lower threshold distribution (black profile in Figure 3B(c)), it tends to flatten for higher thresholds
(in dark and light gray). At such frequencies, and independent of its exact shape, the peak on the dayside
probably indicates the importance of directly driven processes as part of the dynamic MI coupling. We discuss
this further in Section 4.

Due to the similarity between the two low‐frequency bands 0.05–0.5 Hz and 0.1–1 Hz, we pursue our study by
restraining the analysis to the 0.1–1 Hz and 2.5–5 Hz intervals. We hereafter refer to these frequency bands
respectively as the low‐ and high‐frequency bands. Furthermore, since the choice of threshold for the detection of
disturbed magnetic field seems to have no significant influence on the dBOP distribution shape, we will use the
intermediate (75th percentile) threshold values 48 and 0.02 nT2 for the 0.1–1 Hz and 2.5–5 Hz frequency bands,
respectively.

Figure 3. MLat‐MLT distributions of distributed magnetic field occurrence probability (dBOP) for various frequency bands and thresholds. Panel (A) the rows
correspond to different frequency bands, while the columns illustrate different choices of threshold. From left to right, the thresholds correspond to the 65th (in black),
75th (dark gray) and 85th (light gray) quantiles of the ΔBEW spectral power estimate in each frequency band. From top to bottom, the frequency bands are as follows:
0.05–0.5 Hz, 0.1–1 Hz and 2.5–5 Hz. Panel (B) the line plots (a) correspond to the 1D dBOP derived for all three thresholds (in black, dark and light gray), in the
frequency band 0.05–0.5 Hz. Each of the three frequency bands. Same for (b) and (c) which correspond to 0.1–1 Hz and 2.5–5 Hz, respectively. Panel (C) 1D dBOP
derived for the medium‐value threshold (second column in panel A, dark gray) in all three frequency bands. The top two similar profiles correspond to the low‐frequency
bands and the bottom profile to the high‐frequency band. All distributions presented in this paper span over 60–90°|MLat| , and result from a combination of Swarm A
and B observations from both hemispheres (except for the By analysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).
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(5–8 MT) and dusk (14–18 MLT) sectors, with an asymmetry between these two regions such that the disturbed
magnetic field is more often detected at dawn. In contrast, the dBOP distribution obtained from the highest
frequency band 2.5–5 Hz (bottom row in Figures 3A and 3B(c)) exhibits a smaller oval, in particular narrower
than the low‐frequency dBOP distributions along the dawn‐dusk axis. The high‐frequency dBOP also has a
different asymmetric pattern, with an overall dayside prominence, and a much fainter presence on the nightside.
While the dayside peak can be decomposed into two spikes of approximately the same magnitude (at 6 and 15
MLT) in the lower threshold distribution (black profile in Figure 3B(c)), it tends to flatten for higher thresholds
(in dark and light gray). At such frequencies, and independent of its exact shape, the peak on the dayside
probably indicates the importance of directly driven processes as part of the dynamic MI coupling. We discuss
this further in Section 4.

Due to the similarity between the two low‐frequency bands 0.05–0.5 Hz and 0.1–1 Hz, we pursue our study by
restraining the analysis to the 0.1–1 Hz and 2.5–5 Hz intervals. We hereafter refer to these frequency bands
respectively as the low‐ and high‐frequency bands. Furthermore, since the choice of threshold for the detection of
disturbed magnetic field seems to have no significant influence on the dBOP distribution shape, we will use the
intermediate (75th percentile) threshold values 48 and 0.02 nT2

for the 0.1–1 Hz and 2.5–5 Hz frequency bands,
respectively.

Figure 3. MLat‐MLT distributions of distributed magnetic field occurrence probability (dBOP) for various frequency bands and thresholds. Panel (A) the rows
correspond to different frequency bands, while the columns illustrate different choices of threshold. From left to right, the thresholds correspond to the 65th (in black),
75th (dark gray) and 85th (light gray) quantiles of the ΔBEW spectral power estimate in each frequency band. From top to bottom, the frequency bands are as follows:
0.05–0.5 Hz, 0.1–1 Hz and 2.5–5 Hz. Panel (B) the line plots (a) correspond to the 1D dBOP derived for all three thresholds (in black, dark and light gray), in the
frequency band 0.05–0.5 Hz. Each of the three frequency bands. Same for (b) and (c) which correspond to 0.1–1 Hz and 2.5–5 Hz, respectively. Panel (C) 1D dBOP
derived for the medium‐value threshold (second column in panel A, dark gray) in all three frequency bands. The top two similar profiles correspond to the low‐frequency
bands and the bottom profile to the high‐frequency band. All distributions presented in this paper span over 60–90°|MLat| , and result from a combination of Swarm A
and B observations from both hemispheres (except for the By analysis).
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(5–8 MT) and dusk (14–18 MLT) sectors, with an asymmetry between these two regions such that the disturbed
magnetic field is more often detected at dawn. In contrast, the dBOP distribution obtained from the highest
frequency band 2.5–5 Hz (bottom row in Figures 3A and 3B(c)) exhibits a smaller oval, in particular narrower
than the low‐frequency dBOP distributions along the dawn‐dusk axis. The high‐frequency dBOP also has a
different asymmetric pattern, with an overall dayside prominence, and a much fainter presence on the nightside.
While the dayside peak can be decomposed into two spikes of approximately the same magnitude (at 6 and 15
MLT) in the lower threshold distribution (black profile in Figure 3B(c)), it tends to flatten for higher thresholds
(in dark and light gray). At such frequencies, and independent of its exact shape, the peak on the dayside
probably indicates the importance of directly driven processes as part of the dynamic MI coupling. We discuss
this further in Section 4.

Due to the similarity between the two low‐frequency bands 0.05–0.5 Hz and 0.1–1 Hz, we pursue our study by
restraining the analysis to the 0.1–1 Hz and 2.5–5 Hz intervals. We hereafter refer to these frequency bands
respectively as the low‐ and high‐frequency bands. Furthermore, since the choice of threshold for the detection of
disturbed magnetic field seems to have no significant influence on the dBOP distribution shape, we will use the
intermediate (75th percentile) threshold values 48 and 0.02 nT2

for the 0.1–1 Hz and 2.5–5 Hz frequency bands,
respectively.

Figure 3. MLat‐MLT distributions of distributed magnetic field occurrence probability (dBOP) for various frequency bands and thresholds. Panel (A) the rows
correspond to different frequency bands, while the columns illustrate different choices of threshold. From left to right, the thresholds correspond to the 65th (in black),
75th (dark gray) and 85th (light gray) quantiles of the ΔBEW spectral power estimate in each frequency band. From top to bottom, the frequency bands are as follows:
0.05–0.5 Hz, 0.1–1 Hz and 2.5–5 Hz. Panel (B) the line plots (a) correspond to the 1D dBOP derived for all three thresholds (in black, dark and light gray), in the
frequency band 0.05–0.5 Hz. Each of the three frequency bands. Same for (b) and (c) which correspond to 0.1–1 Hz and 2.5–5 Hz, respectively. Panel (C) 1D dBOP
derived for the medium‐value threshold (second column in panel A, dark gray) in all three frequency bands. The top two similar profiles correspond to the low‐frequency
bands and the bottom profile to the high‐frequency band. All distributions presented in this paper span over 60–90°|MLat| , and result from a combination of Swarm A
and B observations from both hemispheres (except for the By analysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2

forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2

forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2

forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).
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(5–8MT)anddusk(14–18MLT)sectors,withanasymmetrybetweenthesetworegionssuchthatthedisturbed
magneticfieldismoreoftendetectedatdawn.Incontrast,thedBOPdistributionobtainedfromthehighest
frequencyband2.5–5Hz(bottomrowinFigures3Aand3B(c))exhibitsasmalleroval,inparticularnarrower
thanthelow‐frequencydBOPdistributionsalongthedawn‐duskaxis.Thehigh‐frequencydBOPalsohasa
differentasymmetricpattern,withanoveralldaysideprominence,andamuchfainterpresenceonthenightside.
Whilethedaysidepeakcanbedecomposedintotwospikesofapproximatelythesamemagnitude(at6and15
MLT)inthelowerthresholddistribution(blackprofileinFigure3B(c)),ittendstoflattenforhigherthresholds
(indarkandlightgray).Atsuchfrequencies,andindependentofitsexactshape,thepeakonthedayside
probablyindicatestheimportanceofdirectlydrivenprocessesaspartofthedynamicMIcoupling.Wediscuss
thisfurtherinSection4.

Duetothesimilaritybetweenthetwolow‐frequencybands0.05–0.5Hzand0.1–1Hz,wepursueourstudyby
restrainingtheanalysistothe0.1–1Hzand2.5–5Hzintervals.Wehereafterrefertothesefrequencybands
respectivelyasthelow‐andhigh‐frequencybands.Furthermore,sincethechoiceofthresholdforthedetectionof
disturbedmagneticfieldseemstohavenosignificantinfluenceonthedBOPdistributionshape,wewillusethe
intermediate(75thpercentile)thresholdvalues48and0.02nT2

forthe0.1–1Hzand2.5–5Hzfrequencybands,
respectively.

Figure3.MLat‐MLTdistributionsofdistributedmagneticfieldoccurrenceprobability(dBOP)forvariousfrequencybandsandthresholds.Panel(A)therows
correspondtodifferentfrequencybands,whilethecolumnsillustratedifferentchoicesofthreshold.Fromlefttoright,thethresholdscorrespondtothe65th(inblack),
75th(darkgray)and85th(lightgray)quantilesoftheΔBEWspectralpowerestimateineachfrequencyband.Fromtoptobottom,thefrequencybandsareasfollows:
0.05–0.5Hz,0.1–1Hzand2.5–5Hz.Panel(B)thelineplots(a)correspondtothe1DdBOPderivedforallthreethresholds(inblack,darkandlightgray),inthe
frequencyband0.05–0.5Hz.Eachofthethreefrequencybands.Samefor(b)and(c)whichcorrespondto0.1–1Hzand2.5–5Hz,respectively.Panel(C)1DdBOP
derivedforthemedium‐valuethreshold(secondcolumninpanelA,darkgray)inallthreefrequencybands.Thetoptwosimilarprofilescorrespondtothelow‐frequency
bandsandthebottomprofiletothehigh‐frequencyband.Alldistributionspresentedinthispaperspanover60–90°|MLat|,andresultfromacombinationofSwarmA
andBobservationsfrombothhemispheres(exceptfortheByanalysis).

JournalofGeophysicalResearch:SpacePhysics10.1029/2023JA032191

DECOTTEETAL.7of20

 2
16

99
40

2,
 2

02
4,

 2
, D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//a
gu

pu
bs

.o
nl

in
el

ib
ra

ry
.w

ile
y.

co
m

/d
oi

/1
0.

10
29

/2
02

3J
A

03
21

91
 b

y 
U

N
IV

E
R

SI
T

Y
 O

F 
B

E
R

G
E

N
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
7/

02
/2

02
4]

. S
ee

 th
e 

T
er

m
s 

an
d 

C
on

di
tio

ns
 (

ht
tp

s:
//o

nl
in

el
ib

ra
ry

.w
ile

y.
co

m
/te

rm
s-

an
d-

co
nd

iti
on

s)
 o

n 
W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 f
or

 r
ul

es
 o

f 
us

e;
 O

A
 a

rt
ic

le
s 

ar
e 

go
ve

rn
ed

 b
y 

th
e 

ap
pl

ic
ab

le
 C

re
at

iv
e 

C
om

m
on

s 
L

ic
en

se



3.2. Comparison With Average Power

Figure 4 (low‐frequency) and Figure 5 (high‐frequency) show the dBOP (left, panels a and b) and the median
power distributions (right, panels c and d) for northward (top) and southward (bottom) IMF. The peak in dBOP is
defined as dBOP values exceeding 0.85 (low‐frequency) or 0.5 (high‐frequency) and is shown as red dots on the
left maps. The comparison between both types of distributions for given geomagnetic conditions reveals that the
dBOP behaves distinctly from the average power.

Figure 4 shows that, at low frequencies, the dBOP exhibits a dayside peak (7–15 MLT) in the low geomagnetic
activity (Bz positive) distribution (panel a). The low‐frequency average power (panel c) also displays a clear peak
on the dayside but the rest of the oval is much fainter than the dBOP everywhere else. Still at low frequency,
increased geomagnetic activity (Bz negative) leads both types of distributions to expand to lower latitudes on the
nightside. In terms of intensity, the dBOP (panel b) peaks all the way from pre‐midnight to the dawn sector (22–8
MLT) during such disturbed times. The increase in the average power (panel d) is significant in all MLT sectors
from 17 to 7, but the dawn‐to‐noon region remains the most intense. Thus, the peak sector in dBOP overlaps with
the average power peak only in a narrow region around 6–7 MLT.

Distinct observations can be made from Figure 5 at high frequencies. Here, the dBOP and average power dis-
tributions vary in the same fashion. In particular, they are globally very faint in all MLT sectors except on the
dayside, for both quiet (panels a and c) and active times (panels b and d). The effect of enhanced geomagnetic
activity is scarcely visible, resulting in broader but still very spread dBOP and average power distributions, with
narrower regions of peak intensity compared to lower geomagnetic activity. As opposed to the low‐frequency
distributions, the peak regions in the dBOP at high frequencies and in the average power are coincident and
located in the 8–13 MLT region.

The correlation between high‐frequency dBOP and average power might be another indication that the dBOP, at
such frequencies, is an image of the strong/dynamic coupling between the magnetosphere and ionosphere. With
this assumption, the dayside peak in the dBOP would then reflect a region in the ionosphere that is directly
coupled to the solar wind. On average, changes in the IMF and the subsequent reconnection at the magnetopause

Figure 4. Distributions of low‐frequency [0.1–1 Hz] magnetic field fluctuation occurrence probability (left, maps (a) and
(b) and median magnetic field power (right, maps (c) and (d) for positive (top, maps (a) and (c) and negative (bottom, maps
(b) and (d) interplanetary magnetic field Bz. The red dots on the left maps indicate bins with distributed magnetic field
occurrence probability (dBOP) value > 0.85 (low‐frequency dBOP peak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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3.2. Comparison With Average Power

Figure 4 (low‐frequency) and Figure 5 (high‐frequency) show the dBOP (left, panels a and b) and the median
power distributions (right, panels c and d) for northward (top) and southward (bottom) IMF. The peak in dBOP is
defined as dBOP values exceeding 0.85 (low‐frequency) or 0.5 (high‐frequency) and is shown as red dots on the
left maps. The comparison between both types of distributions for given geomagnetic conditions reveals that the
dBOP behaves distinctly from the average power.

Figure 4 shows that, at low frequencies, the dBOP exhibits a dayside peak (7–15 MLT) in the low geomagnetic
activity (Bz positive) distribution (panel a). The low‐frequency average power (panel c) also displays a clear peak
on the dayside but the rest of the oval is much fainter than the dBOP everywhere else. Still at low frequency,
increased geomagnetic activity (Bz negative) leads both types of distributions to expand to lower latitudes on the
nightside. In terms of intensity, the dBOP (panel b) peaks all the way from pre‐midnight to the dawn sector (22–8
MLT) during such disturbed times. The increase in the average power (panel d) is significant in all MLT sectors
from 17 to 7, but the dawn‐to‐noon region remains the most intense. Thus, the peak sector in dBOP overlaps with
the average power peak only in a narrow region around 6–7 MLT.

Distinct observations can be made from Figure 5 at high frequencies. Here, the dBOP and average power dis-
tributions vary in the same fashion. In particular, they are globally very faint in all MLT sectors except on the
dayside, for both quiet (panels a and c) and active times (panels b and d). The effect of enhanced geomagnetic
activity is scarcely visible, resulting in broader but still very spread dBOP and average power distributions, with
narrower regions of peak intensity compared to lower geomagnetic activity. As opposed to the low‐frequency
distributions, the peak regions in the dBOP at high frequencies and in the average power are coincident and
located in the 8–13 MLT region.

The correlation between high‐frequency dBOP and average power might be another indication that the dBOP, at
such frequencies, is an image of the strong/dynamic coupling between the magnetosphere and ionosphere. With
this assumption, the dayside peak in the dBOP would then reflect a region in the ionosphere that is directly
coupled to the solar wind. On average, changes in the IMF and the subsequent reconnection at the magnetopause

Figure 4. Distributions of low‐frequency [0.1–1 Hz] magnetic field fluctuation occurrence probability (left, maps (a) and
(b) and median magnetic field power (right, maps (c) and (d) for positive (top, maps (a) and (c) and negative (bottom, maps
(b) and (d) interplanetary magnetic field Bz. The red dots on the left maps indicate bins with distributed magnetic field
occurrence probability (dBOP) value > 0.85 (low‐frequency dBOP peak).
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3.2. Comparison With Average Power

Figure 4 (low‐frequency) and Figure 5 (high‐frequency) show the dBOP (left, panels a and b) and the median
power distributions (right, panels c and d) for northward (top) and southward (bottom) IMF. The peak in dBOP is
defined as dBOP values exceeding 0.85 (low‐frequency) or 0.5 (high‐frequency) and is shown as red dots on the
left maps. The comparison between both types of distributions for given geomagnetic conditions reveals that the
dBOP behaves distinctly from the average power.

Figure 4 shows that, at low frequencies, the dBOP exhibits a dayside peak (7–15 MLT) in the low geomagnetic
activity (Bz positive) distribution (panel a). The low‐frequency average power (panel c) also displays a clear peak
on the dayside but the rest of the oval is much fainter than the dBOP everywhere else. Still at low frequency,
increased geomagnetic activity (Bz negative) leads both types of distributions to expand to lower latitudes on the
nightside. In terms of intensity, the dBOP (panel b) peaks all the way from pre‐midnight to the dawn sector (22–8
MLT) during such disturbed times. The increase in the average power (panel d) is significant in all MLT sectors
from 17 to 7, but the dawn‐to‐noon region remains the most intense. Thus, the peak sector in dBOP overlaps with
the average power peak only in a narrow region around 6–7 MLT.

Distinct observations can be made from Figure 5 at high frequencies. Here, the dBOP and average power dis-
tributions vary in the same fashion. In particular, they are globally very faint in all MLT sectors except on the
dayside, for both quiet (panels a and c) and active times (panels b and d). The effect of enhanced geomagnetic
activity is scarcely visible, resulting in broader but still very spread dBOP and average power distributions, with
narrower regions of peak intensity compared to lower geomagnetic activity. As opposed to the low‐frequency
distributions, the peak regions in the dBOP at high frequencies and in the average power are coincident and
located in the 8–13 MLT region.

The correlation between high‐frequency dBOP and average power might be another indication that the dBOP, at
such frequencies, is an image of the strong/dynamic coupling between the magnetosphere and ionosphere. With
this assumption, the dayside peak in the dBOP would then reflect a region in the ionosphere that is directly
coupled to the solar wind. On average, changes in the IMF and the subsequent reconnection at the magnetopause

Figure 4. Distributions of low‐frequency [0.1–1 Hz] magnetic field fluctuation occurrence probability (left, maps (a) and
(b) and median magnetic field power (right, maps (c) and (d) for positive (top, maps (a) and (c) and negative (bottom, maps
(b) and (d) interplanetary magnetic field Bz. The red dots on the left maps indicate bins with distributed magnetic field
occurrence probability (dBOP) value > 0.85 (low‐frequency dBOP peak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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3.2.ComparisonWithAveragePower

Figure4(low‐frequency)andFigure5(high‐frequency)showthedBOP(left,panelsaandb)andthemedian
powerdistributions(right,panelscandd)fornorthward(top)andsouthward(bottom)IMF.ThepeakindBOPis
definedasdBOPvaluesexceeding0.85(low‐frequency)or0.5(high‐frequency)andisshownasreddotsonthe
leftmaps.Thecomparisonbetweenbothtypesofdistributionsforgivengeomagneticconditionsrevealsthatthe
dBOPbehavesdistinctlyfromtheaveragepower.

Figure4showsthat,atlowfrequencies,thedBOPexhibitsadaysidepeak(7–15MLT)inthelowgeomagnetic
activity(Bzpositive)distribution(panela).Thelow‐frequencyaveragepower(panelc)alsodisplaysaclearpeak
onthedaysidebuttherestoftheovalismuchfainterthanthedBOPeverywhereelse.Stillatlowfrequency,
increasedgeomagneticactivity(Bznegative)leadsbothtypesofdistributionstoexpandtolowerlatitudesonthe
nightside.Intermsofintensity,thedBOP(panelb)peaksallthewayfrompre‐midnighttothedawnsector(22–8
MLT)duringsuchdisturbedtimes.Theincreaseintheaveragepower(paneld)issignificantinallMLTsectors
from17to7,butthedawn‐to‐noonregionremainsthemostintense.Thus,thepeaksectorindBOPoverlapswith
theaveragepowerpeakonlyinanarrowregionaround6–7MLT.

DistinctobservationscanbemadefromFigure5athighfrequencies.Here,thedBOPandaveragepowerdis-
tributionsvaryinthesamefashion.Inparticular,theyaregloballyveryfaintinallMLTsectorsexceptonthe
dayside,forbothquiet(panelsaandc)andactivetimes(panelsbandd).Theeffectofenhancedgeomagnetic
activityisscarcelyvisible,resultinginbroaderbutstillveryspreaddBOPandaveragepowerdistributions,with
narrowerregionsofpeakintensitycomparedtolowergeomagneticactivity.Asopposedtothelow‐frequency
distributions,thepeakregionsinthedBOPathighfrequenciesandintheaveragepowerarecoincidentand
locatedinthe8–13MLTregion.

Thecorrelationbetweenhigh‐frequencydBOPandaveragepowermightbeanotherindicationthatthedBOP,at
suchfrequencies,isanimageofthestrong/dynamiccouplingbetweenthemagnetosphereandionosphere.With
thisassumption,thedaysidepeakinthedBOPwouldthenreflectaregionintheionospherethatisdirectly
coupledtothesolarwind.Onaverage,changesintheIMFandthesubsequentreconnectionatthemagnetopause

Figure4.Distributionsoflow‐frequency[0.1–1Hz]magneticfieldfluctuationoccurrenceprobability(left,maps(a)and
(b)andmedianmagneticfieldpower(right,maps(c)and(d)forpositive(top,maps(a)and(c)andnegative(bottom,maps
(b)and(d)interplanetarymagneticfieldBz.Thereddotsontheleftmapsindicatebinswithdistributedmagneticfield
occurrenceprobability(dBOP)value>0.85(low‐frequencydBOPpeak).
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trigger magnetic field activity in a definite region on the dayside, thus resulting in a peak in both the dBOP at high
frequencies and the average magnetic field power. During increased geomagnetic activity (Bz < 0), the forcing at
the magnetosphere is stronger but the region of coupling on the dayside becomes more variable and results in a
larger but more diffuse region of disturbed magnetic field, as seen in both types of distributions. The same
phenomenon applies to the nightside, where, on average, reconnection occurs over a much larger region in space
—compared to the dayside—thus resulting in a faint distribution in both the high‐frequency dBOP and the
average magnetic field power.

Note that the difference between dayside and nightside in the dBOP could also be attributed to a variation in solar
illumination and associated conductivity. Neubert and Christiansen (2003), for example, have shown that current
densities are enhanced in the sunlit ionosphere due to higher electrical conductivity.

3.3. Variation With IMF Bz

Figure 6 (low‐frequency) and Figure 7 (high‐frequency) show the variation of dBOP with solar wind driving.
Both MLat‐MLT distributions (maps) and MLT profiles (line plot) of the dBOP are shown. The maps are a
repetition of the distributions presented in Figures 4 and 5, hence we mostly focus on the analysis of the 1D dBOP
in this paragraph.

Figure 6 highlights the asymmetric pattern in the low‐frequency dBOP distributions. During quiet times (left map,
blue profile), there is an overall dayside prominence with two peaks at around 6 and 16 MLT. The distribution
peaks in the dawn sector (4–7 MLT) and reaches a minimum in the dusk‐to‐midnight region (21–00 MLT). An
increase in solar wind driving (right map, red profile) leads to a broadening of the dBOP oval as well as its
expansion to lower latitudes. Such change in the dBOP is particularly visible in the nightside (18–6 MLT). As a
consequence, the relative asymmetry between dawn and dusk is dramatically reduced for negative Bz, although
the dawn sector still dominates the distribution. Figure 7, on the other hand, does not exhibit any specific
asymmetric pattern between the dawn and dusk sectors. It shows that the dBOP distributions at high frequencies
are dominated by the dayside sector (particularly the cusp region), independent of the sign of Bz. Enhanced solar
wind driving results in an overall larger but more diffuse distribution, as well as a shift to lower latitudes for the
prenoon‐cusp sector. Additionally, an increase in the geomagnetic activity leads to a slight increase of the dBOP

Figure 5. Similar as Figure 4, but for high frequencies [2.5–5 Hz]. The red dots on the left maps indicate bins with distributed
magnetic field occurrence probability (dBOP) value > 0.5 (high‐frequency dBOP peak).
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triggermagneticfieldactivityinadefiniteregiononthedayside,thusresultinginapeakinboththedBOPathigh
frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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trigger magnetic field activity in a definite region on the dayside, thus resulting in a peak in both the dBOP at high
frequencies and the average magnetic field power. During increased geomagnetic activity (Bz < 0), the forcing at
the magnetosphere is stronger but the region of coupling on the dayside becomes more variable and results in a
larger but more diffuse region of disturbed magnetic field, as seen in both types of distributions. The same
phenomenon applies to the nightside, where, on average, reconnection occurs over a much larger region in space
—compared to the dayside—thus resulting in a faint distribution in both the high‐frequency dBOP and the
average magnetic field power.

Note that the difference between dayside and nightside in the dBOP could also be attributed to a variation in solar
illumination and associated conductivity. Neubert and Christiansen (2003), for example, have shown that current
densities are enhanced in the sunlit ionosphere due to higher electrical conductivity.

3.3. Variation With IMF Bz

Figure 6 (low‐frequency) and Figure 7 (high‐frequency) show the variation of dBOP with solar wind driving.
Both MLat‐MLT distributions (maps) and MLT profiles (line plot) of the dBOP are shown. The maps are a
repetition of the distributions presented in Figures 4 and 5, hence we mostly focus on the analysis of the 1D dBOP
in this paragraph.

Figure 6 highlights the asymmetric pattern in the low‐frequency dBOP distributions. During quiet times (left map,
blue profile), there is an overall dayside prominence with two peaks at around 6 and 16 MLT. The distribution
peaks in the dawn sector (4–7 MLT) and reaches a minimum in the dusk‐to‐midnight region (21–00 MLT). An
increase in solar wind driving (right map, red profile) leads to a broadening of the dBOP oval as well as its
expansion to lower latitudes. Such change in the dBOP is particularly visible in the nightside (18–6 MLT). As a
consequence, the relative asymmetry between dawn and dusk is dramatically reduced for negative Bz, although
the dawn sector still dominates the distribution. Figure 7, on the other hand, does not exhibit any specific
asymmetric pattern between the dawn and dusk sectors. It shows that the dBOP distributions at high frequencies
are dominated by the dayside sector (particularly the cusp region), independent of the sign of Bz. Enhanced solar
wind driving results in an overall larger but more diffuse distribution, as well as a shift to lower latitudes for the
prenoon‐cusp sector. Additionally, an increase in the geomagnetic activity leads to a slight increase of the dBOP

Figure 5. Similar as Figure 4, but for high frequencies [2.5–5 Hz]. The red dots on the left maps indicate bins with distributed
magnetic field occurrence probability (dBOP) value > 0.5 (high‐frequency dBOP peak).
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trigger magnetic field activity in a definite region on the dayside, thus resulting in a peak in both the dBOP at high
frequencies and the average magnetic field power. During increased geomagnetic activity (Bz < 0), the forcing at
the magnetosphere is stronger but the region of coupling on the dayside becomes more variable and results in a
larger but more diffuse region of disturbed magnetic field, as seen in both types of distributions. The same
phenomenon applies to the nightside, where, on average, reconnection occurs over a much larger region in space
—compared to the dayside—thus resulting in a faint distribution in both the high‐frequency dBOP and the
average magnetic field power.

Note that the difference between dayside and nightside in the dBOP could also be attributed to a variation in solar
illumination and associated conductivity. Neubert and Christiansen (2003), for example, have shown that current
densities are enhanced in the sunlit ionosphere due to higher electrical conductivity.

3.3. Variation With IMF Bz

Figure 6 (low‐frequency) and Figure 7 (high‐frequency) show the variation of dBOP with solar wind driving.
Both MLat‐MLT distributions (maps) and MLT profiles (line plot) of the dBOP are shown. The maps are a
repetition of the distributions presented in Figures 4 and 5, hence we mostly focus on the analysis of the 1D dBOP
in this paragraph.

Figure 6 highlights the asymmetric pattern in the low‐frequency dBOP distributions. During quiet times (left map,
blue profile), there is an overall dayside prominence with two peaks at around 6 and 16 MLT. The distribution
peaks in the dawn sector (4–7 MLT) and reaches a minimum in the dusk‐to‐midnight region (21–00 MLT). An
increase in solar wind driving (right map, red profile) leads to a broadening of the dBOP oval as well as its
expansion to lower latitudes. Such change in the dBOP is particularly visible in the nightside (18–6 MLT). As a
consequence, the relative asymmetry between dawn and dusk is dramatically reduced for negative Bz, although
the dawn sector still dominates the distribution. Figure 7, on the other hand, does not exhibit any specific
asymmetric pattern between the dawn and dusk sectors. It shows that the dBOP distributions at high frequencies
are dominated by the dayside sector (particularly the cusp region), independent of the sign of Bz. Enhanced solar
wind driving results in an overall larger but more diffuse distribution, as well as a shift to lower latitudes for the
prenoon‐cusp sector. Additionally, an increase in the geomagnetic activity leads to a slight increase of the dBOP

Figure 5. Similar as Figure 4, but for high frequencies [2.5–5 Hz]. The red dots on the left maps indicate bins with distributed
magnetic field occurrence probability (dBOP) value > 0.5 (high‐frequency dBOP peak).
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triggermagneticfieldactivityinadefiniteregiononthedayside,thusresultinginapeakinboththedBOPathigh
frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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triggermagneticfieldactivityinadefiniteregiononthedayside,thusresultinginapeakinboththedBOPathigh
frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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triggermagneticfieldactivityinadefiniteregiononthedayside,thusresultinginapeakinboththedBOPathigh
frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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triggermagneticfieldactivityinadefiniteregiononthedayside,thusresultinginapeakinboththedBOPathigh
frequenciesandtheaveragemagneticfieldpower.Duringincreasedgeomagneticactivity(Bz<0),theforcingat
themagnetosphereisstrongerbuttheregionofcouplingonthedaysidebecomesmorevariableandresultsina
largerbutmorediffuseregionofdisturbedmagneticfield,asseeninbothtypesofdistributions.Thesame
phenomenonappliestothenightside,where,onaverage,reconnectionoccursoveramuchlargerregioninspace
—comparedtothedayside—thusresultinginafaintdistributioninboththehigh‐frequencydBOPandthe
averagemagneticfieldpower.

NotethatthedifferencebetweendaysideandnightsideinthedBOPcouldalsobeattributedtoavariationinsolar
illuminationandassociatedconductivity.NeubertandChristiansen(2003),forexample,haveshownthatcurrent
densitiesareenhancedinthesunlitionosphereduetohigherelectricalconductivity.

3.3.VariationWithIMFBz

Figure6(low‐frequency)andFigure7(high‐frequency)showthevariationofdBOPwithsolarwinddriving.
BothMLat‐MLTdistributions(maps)andMLTprofiles(lineplot)ofthedBOPareshown.Themapsarea
repetitionofthedistributionspresentedinFigures4and5,hencewemostlyfocusontheanalysisofthe1DdBOP
inthisparagraph.

Figure6highlightstheasymmetricpatterninthelow‐frequencydBOPdistributions.Duringquiettimes(leftmap,
blueprofile),thereisanoveralldaysideprominencewithtwopeaksataround6and16MLT.Thedistribution
peaksinthedawnsector(4–7MLT)andreachesaminimuminthedusk‐to‐midnightregion(21–00MLT).An
increaseinsolarwinddriving(rightmap,redprofile)leadstoabroadeningofthedBOPovalaswellasits
expansiontolowerlatitudes.SuchchangeinthedBOPisparticularlyvisibleinthenightside(18–6MLT).Asa
consequence,therelativeasymmetrybetweendawnandduskisdramaticallyreducedfornegativeBz,although
thedawnsectorstilldominatesthedistribution.Figure7,ontheotherhand,doesnotexhibitanyspecific
asymmetricpatternbetweenthedawnanddusksectors.ItshowsthatthedBOPdistributionsathighfrequencies
aredominatedbythedaysidesector(particularlythecuspregion),independentofthesignofBz.Enhancedsolar
winddrivingresultsinanoveralllargerbutmorediffusedistribution,aswellasashifttolowerlatitudesforthe
prenoon‐cuspsector.Additionally,anincreaseinthegeomagneticactivityleadstoaslightincreaseofthedBOP

Figure5.SimilarasFigure4,butforhighfrequencies[2.5–5Hz].Thereddotsontheleftmapsindicatebinswithdistributed
magneticfieldoccurrenceprobability(dBOP)value>0.5(high‐frequencydBOPpeak).
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Figure 6. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP)
(top row) and magnetic local time profiles of 1D dBOP (bottom panel) for interplanetary magnetic field Bz positive (left,
blue) and Bz negative (right, red).

Figure 7. Similar as Figure 6, but for high frequencies [2.5–5 Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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Figure 6. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP)
(top row) and magnetic local time profiles of 1D dBOP (bottom panel) for interplanetary magnetic field Bz positive (left,
blue) and Bz negative (right, red).

Figure 7. Similar as Figure 6, but for high frequencies [2.5–5 Hz].
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Figure 6. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP)
(top row) and magnetic local time profiles of 1D dBOP (bottom panel) for interplanetary magnetic field Bz positive (left,
blue) and Bz negative (right, red).

Figure 7. Similar as Figure 6, but for high frequencies [2.5–5 Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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Figure6.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)
(toprow)andmagneticlocaltimeprofilesof1DdBOP(bottompanel)forinterplanetarymagneticfieldBzpositive(left,
blue)andBznegative(right,red).

Figure7.SimilarasFigure6,butforhighfrequencies[2.5–5Hz].
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distribution on the nightside and simultaneously a small decrease on the dayside, which tends to reduce the
dayside‐nightside asymmetry during such active times (Bz < 0). A common feature between low and high fre-
quencies is thus a decrease of the asymmetry in the dBOP distribution during active geomagnetic times, although
the asymmetric patterns are different.

3.4. Variation With IMF by

We compare the dBOP distributions (maps and MLT profiles) for different orientations of IMF By. Figures 8a and
8b show the low‐frequency dBOP variation with By for each hemisphere. Figures 9a and 9b present the same
analysis but for high frequencies.

The MLT profiles of dBOP in Figure 8 (low‐frequency) reveal inter‐hemispheric asymmetries: the dBOP dis-
tribution for By positive in the Northern Hemisphere varies differently than the dBOP for By negative in the
Southern Hemisphere (black lines), relatively to the dBOP distribution for the opposite By (gray lines) in each
hemisphere. The difference between North and South mainly lies in the post‐midnight (3–5 MLT) and in the
postnoon‐to‐dusk (12–19 MLT) sectors. In the Northern Hemisphere, positive By (black line) gives higher values
of 1D dBOP compared to By negative (gray line) at all MLTs except in the post‐noon sector where both distri-
butions are equivalent. In the Southern Hemisphere, negative By (black line) gives higher values of 1D dBOP than
By positive (gray line) only on the nightside (20–3 MLT). In other MLT sectors, distributions of dBOP for both By

signs are either equal (in the dawn, prenoon and dusk sectors) or the distribution for By > 0 is greater than the
distribution for By < 0 (6–9 and 11–15 MLT sectors). In terms of intensity, the Southern Hemisphere displays
lower values of 1D dBOP than the Northern Hemisphere for both By orientations in all MLT sectors, which might
have to do with strength differences in the main magnetic field itself. Despite these divergences, the dawn‐dusk
asymmetry is present in the low‐frequency dBOP for both hemispheres and both By orientations. However, while
it seems to be independent of the By sign in the Northern Hemisphere, the asymmetric pattern is slightly reduced
for By negative (in black), compared to By positive (in gray), in the Southern Hemisphere.

Figure 8. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) and magnetic local time profiles of 1D dBOP
for different interplanetary magnetic field By orientations, for (a) Northern and (b) Southern Hemispheres. For inter‐hemispheric comparison, By positive (negative) in
the Northern Hemisphere is often assumed to correspond to By negative (positive) in the Southern Hemisphere (Hatch et al., 2022).
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distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).

JournalofGeophysicalResearch:SpacePhysics10.1029/2023JA032191

DECOTTEETAL.11of20

 21699402, 2024, 2, D
ow
nloaded from
 https://agupubs.onlinelibrary.w
iley.com
/doi/10.1029/2023JA
032191 by U
N
IV
E
R
SIT
Y
 O
F B
E
R
G
E
N
, W
iley O
nline L
ibrary on [07/02/2024]. See the T
erm
s and C
onditions (https://onlinelibrary.w
iley.com
/term
s-and-conditions) on W
iley O
nline L
ibrary for rules of use; O
A
 articles are governed by the applicable C
reative C
om
m
ons L
icense

distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).
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distribution on the nightside and simultaneously a small decrease on the dayside, which tends to reduce the
dayside‐nightside asymmetry during such active times (Bz < 0). A common feature between low and high fre-
quencies is thus a decrease of the asymmetry in the dBOP distribution during active geomagnetic times, although
the asymmetric patterns are different.

3.4. Variation With IMF by

We compare the dBOP distributions (maps and MLT profiles) for different orientations of IMF By. Figures 8a and
8b show the low‐frequency dBOP variation with By for each hemisphere. Figures 9a and 9b present the same
analysis but for high frequencies.

The MLT profiles of dBOP in Figure 8 (low‐frequency) reveal inter‐hemispheric asymmetries: the dBOP dis-
tribution for By positive in the Northern Hemisphere varies differently than the dBOP for By negative in the
Southern Hemisphere (black lines), relatively to the dBOP distribution for the opposite By (gray lines) in each
hemisphere. The difference between North and South mainly lies in the post‐midnight (3–5 MLT) and in the
postnoon‐to‐dusk (12–19 MLT) sectors. In the Northern Hemisphere, positive By (black line) gives higher values
of 1D dBOP compared to By negative (gray line) at all MLTs except in the post‐noon sector where both distri-
butions are equivalent. In the Southern Hemisphere, negative By (black line) gives higher values of 1D dBOP than
By positive (gray line) only on the nightside (20–3 MLT). In other MLT sectors, distributions of dBOP for both By

signs are either equal (in the dawn, prenoon and dusk sectors) or the distribution for By > 0 is greater than the
distribution for By < 0 (6–9 and 11–15 MLT sectors). In terms of intensity, the Southern Hemisphere displays
lower values of 1D dBOP than the Northern Hemisphere for both By orientations in all MLT sectors, which might
have to do with strength differences in the main magnetic field itself. Despite these divergences, the dawn‐dusk
asymmetry is present in the low‐frequency dBOP for both hemispheres and both By orientations. However, while
it seems to be independent of the By sign in the Northern Hemisphere, the asymmetric pattern is slightly reduced
for By negative (in black), compared to By positive (in gray), in the Southern Hemisphere.

Figure 8. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) and magnetic local time profiles of 1D dBOP
for different interplanetary magnetic field By orientations, for (a) Northern and (b) Southern Hemispheres. For inter‐hemispheric comparison, By positive (negative) in
the Northern Hemisphere is often assumed to correspond to By negative (positive) in the Southern Hemisphere (Hatch et al., 2022).
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distribution on the nightside and simultaneously a small decrease on the dayside, which tends to reduce the
dayside‐nightside asymmetry during such active times (Bz < 0). A common feature between low and high fre-
quencies is thus a decrease of the asymmetry in the dBOP distribution during active geomagnetic times, although
the asymmetric patterns are different.

3.4. Variation With IMF by

We compare the dBOP distributions (maps and MLT profiles) for different orientations of IMF By. Figures 8a and
8b show the low‐frequency dBOP variation with By for each hemisphere. Figures 9a and 9b present the same
analysis but for high frequencies.

The MLT profiles of dBOP in Figure 8 (low‐frequency) reveal inter‐hemispheric asymmetries: the dBOP dis-
tribution for By positive in the Northern Hemisphere varies differently than the dBOP for By negative in the
Southern Hemisphere (black lines), relatively to the dBOP distribution for the opposite By (gray lines) in each
hemisphere. The difference between North and South mainly lies in the post‐midnight (3–5 MLT) and in the
postnoon‐to‐dusk (12–19 MLT) sectors. In the Northern Hemisphere, positive By (black line) gives higher values
of 1D dBOP compared to By negative (gray line) at all MLTs except in the post‐noon sector where both distri-
butions are equivalent. In the Southern Hemisphere, negative By (black line) gives higher values of 1D dBOP than
By positive (gray line) only on the nightside (20–3 MLT). In other MLT sectors, distributions of dBOP for both By

signs are either equal (in the dawn, prenoon and dusk sectors) or the distribution for By > 0 is greater than the
distribution for By < 0 (6–9 and 11–15 MLT sectors). In terms of intensity, the Southern Hemisphere displays
lower values of 1D dBOP than the Northern Hemisphere for both By orientations in all MLT sectors, which might
have to do with strength differences in the main magnetic field itself. Despite these divergences, the dawn‐dusk
asymmetry is present in the low‐frequency dBOP for both hemispheres and both By orientations. However, while
it seems to be independent of the By sign in the Northern Hemisphere, the asymmetric pattern is slightly reduced
for By negative (in black), compared to By positive (in gray), in the Southern Hemisphere.

Figure 8. MLat‐MLT distributions of low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) and magnetic local time profiles of 1D dBOP
for different interplanetary magnetic field By orientations, for (a) Northern and (b) Southern Hemispheres. For inter‐hemispheric comparison, By positive (negative) in
the Northern Hemisphere is often assumed to correspond to By negative (positive) in the Southern Hemisphere (Hatch et al., 2022).
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distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).
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distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).
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distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).
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distributiononthenightsideandsimultaneouslyasmalldecreaseonthedayside,whichtendstoreducethe
dayside‐nightsideasymmetryduringsuchactivetimes(Bz<0).Acommonfeaturebetweenlowandhighfre-
quenciesisthusadecreaseoftheasymmetryinthedBOPdistributionduringactivegeomagnetictimes,although
theasymmetricpatternsaredifferent.

3.4.VariationWithIMFby

WecomparethedBOPdistributions(mapsandMLTprofiles)fordifferentorientationsofIMFBy.Figures8aand
8bshowthelow‐frequencydBOPvariationwithByforeachhemisphere.Figures9aand9bpresentthesame
analysisbutforhighfrequencies.

TheMLTprofilesofdBOPinFigure8(low‐frequency)revealinter‐hemisphericasymmetries:thedBOPdis-
tributionforBypositiveintheNorthernHemispherevariesdifferentlythanthedBOPforBynegativeinthe
SouthernHemisphere(blacklines),relativelytothedBOPdistributionfortheoppositeBy(graylines)ineach
hemisphere.ThedifferencebetweenNorthandSouthmainlyliesinthepost‐midnight(3–5MLT)andinthe
postnoon‐to‐dusk(12–19MLT)sectors.IntheNorthernHemisphere,positiveBy(blackline)giveshighervalues
of1DdBOPcomparedtoBynegative(grayline)atallMLTsexceptinthepost‐noonsectorwherebothdistri-
butionsareequivalent.IntheSouthernHemisphere,negativeBy(blackline)giveshighervaluesof1DdBOPthan
Bypositive(grayline)onlyonthenightside(20–3MLT).InotherMLTsectors,distributionsofdBOPforbothBy

signsareeitherequal(inthedawn,prenoonanddusksectors)orthedistributionforBy>0isgreaterthanthe
distributionforBy<0(6–9and11–15MLTsectors).Intermsofintensity,theSouthernHemispheredisplays
lowervaluesof1DdBOPthantheNorthernHemisphereforbothByorientationsinallMLTsectors,whichmight
havetodowithstrengthdifferencesinthemainmagneticfielditself.Despitethesedivergences,thedawn‐dusk
asymmetryispresentinthelow‐frequencydBOPforbothhemispheresandbothByorientations.However,while
itseemstobeindependentoftheBysignintheNorthernHemisphere,theasymmetricpatternisslightlyreduced
forBynegative(inblack),comparedtoBypositive(ingray),intheSouthernHemisphere.

Figure8.MLat‐MLTdistributionsoflow‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)andmagneticlocaltimeprofilesof1DdBOP
fordifferentinterplanetarymagneticfieldByorientations,for(a)Northernand(b)SouthernHemispheres.Forinter‐hemisphericcomparison,Bypositive(negative)in
theNorthernHemisphereisoftenassumedtocorrespondtoBynegative(positive)intheSouthernHemisphere(Hatchetal.,2022).
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Figure 9 shows that the dBOP behavior with By orientation at higher frequencies is different from the behavior
observed at low frequencies. Here, the 1D distributions obtained for By positive and negative in the Northern
Hemisphere (Figure 9a) essentially match the distributions for By negative and positive in the Southern Hemi-
sphere (Figure 9b). In particular, the MLT profiles of dBOP for both By signs are almost identical on the nightside,
in both hemispheres. In the Northern Hemisphere, the values of 1D dBOP for positive By (in black) exceeds the
1D dBOP obtained for the opposite By orientation (in gray) at dawn, and this trend is reversed around the noon
region and at dusk. The same applies in the Southern Hemisphere, where the dBOP distribution for negative By (in
black) also exceeds the distribution obtained for the opposite By orientation (in gray) at dawn, with a reversed
trend around the noon region and at dusk.

Figures 8 and 9 show that independent of hemisphere or the sign of By, the dBOP distributions presented here are
relatively similar to the distributions previously described in this study (see Sections 3.1 and 3.3). As opposed to
its strong influence on FACs, the effect of By orientation on dBOP is thus overall weak as the global shape of
dBOP is conserved. In particular, the asymmetric pattern (between dawn and dusk at low frequencies and between
dayside and nightside at higher frequencies) remains the main morphological characteristic in the dBOP distri-
butions. We therefore assume the inter‐hemispheric differences reported here to have no major consequence on
the conclusions we draw in this study (as they mostly have to do with the persistent asymmetric pattern in dBOP),
such that both hemispheres can be safely combined in the rest of the analysis.

3.5. Variation With Substorm Epochs

In this section, we aim to determine how the disturbed magnetic field occurrence probability varies throughout the
substorm cycle. We use the Ohtani and Gjerloev list of substorm onsets identified from the SuperMAG Maximum
westward auroral electrojets strength (SML) index (Ohtani & Gjerloev, 2020).

Figures 10 (low frequencies) and 11 (high frequencies) show the statistical evolution of the dBOP MLat‐MLT
distribution with the substorm cycle, and the corresponding MLT profiles of 1D dBOP, from 30 min before
substorm onset (t = 0) up until 30 min after onset (in blue and red, respectively), separated into 15‐min intervals.

The dBOP global morphology remains unchanged and similar to the dBOP distributions previously described in
this study. In particular, the MLT profiles in Figures 10 and 11 exhibit the usual dawn‐dusk asymmetry in the low‐

Figure 9. Similar as Figure 8, but for high frequencies [2.5–5 Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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Figure 9 shows that the dBOP behavior with By orientation at higher frequencies is different from the behavior
observed at low frequencies. Here, the 1D distributions obtained for By positive and negative in the Northern
Hemisphere (Figure 9a) essentially match the distributions for By negative and positive in the Southern Hemi-
sphere (Figure 9b). In particular, the MLT profiles of dBOP for both By signs are almost identical on the nightside,
in both hemispheres. In the Northern Hemisphere, the values of 1D dBOP for positive By (in black) exceeds the
1D dBOP obtained for the opposite By orientation (in gray) at dawn, and this trend is reversed around the noon
region and at dusk. The same applies in the Southern Hemisphere, where the dBOP distribution for negative By (in
black) also exceeds the distribution obtained for the opposite By orientation (in gray) at dawn, with a reversed
trend around the noon region and at dusk.

Figures 8 and 9 show that independent of hemisphere or the sign of By, the dBOP distributions presented here are
relatively similar to the distributions previously described in this study (see Sections 3.1 and 3.3). As opposed to
its strong influence on FACs, the effect of By orientation on dBOP is thus overall weak as the global shape of
dBOP is conserved. In particular, the asymmetric pattern (between dawn and dusk at low frequencies and between
dayside and nightside at higher frequencies) remains the main morphological characteristic in the dBOP distri-
butions. We therefore assume the inter‐hemispheric differences reported here to have no major consequence on
the conclusions we draw in this study (as they mostly have to do with the persistent asymmetric pattern in dBOP),
such that both hemispheres can be safely combined in the rest of the analysis.

3.5. Variation With Substorm Epochs

In this section, we aim to determine how the disturbed magnetic field occurrence probability varies throughout the
substorm cycle. We use the Ohtani and Gjerloev list of substorm onsets identified from the SuperMAG Maximum
westward auroral electrojets strength (SML) index (Ohtani & Gjerloev, 2020).

Figures 10 (low frequencies) and 11 (high frequencies) show the statistical evolution of the dBOP MLat‐MLT
distribution with the substorm cycle, and the corresponding MLT profiles of 1D dBOP, from 30 min before
substorm onset (t = 0) up until 30 min after onset (in blue and red, respectively), separated into 15‐min intervals.

The dBOP global morphology remains unchanged and similar to the dBOP distributions previously described in
this study. In particular, the MLT profiles in Figures 10 and 11 exhibit the usual dawn‐dusk asymmetry in the low‐

Figure 9. Similar as Figure 8, but for high frequencies [2.5–5 Hz].
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Figure 9 shows that the dBOP behavior with By orientation at higher frequencies is different from the behavior
observed at low frequencies. Here, the 1D distributions obtained for By positive and negative in the Northern
Hemisphere (Figure 9a) essentially match the distributions for By negative and positive in the Southern Hemi-
sphere (Figure 9b). In particular, the MLT profiles of dBOP for both By signs are almost identical on the nightside,
in both hemispheres. In the Northern Hemisphere, the values of 1D dBOP for positive By (in black) exceeds the
1D dBOP obtained for the opposite By orientation (in gray) at dawn, and this trend is reversed around the noon
region and at dusk. The same applies in the Southern Hemisphere, where the dBOP distribution for negative By (in
black) also exceeds the distribution obtained for the opposite By orientation (in gray) at dawn, with a reversed
trend around the noon region and at dusk.

Figures 8 and 9 show that independent of hemisphere or the sign of By, the dBOP distributions presented here are
relatively similar to the distributions previously described in this study (see Sections 3.1 and 3.3). As opposed to
its strong influence on FACs, the effect of By orientation on dBOP is thus overall weak as the global shape of
dBOP is conserved. In particular, the asymmetric pattern (between dawn and dusk at low frequencies and between
dayside and nightside at higher frequencies) remains the main morphological characteristic in the dBOP distri-
butions. We therefore assume the inter‐hemispheric differences reported here to have no major consequence on
the conclusions we draw in this study (as they mostly have to do with the persistent asymmetric pattern in dBOP),
such that both hemispheres can be safely combined in the rest of the analysis.

3.5. Variation With Substorm Epochs

In this section, we aim to determine how the disturbed magnetic field occurrence probability varies throughout the
substorm cycle. We use the Ohtani and Gjerloev list of substorm onsets identified from the SuperMAG Maximum
westward auroral electrojets strength (SML) index (Ohtani & Gjerloev, 2020).

Figures 10 (low frequencies) and 11 (high frequencies) show the statistical evolution of the dBOP MLat‐MLT
distribution with the substorm cycle, and the corresponding MLT profiles of 1D dBOP, from 30 min before
substorm onset (t = 0) up until 30 min after onset (in blue and red, respectively), separated into 15‐min intervals.

The dBOP global morphology remains unchanged and similar to the dBOP distributions previously described in
this study. In particular, the MLT profiles in Figures 10 and 11 exhibit the usual dawn‐dusk asymmetry in the low‐

Figure 9. Similar as Figure 8, but for high frequencies [2.5–5 Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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Figure9showsthatthedBOPbehaviorwithByorientationathigherfrequenciesisdifferentfromthebehavior
observedatlowfrequencies.Here,the1DdistributionsobtainedforBypositiveandnegativeintheNorthern
Hemisphere(Figure9a)essentiallymatchthedistributionsforBynegativeandpositiveintheSouthernHemi-
sphere(Figure9b).Inparticular,theMLTprofilesofdBOPforbothBysignsarealmostidenticalonthenightside,
inbothhemispheres.IntheNorthernHemisphere,thevaluesof1DdBOPforpositiveBy(inblack)exceedsthe
1DdBOPobtainedfortheoppositeByorientation(ingray)atdawn,andthistrendisreversedaroundthenoon
regionandatdusk.ThesameappliesintheSouthernHemisphere,wherethedBOPdistributionfornegativeBy(in
black)alsoexceedsthedistributionobtainedfortheoppositeByorientation(ingray)atdawn,withareversed
trendaroundthenoonregionandatdusk.

Figures8and9showthatindependentofhemisphereorthesignofBy,thedBOPdistributionspresentedhereare
relativelysimilartothedistributionspreviouslydescribedinthisstudy(seeSections3.1and3.3).Asopposedto
itsstronginfluenceonFACs,theeffectofByorientationondBOPisthusoverallweakastheglobalshapeof
dBOPisconserved.Inparticular,theasymmetricpattern(betweendawnandduskatlowfrequenciesandbetween
daysideandnightsideathigherfrequencies)remainsthemainmorphologicalcharacteristicinthedBOPdistri-
butions.Wethereforeassumetheinter‐hemisphericdifferencesreportedheretohavenomajorconsequenceon
theconclusionswedrawinthisstudy(astheymostlyhavetodowiththepersistentasymmetricpatternindBOP),
suchthatbothhemispherescanbesafelycombinedintherestoftheanalysis.

3.5.VariationWithSubstormEpochs

Inthissection,weaimtodeterminehowthedisturbedmagneticfieldoccurrenceprobabilityvariesthroughoutthe
substormcycle.WeusetheOhtaniandGjerloevlistofsubstormonsetsidentifiedfromtheSuperMAGMaximum
westwardauroralelectrojetsstrength(SML)index(Ohtani&Gjerloev,2020).

Figures10(lowfrequencies)and11(highfrequencies)showthestatisticalevolutionofthedBOPMLat‐MLT
distributionwiththesubstormcycle,andthecorrespondingMLTprofilesof1DdBOP,from30minbefore
substormonset(t=0)upuntil30minafteronset(inblueandred,respectively),separatedinto15‐minintervals.

ThedBOPglobalmorphologyremainsunchangedandsimilartothedBOPdistributionspreviouslydescribedin
thisstudy.Inparticular,theMLTprofilesinFigures10and11exhibittheusualdawn‐duskasymmetryinthelow‐

Figure9.SimilarasFigure8,butforhighfrequencies[2.5–5Hz].
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frequency dBOP, and the asymmetry between dayside and nightside in the high‐frequency dBOP. In both fre-
quency bands, the influence of substorm phases on these distributions is mainly visible on the nightside. In the
pre‐midnight sector (21–23 MT), the 1D dBOP distributions indicate a sharp increase in the probability of
detecting disturbed magnetic field after substorm onset. This can also be observed in the MLat‐MLT distributions
(maps) as a small expansion/intensification of the dBOP oval around midnight. The after‐onset dBOP then stays
higher than before onset from about 21 to 3 MLT, as primarily seen from the MLT profiles. In all other MLT
sectors, the dBOP remains unchanged for t < 0 and t > 0. Despite the significant increase in dBOP on the
nightside, the four low‐frequency dBOP distributions still peak at dawn and the high‐frequency dBOP still

Figure 10. Low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) distributions and magnetic local time profiles of 1D dBOP for four
different 15 min‐time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark
blue), 0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).

Figure 11. Similar as Figure 10, but for high frequencies [2.5–5 Hz].
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quencybands,theinfluenceofsubstormphasesonthesedistributionsismainlyvisibleonthenightside.Inthe
pre‐midnightsector(21–23MT),the1DdBOPdistributionsindicateasharpincreaseintheprobabilityof
detectingdisturbedmagneticfieldaftersubstormonset.ThiscanalsobeobservedintheMLat‐MLTdistributions
(maps)asasmallexpansion/intensificationofthedBOPovalaroundmidnight.Theafter‐onsetdBOPthenstays
higherthanbeforeonsetfromabout21to3MLT,asprimarilyseenfromtheMLTprofiles.InallotherMLT
sectors,thedBOPremainsunchangedfort<0andt>0.DespitethesignificantincreaseindBOPonthe
nightside,thefourlow‐frequencydBOPdistributionsstillpeakatdawnandthehigh‐frequencydBOPstill

Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
blue),0min≤t<15min(darkred),15min≤t<30min(lightred).

Figure11.SimilarasFigure10,butforhighfrequencies[2.5–5Hz].
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Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
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frequency dBOP, and the asymmetry between dayside and nightside in the high‐frequency dBOP. In both fre-
quency bands, the influence of substorm phases on these distributions is mainly visible on the nightside. In the
pre‐midnight sector (21–23 MT), the 1D dBOP distributions indicate a sharp increase in the probability of
detecting disturbed magnetic field after substorm onset. This can also be observed in the MLat‐MLT distributions
(maps) as a small expansion/intensification of the dBOP oval around midnight. The after‐onset dBOP then stays
higher than before onset from about 21 to 3 MLT, as primarily seen from the MLT profiles. In all other MLT
sectors, the dBOP remains unchanged for t < 0 and t > 0. Despite the significant increase in dBOP on the
nightside, the four low‐frequency dBOP distributions still peak at dawn and the high‐frequency dBOP still

Figure 10. Low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) distributions and magnetic local time profiles of 1D dBOP for four
different 15 min‐time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark
blue), 0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).

Figure 11. Similar as Figure 10, but for high frequencies [2.5–5 Hz].
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frequency dBOP, and the asymmetry between dayside and nightside in the high‐frequency dBOP. In both fre-
quency bands, the influence of substorm phases on these distributions is mainly visible on the nightside. In the
pre‐midnight sector (21–23 MT), the 1D dBOP distributions indicate a sharp increase in the probability of
detecting disturbed magnetic field after substorm onset. This can also be observed in the MLat‐MLT distributions
(maps) as a small expansion/intensification of the dBOP oval around midnight. The after‐onset dBOP then stays
higher than before onset from about 21 to 3 MLT, as primarily seen from the MLT profiles. In all other MLT
sectors, the dBOP remains unchanged for t < 0 and t > 0. Despite the significant increase in dBOP on the
nightside, the four low‐frequency dBOP distributions still peak at dawn and the high‐frequency dBOP still

Figure 10. Low‐frequency [0.1–1 Hz] distributed magnetic field occurrence probability (dBOP) distributions and magnetic local time profiles of 1D dBOP for four
different 15 min‐time ranges around substorm onset. From left to right the time ranges are respectively −30 min ≤ t < −15 min (light blue), −15 min ≤ t < 0 min (dark
blue), 0 min ≤ t < 15 min (dark red), 15 min ≤ t < 30 min (light red).

Figure 11. Similar as Figure 10, but for high frequencies [2.5–5 Hz].
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frequencydBOP,andtheasymmetrybetweendaysideandnightsideinthehigh‐frequencydBOP.Inbothfre-
quencybands,theinfluenceofsubstormphasesonthesedistributionsismainlyvisibleonthenightside.Inthe
pre‐midnightsector(21–23MT),the1DdBOPdistributionsindicateasharpincreaseintheprobabilityof
detectingdisturbedmagneticfieldaftersubstormonset.ThiscanalsobeobservedintheMLat‐MLTdistributions
(maps)asasmallexpansion/intensificationofthedBOPovalaroundmidnight.Theafter‐onsetdBOPthenstays
higherthanbeforeonsetfromabout21to3MLT,asprimarilyseenfromtheMLTprofiles.InallotherMLT
sectors,thedBOPremainsunchangedfort<0andt>0.DespitethesignificantincreaseindBOPonthe
nightside,thefourlow‐frequencydBOPdistributionsstillpeakatdawnandthehigh‐frequencydBOPstill

Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
blue),0min≤t<15min(darkred),15min≤t<30min(lightred).

Figure11.SimilarasFigure10,butforhighfrequencies[2.5–5Hz].
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frequencydBOP,andtheasymmetrybetweendaysideandnightsideinthehigh‐frequencydBOP.Inbothfre-
quencybands,theinfluenceofsubstormphasesonthesedistributionsismainlyvisibleonthenightside.Inthe
pre‐midnightsector(21–23MT),the1DdBOPdistributionsindicateasharpincreaseintheprobabilityof
detectingdisturbedmagneticfieldaftersubstormonset.ThiscanalsobeobservedintheMLat‐MLTdistributions
(maps)asasmallexpansion/intensificationofthedBOPovalaroundmidnight.Theafter‐onsetdBOPthenstays
higherthanbeforeonsetfromabout21to3MLT,asprimarilyseenfromtheMLTprofiles.InallotherMLT
sectors,thedBOPremainsunchangedfort<0andt>0.DespitethesignificantincreaseindBOPonthe
nightside,thefourlow‐frequencydBOPdistributionsstillpeakatdawnandthehigh‐frequencydBOPstill

Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
blue),0min≤t<15min(darkred),15min≤t<30min(lightred).

Figure11.SimilarasFigure10,butforhighfrequencies[2.5–5Hz].
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frequencydBOP,andtheasymmetrybetweendaysideandnightsideinthehigh‐frequencydBOP.Inbothfre-
quencybands,theinfluenceofsubstormphasesonthesedistributionsismainlyvisibleonthenightside.Inthe
pre‐midnightsector(21–23MT),the1DdBOPdistributionsindicateasharpincreaseintheprobabilityof
detectingdisturbedmagneticfieldaftersubstormonset.ThiscanalsobeobservedintheMLat‐MLTdistributions
(maps)asasmallexpansion/intensificationofthedBOPovalaroundmidnight.Theafter‐onsetdBOPthenstays
higherthanbeforeonsetfromabout21to3MLT,asprimarilyseenfromtheMLTprofiles.InallotherMLT
sectors,thedBOPremainsunchangedfort<0andt>0.DespitethesignificantincreaseindBOPonthe
nightside,thefourlow‐frequencydBOPdistributionsstillpeakatdawnandthehigh‐frequencydBOPstill

Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
blue),0min≤t<15min(darkred),15min≤t<30min(lightred).

Figure11.SimilarasFigure10,butforhighfrequencies[2.5–5Hz].
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frequencydBOP,andtheasymmetrybetweendaysideandnightsideinthehigh‐frequencydBOP.Inbothfre-
quencybands,theinfluenceofsubstormphasesonthesedistributionsismainlyvisibleonthenightside.Inthe
pre‐midnightsector(21–23MT),the1DdBOPdistributionsindicateasharpincreaseintheprobabilityof
detectingdisturbedmagneticfieldaftersubstormonset.ThiscanalsobeobservedintheMLat‐MLTdistributions
(maps)asasmallexpansion/intensificationofthedBOPovalaroundmidnight.Theafter‐onsetdBOPthenstays
higherthanbeforeonsetfromabout21to3MLT,asprimarilyseenfromtheMLTprofiles.InallotherMLT
sectors,thedBOPremainsunchangedfort<0andt>0.DespitethesignificantincreaseindBOPonthe
nightside,thefourlow‐frequencydBOPdistributionsstillpeakatdawnandthehigh‐frequencydBOPstill

Figure10.Low‐frequency[0.1–1Hz]distributedmagneticfieldoccurrenceprobability(dBOP)distributionsandmagneticlocaltimeprofilesof1DdBOPforfour
different15min‐timerangesaroundsubstormonset.Fromlefttorightthetimerangesarerespectively−30min≤t<−15min(lightblue),−15min≤t<0min(dark
blue),0min≤t<15min(darkred),15min≤t<30min(lightred).

Figure11.SimilarasFigure10,butforhighfrequencies[2.5–5Hz].
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presents a broad peak from 6 to 13 MLT, independent of the substorm epoch. Hence substorm onsets tend to
reduce the asymmetric pattern in the dBOP distributions, in a similar way as the rise in geomagnetic activity
associated with southward IMF Bz for example (see Section 3.3).

4. Discussion
We used Swarm ΔBEW measurements to derive MLat‐MLT maps of the disturbed magnetic field occurrence
probability for different conditions. In this section, we discuss methodology limitations resulting from the am-
biguity between spatial and temporal variations as it is complex to determine whether the spacecraft is moving
through quasi‐static structures or if the structures themselves are dynamic. We also compare the dBOP with
auroral boundaries derived from FAC signatures and finally discuss the connection between the dBOP and the
auroral oval as derived from precipitating electrons.

4.1. Interpretation of Magnetic Field Variations in the Satellites' Moving Frame of Reference

We found important discrepancies between the low‐ and high‐frequency dBOP distributions. At high frequencies,
the dBOP distributions essentially highlight the dayside and, to a lesser extent, the midnight sector. As they
directly map to active regions in the magnetosphere (regions of reconnection on the dayside and depolarization on
the nightside), such sectors are subject to strong forcing when there is a stress imbalance between the ionosphere
and the magnetosphere. Thereby, high‐frequency magnetic field perturbations are commonly associated with
dynamic FACs (typically Alfvén waves), which are generated in response to the tension on the magnetic field
lines. On the other hand, the low‐frequency dBOP is generally more spread over all MLTs. Indeed, low‐frequency
magnetic field perturbations indicate a more balanced stress between the ionosphere and magnetosphere, asso-
ciated with quasi‐steady‐state FACs. Such perturbations are expected to reflect the average ionospheric current
patterns, such as those described by the Average Magnetic Field and Polar Current System (AMPS) model
(Laundal et al., 2018).

Consequently, the low‐frequency dBOP is likely to relate to large‐scale spatial variations in magnetic field
structures. However, we emphasize that the magnetic field disturbances measured by Swarm cannot be unam-
biguously identified as either spatial or temporal variations. This is due to the discrepancy between the Doppler‐
shifted frequency of the wave observed in the satellite reference frame and the wave frequency in the plasma
reference frame (Chaston et al., 2004; Stasiewicz et al., 2000). Furthermore, even in an ideal quasi‐static scenario,
it is challenging to assert whether the detected variations are purely spatial or not. The reason for that is that we
have no information about the orientation of the current sheet the spacecraft is flying through. For example, for
satellite orbits that do not cross circles of latitude perpendicularly, a structure oriented east‐west in magnetic
coordinates will take longer to traverse and appear as lower frequencies (larger in space) than the same structure if
crossed perpendicularly. This bias toward low frequencies might occur more often in the Southern Hemisphere
than in the Northern Hemisphere due to the wider orbital plane in magnetic coordinates caused by the offset
between magnetic and geographic poles—this offset being larger in the South.

4.2. Comparison With Existing Studies

In an interesting study Neubert and Christiansen (2003) derived small‐scale FACs in the polar ionosphere from
space‐based vector magnetic field observations. The current structures they explore are predominantly located in
the cusp, with spatial scales as small as 600 m, surpassing the smallest scales resolved in our study (1.5 km). We
nonetheless emphasize that the high‐frequency dBOP distributions presented in the present study show the same
dependence on IMF Bz (see Section 3.3) as the small‐scale FACs determined in Neubert and Christiansen (2003),
both in terms of peak location and intensity.

Regarding alternative approaches to a dBOP‐like analysis, Wu et al. (2017) also statistically calculated distri-
butions of magnetic power as a function of MLT from Swarm measurements. One notable aspect of their work is
the organization of their results according to coincidence with Region 1 (high‐) and Region 2 (low‐latitude)
FACs. In contrast, our 1D dBOP does not allow for differentiation between high and low latitudes. This prevents
an accurate comparison with their study. We nevertheless point out that their distributions of “high‐frequency”
(spacecraft‐frame frequencies in the range 0.0163–0.5 Hz) magnetic perturbations co‐located with R1 currents
peak at dawn and dusk in a similar fashion as our “low‐frequency” (0.1–1 Hz) dBOP (e.g., Figure 7b in Wu
et al., 2017).
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presentsabroadpeakfrom6to13MLT,independentofthesubstormepoch.Hencesubstormonsetstendto
reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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presents a broad peak from 6 to 13 MLT, independent of the substorm epoch. Hence substorm onsets tend to
reduce the asymmetric pattern in the dBOP distributions, in a similar way as the rise in geomagnetic activity
associated with southward IMF Bz for example (see Section 3.3).

4. Discussion
We used Swarm ΔBEW measurements to derive MLat‐MLT maps of the disturbed magnetic field occurrence
probability for different conditions. In this section, we discuss methodology limitations resulting from the am-
biguity between spatial and temporal variations as it is complex to determine whether the spacecraft is moving
through quasi‐static structures or if the structures themselves are dynamic. We also compare the dBOP with
auroral boundaries derived from FAC signatures and finally discuss the connection between the dBOP and the
auroral oval as derived from precipitating electrons.

4.1. Interpretation of Magnetic Field Variations in the Satellites' Moving Frame of Reference

We found important discrepancies between the low‐ and high‐frequency dBOP distributions. At high frequencies,
the dBOP distributions essentially highlight the dayside and, to a lesser extent, the midnight sector. As they
directly map to active regions in the magnetosphere (regions of reconnection on the dayside and depolarization on
the nightside), such sectors are subject to strong forcing when there is a stress imbalance between the ionosphere
and the magnetosphere. Thereby, high‐frequency magnetic field perturbations are commonly associated with
dynamic FACs (typically Alfvén waves), which are generated in response to the tension on the magnetic field
lines. On the other hand, the low‐frequency dBOP is generally more spread over all MLTs. Indeed, low‐frequency
magnetic field perturbations indicate a more balanced stress between the ionosphere and magnetosphere, asso-
ciated with quasi‐steady‐state FACs. Such perturbations are expected to reflect the average ionospheric current
patterns, such as those described by the Average Magnetic Field and Polar Current System (AMPS) model
(Laundal et al., 2018).

Consequently, the low‐frequency dBOP is likely to relate to large‐scale spatial variations in magnetic field
structures. However, we emphasize that the magnetic field disturbances measured by Swarm cannot be unam-
biguously identified as either spatial or temporal variations. This is due to the discrepancy between the Doppler‐
shifted frequency of the wave observed in the satellite reference frame and the wave frequency in the plasma
reference frame (Chaston et al., 2004; Stasiewicz et al., 2000). Furthermore, even in an ideal quasi‐static scenario,
it is challenging to assert whether the detected variations are purely spatial or not. The reason for that is that we
have no information about the orientation of the current sheet the spacecraft is flying through. For example, for
satellite orbits that do not cross circles of latitude perpendicularly, a structure oriented east‐west in magnetic
coordinates will take longer to traverse and appear as lower frequencies (larger in space) than the same structure if
crossed perpendicularly. This bias toward low frequencies might occur more often in the Southern Hemisphere
than in the Northern Hemisphere due to the wider orbital plane in magnetic coordinates caused by the offset
between magnetic and geographic poles—this offset being larger in the South.

4.2. Comparison With Existing Studies

In an interesting study Neubert and Christiansen (2003) derived small‐scale FACs in the polar ionosphere from
space‐based vector magnetic field observations. The current structures they explore are predominantly located in
the cusp, with spatial scales as small as 600 m, surpassing the smallest scales resolved in our study (1.5 km). We
nonetheless emphasize that the high‐frequency dBOP distributions presented in the present study show the same
dependence on IMF Bz (see Section 3.3) as the small‐scale FACs determined in Neubert and Christiansen (2003),
both in terms of peak location and intensity.

Regarding alternative approaches to a dBOP‐like analysis, Wu et al. (2017) also statistically calculated distri-
butions of magnetic power as a function of MLT from Swarm measurements. One notable aspect of their work is
the organization of their results according to coincidence with Region 1 (high‐) and Region 2 (low‐latitude)
FACs. In contrast, our 1D dBOP does not allow for differentiation between high and low latitudes. This prevents
an accurate comparison with their study. We nevertheless point out that their distributions of “high‐frequency”
(spacecraft‐frame frequencies in the range 0.0163–0.5 Hz) magnetic perturbations co‐located with R1 currents
peak at dawn and dusk in a similar fashion as our “low‐frequency” (0.1–1 Hz) dBOP (e.g., Figure 7b in Wu
et al., 2017).
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presents a broad peak from 6 to 13 MLT, independent of the substorm epoch. Hence substorm onsets tend to
reduce the asymmetric pattern in the dBOP distributions, in a similar way as the rise in geomagnetic activity
associated with southward IMF Bz for example (see Section 3.3).

4. Discussion
We used Swarm ΔBEW measurements to derive MLat‐MLT maps of the disturbed magnetic field occurrence
probability for different conditions. In this section, we discuss methodology limitations resulting from the am-
biguity between spatial and temporal variations as it is complex to determine whether the spacecraft is moving
through quasi‐static structures or if the structures themselves are dynamic. We also compare the dBOP with
auroral boundaries derived from FAC signatures and finally discuss the connection between the dBOP and the
auroral oval as derived from precipitating electrons.

4.1. Interpretation of Magnetic Field Variations in the Satellites' Moving Frame of Reference

We found important discrepancies between the low‐ and high‐frequency dBOP distributions. At high frequencies,
the dBOP distributions essentially highlight the dayside and, to a lesser extent, the midnight sector. As they
directly map to active regions in the magnetosphere (regions of reconnection on the dayside and depolarization on
the nightside), such sectors are subject to strong forcing when there is a stress imbalance between the ionosphere
and the magnetosphere. Thereby, high‐frequency magnetic field perturbations are commonly associated with
dynamic FACs (typically Alfvén waves), which are generated in response to the tension on the magnetic field
lines. On the other hand, the low‐frequency dBOP is generally more spread over all MLTs. Indeed, low‐frequency
magnetic field perturbations indicate a more balanced stress between the ionosphere and magnetosphere, asso-
ciated with quasi‐steady‐state FACs. Such perturbations are expected to reflect the average ionospheric current
patterns, such as those described by the Average Magnetic Field and Polar Current System (AMPS) model
(Laundal et al., 2018).

Consequently, the low‐frequency dBOP is likely to relate to large‐scale spatial variations in magnetic field
structures. However, we emphasize that the magnetic field disturbances measured by Swarm cannot be unam-
biguously identified as either spatial or temporal variations. This is due to the discrepancy between the Doppler‐
shifted frequency of the wave observed in the satellite reference frame and the wave frequency in the plasma
reference frame (Chaston et al., 2004; Stasiewicz et al., 2000). Furthermore, even in an ideal quasi‐static scenario,
it is challenging to assert whether the detected variations are purely spatial or not. The reason for that is that we
have no information about the orientation of the current sheet the spacecraft is flying through. For example, for
satellite orbits that do not cross circles of latitude perpendicularly, a structure oriented east‐west in magnetic
coordinates will take longer to traverse and appear as lower frequencies (larger in space) than the same structure if
crossed perpendicularly. This bias toward low frequencies might occur more often in the Southern Hemisphere
than in the Northern Hemisphere due to the wider orbital plane in magnetic coordinates caused by the offset
between magnetic and geographic poles—this offset being larger in the South.

4.2. Comparison With Existing Studies

In an interesting study Neubert and Christiansen (2003) derived small‐scale FACs in the polar ionosphere from
space‐based vector magnetic field observations. The current structures they explore are predominantly located in
the cusp, with spatial scales as small as 600 m, surpassing the smallest scales resolved in our study (1.5 km). We
nonetheless emphasize that the high‐frequency dBOP distributions presented in the present study show the same
dependence on IMF Bz (see Section 3.3) as the small‐scale FACs determined in Neubert and Christiansen (2003),
both in terms of peak location and intensity.

Regarding alternative approaches to a dBOP‐like analysis, Wu et al. (2017) also statistically calculated distri-
butions of magnetic power as a function of MLT from Swarm measurements. One notable aspect of their work is
the organization of their results according to coincidence with Region 1 (high‐) and Region 2 (low‐latitude)
FACs. In contrast, our 1D dBOP does not allow for differentiation between high and low latitudes. This prevents
an accurate comparison with their study. We nevertheless point out that their distributions of “high‐frequency”
(spacecraft‐frame frequencies in the range 0.0163–0.5 Hz) magnetic perturbations co‐located with R1 currents
peak at dawn and dusk in a similar fashion as our “low‐frequency” (0.1–1 Hz) dBOP (e.g., Figure 7b in Wu
et al., 2017).
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presentsabroadpeakfrom6to13MLT,independentofthesubstormepoch.Hencesubstormonsetstendto
reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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presentsabroadpeakfrom6to13MLT,independentofthesubstormepoch.Hencesubstormonsetstendto
reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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presentsabroadpeakfrom6to13MLT,independentofthesubstormepoch.Hencesubstormonsetstendto
reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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presentsabroadpeakfrom6to13MLT,independentofthesubstormepoch.Hencesubstormonsetstendto
reducetheasymmetricpatterninthedBOPdistributions,inasimilarwayastheriseingeomagneticactivity
associatedwithsouthwardIMFBzforexample(seeSection3.3).

4.Discussion
WeusedSwarmΔBEWmeasurementstoderiveMLat‐MLTmapsofthedisturbedmagneticfieldoccurrence
probabilityfordifferentconditions.Inthissection,wediscussmethodologylimitationsresultingfromtheam-
biguitybetweenspatialandtemporalvariationsasitiscomplextodeterminewhetherthespacecraftismoving
throughquasi‐staticstructuresorifthestructuresthemselvesaredynamic.WealsocomparethedBOPwith
auroralboundariesderivedfromFACsignaturesandfinallydiscusstheconnectionbetweenthedBOPandthe
auroralovalasderivedfromprecipitatingelectrons.

4.1.InterpretationofMagneticFieldVariationsintheSatellites'MovingFrameofReference

Wefoundimportantdiscrepanciesbetweenthelow‐andhigh‐frequencydBOPdistributions.Athighfrequencies,
thedBOPdistributionsessentiallyhighlightthedaysideand,toalesserextent,themidnightsector.Asthey
directlymaptoactiveregionsinthemagnetosphere(regionsofreconnectiononthedaysideanddepolarizationon
thenightside),suchsectorsaresubjecttostrongforcingwhenthereisastressimbalancebetweentheionosphere
andthemagnetosphere.Thereby,high‐frequencymagneticfieldperturbationsarecommonlyassociatedwith
dynamicFACs(typicallyAlfvénwaves),whicharegeneratedinresponsetothetensiononthemagneticfield
lines.Ontheotherhand,thelow‐frequencydBOPisgenerallymorespreadoverallMLTs.Indeed,low‐frequency
magneticfieldperturbationsindicateamorebalancedstressbetweentheionosphereandmagnetosphere,asso-
ciatedwithquasi‐steady‐stateFACs.Suchperturbationsareexpectedtoreflecttheaverageionosphericcurrent
patterns,suchasthosedescribedbytheAverageMagneticFieldandPolarCurrentSystem(AMPS)model
(Laundaletal.,2018).

Consequently,thelow‐frequencydBOPislikelytorelatetolarge‐scalespatialvariationsinmagneticfield
structures.However,weemphasizethatthemagneticfielddisturbancesmeasuredbySwarmcannotbeunam-
biguouslyidentifiedaseitherspatialortemporalvariations.ThisisduetothediscrepancybetweentheDoppler‐
shiftedfrequencyofthewaveobservedinthesatellitereferenceframeandthewavefrequencyintheplasma
referenceframe(Chastonetal.,2004;Stasiewiczetal.,2000).Furthermore,eveninanidealquasi‐staticscenario,
itischallengingtoassertwhetherthedetectedvariationsarepurelyspatialornot.Thereasonforthatisthatwe
havenoinformationabouttheorientationofthecurrentsheetthespacecraftisflyingthrough.Forexample,for
satelliteorbitsthatdonotcrosscirclesoflatitudeperpendicularly,astructureorientedeast‐westinmagnetic
coordinateswilltakelongertotraverseandappearaslowerfrequencies(largerinspace)thanthesamestructureif
crossedperpendicularly.ThisbiastowardlowfrequenciesmightoccurmoreoftenintheSouthernHemisphere
thanintheNorthernHemisphereduetothewiderorbitalplaneinmagneticcoordinatescausedbytheoffset
betweenmagneticandgeographicpoles—thisoffsetbeinglargerintheSouth.

4.2.ComparisonWithExistingStudies

InaninterestingstudyNeubertandChristiansen(2003)derivedsmall‐scaleFACsinthepolarionospherefrom
space‐basedvectormagneticfieldobservations.Thecurrentstructurestheyexplorearepredominantlylocatedin
thecusp,withspatialscalesassmallas600m,surpassingthesmallestscalesresolvedinourstudy(1.5km).We
nonethelessemphasizethatthehigh‐frequencydBOPdistributionspresentedinthepresentstudyshowthesame
dependenceonIMFBz(seeSection3.3)asthesmall‐scaleFACsdeterminedinNeubertandChristiansen(2003),
bothintermsofpeaklocationandintensity.

RegardingalternativeapproachestoadBOP‐likeanalysis,Wuetal.(2017)alsostatisticallycalculateddistri-
butionsofmagneticpowerasafunctionofMLTfromSwarmmeasurements.Onenotableaspectoftheirworkis
theorganizationoftheirresultsaccordingtocoincidencewithRegion1(high‐)andRegion2(low‐latitude)
FACs.Incontrast,our1DdBOPdoesnotallowfordifferentiationbetweenhighandlowlatitudes.Thisprevents
anaccuratecomparisonwiththeirstudy.Weneverthelesspointoutthattheirdistributionsof“high‐frequency”
(spacecraft‐framefrequenciesintherange0.0163–0.5Hz)magneticperturbationsco‐locatedwithR1currents
peakatdawnandduskinasimilarfashionasour“low‐frequency”(0.1–1Hz)dBOP(e.g.,Figure7binWu
etal.,2017).
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Another intriguing study is that of Wu et al. (2020), who have derived a statistical distribution of ionospheric
Alfvén waves based on Swarm observations, establishing connections with nightside FACs and auroral arc
systems. Their approach significantly differs from ours, making a comprehensive comparison between both
studies challenging. Notably, they primarily focus on the nightside, and the frequency band used in their
methodology encompasses both our low‐ and high‐frequency dBOP. Eventually, their emphasis is on standing
Alfvén waves. However, they interestingly suggest that Alfvénic fluctuations—what we think corresponds to our
high‐frequency dBOP—are typically found in the higher‐latitude portion of the auroral region.

We now compare our dBOP distributions with the Xiong and Lühr auroral oval boundaries (Xiong & Lühr, 2014)
which are derived from small and medium‐scale CHAMP FAC signatures. The Xiong and Lühr (2014) model is
such that the position of the poleward and equatorward boundaries are fitted by ellipses that are parameterized by
the Newell coupling function (merging electric field), which quantifies the solar wind input into the magneto-
sphere (Newell et al., 2007). Figure 12 shows the low‐ (panels a and c) and high‐frequency (panels b and d) dBOP
distributions for low (panels a and b) and high (panels c and d) solar wind driving conditions, with the modeled
boundaries plotted on top (white dashed). Note that Xiong and Lühr (2014) used a time‐integrated version of the
merging electric field (Equation 2 in their paper), while our dBOP distributions are simply derived from the
original Newell coupling function (Equation 1 in the same paper). As a first approximation, these figures indicate
a good agreement between dBOP and Xiong et al. (2014) auroral boundaries, as the regions of intense dBOP
(>0.6) are plainly enclosed by the boundaries. At low frequencies, in particular, the correspondence is excellent
(Figures 12a and 12c). At high frequencies, the boundaries tend to delimit a much larger oval than the dBOP, but
still give an approximate idea of the location of the high‐frequency dBOP oval (Figures 12b and 12d). Moreover,
the modeled boundaries exhibit a modest dawn‐dusk asymmetry. This is marginally visible along the 6–18 MLT
meridian, and more evident when looking along the ∼9–21 MLT meridian. Although less pronounced than the
asymmetry in the corresponding dBOP distributions, this is another indication that the auroral oval boundaries
derived by Xiong et al. (2014) and the dBOP display similar features.

Figure 12. Low‐ [0.1–1 Hz] (top, maps (a) and (c) and high‐frequency [2.5–5 Hz] (bottom, maps (b) and (d) distributed
magnetic field occurrence probability distributions for low (left, maps (a) and (b) and high (right, maps (c) and (d) solar wind
driving based on two different ranges of the Newell coupling function; namely [1–3] and [6–8]. Auroral oval boundaries—as
derived from the Xiong et al. (2014) model—are shown as the white dashed line on top of each distribution and correspond to
an epsilon value of 2.5 (low solar wind driving, left) and 5.45 (high solar wind driving, right) respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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Another intriguing study is that of Wu et al. (2020), who have derived a statistical distribution of ionospheric
Alfvén waves based on Swarm observations, establishing connections with nightside FACs and auroral arc
systems. Their approach significantly differs from ours, making a comprehensive comparison between both
studies challenging. Notably, they primarily focus on the nightside, and the frequency band used in their
methodology encompasses both our low‐ and high‐frequency dBOP. Eventually, their emphasis is on standing
Alfvén waves. However, they interestingly suggest that Alfvénic fluctuations—what we think corresponds to our
high‐frequency dBOP—are typically found in the higher‐latitude portion of the auroral region.

We now compare our dBOP distributions with the Xiong and Lühr auroral oval boundaries (Xiong & Lühr, 2014)
which are derived from small and medium‐scale CHAMP FAC signatures. The Xiong and Lühr (2014) model is
such that the position of the poleward and equatorward boundaries are fitted by ellipses that are parameterized by
the Newell coupling function (merging electric field), which quantifies the solar wind input into the magneto-
sphere (Newell et al., 2007). Figure 12 shows the low‐ (panels a and c) and high‐frequency (panels b and d) dBOP
distributions for low (panels a and b) and high (panels c and d) solar wind driving conditions, with the modeled
boundaries plotted on top (white dashed). Note that Xiong and Lühr (2014) used a time‐integrated version of the
merging electric field (Equation 2 in their paper), while our dBOP distributions are simply derived from the
original Newell coupling function (Equation 1 in the same paper). As a first approximation, these figures indicate
a good agreement between dBOP and Xiong et al. (2014) auroral boundaries, as the regions of intense dBOP
(>0.6) are plainly enclosed by the boundaries. At low frequencies, in particular, the correspondence is excellent
(Figures 12a and 12c). At high frequencies, the boundaries tend to delimit a much larger oval than the dBOP, but
still give an approximate idea of the location of the high‐frequency dBOP oval (Figures 12b and 12d). Moreover,
the modeled boundaries exhibit a modest dawn‐dusk asymmetry. This is marginally visible along the 6–18 MLT
meridian, and more evident when looking along the ∼9–21 MLT meridian. Although less pronounced than the
asymmetry in the corresponding dBOP distributions, this is another indication that the auroral oval boundaries
derived by Xiong et al. (2014) and the dBOP display similar features.

Figure 12. Low‐ [0.1–1 Hz] (top, maps (a) and (c) and high‐frequency [2.5–5 Hz] (bottom, maps (b) and (d) distributed
magnetic field occurrence probability distributions for low (left, maps (a) and (b) and high (right, maps (c) and (d) solar wind
driving based on two different ranges of the Newell coupling function; namely [1–3] and [6–8]. Auroral oval boundaries—as
derived from the Xiong et al. (2014) model—are shown as the white dashed line on top of each distribution and correspond to
an epsilon value of 2.5 (low solar wind driving, left) and 5.45 (high solar wind driving, right) respectively.
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Another intriguing study is that of Wu et al. (2020), who have derived a statistical distribution of ionospheric
Alfvén waves based on Swarm observations, establishing connections with nightside FACs and auroral arc
systems. Their approach significantly differs from ours, making a comprehensive comparison between both
studies challenging. Notably, they primarily focus on the nightside, and the frequency band used in their
methodology encompasses both our low‐ and high‐frequency dBOP. Eventually, their emphasis is on standing
Alfvén waves. However, they interestingly suggest that Alfvénic fluctuations—what we think corresponds to our
high‐frequency dBOP—are typically found in the higher‐latitude portion of the auroral region.

We now compare our dBOP distributions with the Xiong and Lühr auroral oval boundaries (Xiong & Lühr, 2014)
which are derived from small and medium‐scale CHAMP FAC signatures. The Xiong and Lühr (2014) model is
such that the position of the poleward and equatorward boundaries are fitted by ellipses that are parameterized by
the Newell coupling function (merging electric field), which quantifies the solar wind input into the magneto-
sphere (Newell et al., 2007). Figure 12 shows the low‐ (panels a and c) and high‐frequency (panels b and d) dBOP
distributions for low (panels a and b) and high (panels c and d) solar wind driving conditions, with the modeled
boundaries plotted on top (white dashed). Note that Xiong and Lühr (2014) used a time‐integrated version of the
merging electric field (Equation 2 in their paper), while our dBOP distributions are simply derived from the
original Newell coupling function (Equation 1 in the same paper). As a first approximation, these figures indicate
a good agreement between dBOP and Xiong et al. (2014) auroral boundaries, as the regions of intense dBOP
(>0.6) are plainly enclosed by the boundaries. At low frequencies, in particular, the correspondence is excellent
(Figures 12a and 12c). At high frequencies, the boundaries tend to delimit a much larger oval than the dBOP, but
still give an approximate idea of the location of the high‐frequency dBOP oval (Figures 12b and 12d). Moreover,
the modeled boundaries exhibit a modest dawn‐dusk asymmetry. This is marginally visible along the 6–18 MLT
meridian, and more evident when looking along the ∼9–21 MLT meridian. Although less pronounced than the
asymmetry in the corresponding dBOP distributions, this is another indication that the auroral oval boundaries
derived by Xiong et al. (2014) and the dBOP display similar features.

Figure 12. Low‐ [0.1–1 Hz] (top, maps (a) and (c) and high‐frequency [2.5–5 Hz] (bottom, maps (b) and (d) distributed
magnetic field occurrence probability distributions for low (left, maps (a) and (b) and high (right, maps (c) and (d) solar wind
driving based on two different ranges of the Newell coupling function; namely [1–3] and [6–8]. Auroral oval boundaries—as
derived from the Xiong et al. (2014) model—are shown as the white dashed line on top of each distribution and correspond to
an epsilon value of 2.5 (low solar wind driving, left) and 5.45 (high solar wind driving, right) respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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AnotherintriguingstudyisthatofWuetal.(2020),whohavederivedastatisticaldistributionofionospheric
AlfvénwavesbasedonSwarmobservations,establishingconnectionswithnightsideFACsandauroralarc
systems.Theirapproachsignificantlydiffersfromours,makingacomprehensivecomparisonbetweenboth
studieschallenging.Notably,theyprimarilyfocusonthenightside,andthefrequencybandusedintheir
methodologyencompassesbothourlow‐andhigh‐frequencydBOP.Eventually,theiremphasisisonstanding
Alfvénwaves.However,theyinterestinglysuggestthatAlfvénicfluctuations—whatwethinkcorrespondstoour
high‐frequencydBOP—aretypicallyfoundinthehigher‐latitudeportionoftheauroralregion.

WenowcompareourdBOPdistributionswiththeXiongandLührauroralovalboundaries(Xiong&Lühr,2014)
whicharederivedfromsmallandmedium‐scaleCHAMPFACsignatures.TheXiongandLühr(2014)modelis
suchthatthepositionofthepolewardandequatorwardboundariesarefittedbyellipsesthatareparameterizedby
theNewellcouplingfunction(mergingelectricfield),whichquantifiesthesolarwindinputintothemagneto-
sphere(Newelletal.,2007).Figure12showsthelow‐(panelsaandc)andhigh‐frequency(panelsbandd)dBOP
distributionsforlow(panelsaandb)andhigh(panelscandd)solarwinddrivingconditions,withthemodeled
boundariesplottedontop(whitedashed).NotethatXiongandLühr(2014)usedatime‐integratedversionofthe
mergingelectricfield(Equation2intheirpaper),whileourdBOPdistributionsaresimplyderivedfromthe
originalNewellcouplingfunction(Equation1inthesamepaper).Asafirstapproximation,thesefiguresindicate
agoodagreementbetweendBOPandXiongetal.(2014)auroralboundaries,astheregionsofintensedBOP
(>0.6)areplainlyenclosedbytheboundaries.Atlowfrequencies,inparticular,thecorrespondenceisexcellent
(Figures12aand12c).Athighfrequencies,theboundariestendtodelimitamuchlargerovalthanthedBOP,but
stillgiveanapproximateideaofthelocationofthehigh‐frequencydBOPoval(Figures12band12d).Moreover,
themodeledboundariesexhibitamodestdawn‐duskasymmetry.Thisismarginallyvisiblealongthe6–18MLT
meridian,andmoreevidentwhenlookingalongthe∼9–21MLTmeridian.Althoughlesspronouncedthanthe
asymmetryinthecorrespondingdBOPdistributions,thisisanotherindicationthattheauroralovalboundaries
derivedbyXiongetal.(2014)andthedBOPdisplaysimilarfeatures.

Figure12.Low‐[0.1–1Hz](top,maps(a)and(c)andhigh‐frequency[2.5–5Hz](bottom,maps(b)and(d)distributed
magneticfieldoccurrenceprobabilitydistributionsforlow(left,maps(a)and(b)andhigh(right,maps(c)and(d)solarwind
drivingbasedontwodifferentrangesoftheNewellcouplingfunction;namely[1–3]and[6–8].Auroralovalboundaries—as
derivedfromtheXiongetal.(2014)model—areshownasthewhitedashedlineontopofeachdistributionandcorrespondto
anepsilonvalueof2.5(lowsolarwinddriving,left)and5.45(highsolarwinddriving,right)respectively.
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Through this non‐exhaustive comparative analysis with some relevant studies, we have established the signifi-
cance of our study, despite its limitations. Notably, we demonstrated a relatively good match between dBOP
distributions and the modeled boundaries derived by Xiong et al. (2014). In particular, the low‐frequency dBOP
adequately captures where the auroral zone FACs are located. The rest of the discussion focuses on the relation
between dBOP and precipitation auroral oval.

4.3. Relation With the Auroral Oval—Magnetic Field Version of the Precipitation Occurrence Probability

In a previous study, we derived the electron POP from precipitating electron energy flux measurements at high
latitudes (DMSP/SSJ) (Decotte et al., 2023). We established a direct connection between the electron precipi-
tation and the probability of observing aurora by setting an energy flux threshold above which the electron energy
flux (in the energy range 1–30 keV) is assumed to result in auroral features (Kilcommons et al., 2017). One of the
main findings from the POP study was the asymmetric pattern of the auroral occurrence oval, with a persistent
preference for the dawn side compared to dusk. In the present study, we follow a similar method to derive the
dBOP, which quantifies the probability of detecting magnetic field fluctuations in space above the polar region.
As described in Section 2, the magnetic field spectral power is classified as either “disturbed” or “undisturbed”
based on the examination of magnetic field perturbations in different frequency bands. As a first‐order
approximation, we showed that the dBOP exhibits an oval shape around the magnetic poles, revealing asym-
metries between MLT sectors. These similarities motivate the investigation of a possible relationship between
dBOP and POP. Therefore, while we performed the analysis without any assumption related to the precipitation
auroral oval (see Section 3), this section is an attempt to explain our dBOP distributions in the context of auroral
precipitation.

Figure 13 shows how the dBOP MLat‐MLT distributions at low (map a) and high (map b) frequencies compare to
the POP (map c), using our entire data sets (no specific selection regarding geomagnetic conditions). The cor-
responding MLT profiles are also shown, with the 1D low‐ and high‐frequency dBOP in orange and green on the
bottom panels at left and right, respectively. The 1D POP is plotted on top of each panel as the black line. We
emphasize that the local time coverage is one major difference between POP and dBOP distributions. While

Figure 13. Comparison between distributed magnetic field occurrence probability (top maps) at low (left, map a, orange
profile) and high (right, map b, green profile) frequency, and precipitation occurrence probability (bottom, map c, black
profile). Both types of distributions are presented over the same latitudinal range 50° ≤ |MLat| ≤ 90°.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032191

DECOTTE ET AL. 16 of 20

 21699402, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

032191 by U
N

IV
E

R
SIT

Y
 O

F B
E

R
G

E
N

, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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Through this non‐exhaustive comparative analysis with some relevant studies, we have established the signifi-
cance of our study, despite its limitations. Notably, we demonstrated a relatively good match between dBOP
distributions and the modeled boundaries derived by Xiong et al. (2014). In particular, the low‐frequency dBOP
adequately captures where the auroral zone FACs are located. The rest of the discussion focuses on the relation
between dBOP and precipitation auroral oval.

4.3. Relation With the Auroral Oval—Magnetic Field Version of the Precipitation Occurrence Probability

In a previous study, we derived the electron POP from precipitating electron energy flux measurements at high
latitudes (DMSP/SSJ) (Decotte et al., 2023). We established a direct connection between the electron precipi-
tation and the probability of observing aurora by setting an energy flux threshold above which the electron energy
flux (in the energy range 1–30 keV) is assumed to result in auroral features (Kilcommons et al., 2017). One of the
main findings from the POP study was the asymmetric pattern of the auroral occurrence oval, with a persistent
preference for the dawn side compared to dusk. In the present study, we follow a similar method to derive the
dBOP, which quantifies the probability of detecting magnetic field fluctuations in space above the polar region.
As described in Section 2, the magnetic field spectral power is classified as either “disturbed” or “undisturbed”
based on the examination of magnetic field perturbations in different frequency bands. As a first‐order
approximation, we showed that the dBOP exhibits an oval shape around the magnetic poles, revealing asym-
metries between MLT sectors. These similarities motivate the investigation of a possible relationship between
dBOP and POP. Therefore, while we performed the analysis without any assumption related to the precipitation
auroral oval (see Section 3), this section is an attempt to explain our dBOP distributions in the context of auroral
precipitation.

Figure 13 shows how the dBOP MLat‐MLT distributions at low (map a) and high (map b) frequencies compare to
the POP (map c), using our entire data sets (no specific selection regarding geomagnetic conditions). The cor-
responding MLT profiles are also shown, with the 1D low‐ and high‐frequency dBOP in orange and green on the
bottom panels at left and right, respectively. The 1D POP is plotted on top of each panel as the black line. We
emphasize that the local time coverage is one major difference between POP and dBOP distributions. While

Figure 13. Comparison between distributed magnetic field occurrence probability (top maps) at low (left, map a, orange
profile) and high (right, map b, green profile) frequency, and precipitation occurrence probability (bottom, map c, black
profile). Both types of distributions are presented over the same latitudinal range 50° ≤ |MLat| ≤ 90°.
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Through this non‐exhaustive comparative analysis with some relevant studies, we have established the signifi-
cance of our study, despite its limitations. Notably, we demonstrated a relatively good match between dBOP
distributions and the modeled boundaries derived by Xiong et al. (2014). In particular, the low‐frequency dBOP
adequately captures where the auroral zone FACs are located. The rest of the discussion focuses on the relation
between dBOP and precipitation auroral oval.

4.3. Relation With the Auroral Oval—Magnetic Field Version of the Precipitation Occurrence Probability

In a previous study, we derived the electron POP from precipitating electron energy flux measurements at high
latitudes (DMSP/SSJ) (Decotte et al., 2023). We established a direct connection between the electron precipi-
tation and the probability of observing aurora by setting an energy flux threshold above which the electron energy
flux (in the energy range 1–30 keV) is assumed to result in auroral features (Kilcommons et al., 2017). One of the
main findings from the POP study was the asymmetric pattern of the auroral occurrence oval, with a persistent
preference for the dawn side compared to dusk. In the present study, we follow a similar method to derive the
dBOP, which quantifies the probability of detecting magnetic field fluctuations in space above the polar region.
As described in Section 2, the magnetic field spectral power is classified as either “disturbed” or “undisturbed”
based on the examination of magnetic field perturbations in different frequency bands. As a first‐order
approximation, we showed that the dBOP exhibits an oval shape around the magnetic poles, revealing asym-
metries between MLT sectors. These similarities motivate the investigation of a possible relationship between
dBOP and POP. Therefore, while we performed the analysis without any assumption related to the precipitation
auroral oval (see Section 3), this section is an attempt to explain our dBOP distributions in the context of auroral
precipitation.

Figure 13 shows how the dBOP MLat‐MLT distributions at low (map a) and high (map b) frequencies compare to
the POP (map c), using our entire data sets (no specific selection regarding geomagnetic conditions). The cor-
responding MLT profiles are also shown, with the 1D low‐ and high‐frequency dBOP in orange and green on the
bottom panels at left and right, respectively. The 1D POP is plotted on top of each panel as the black line. We
emphasize that the local time coverage is one major difference between POP and dBOP distributions. While

Figure 13. Comparison between distributed magnetic field occurrence probability (top maps) at low (left, map a, orange
profile) and high (right, map b, green profile) frequency, and precipitation occurrence probability (bottom, map c, black
profile). Both types of distributions are presented over the same latitudinal range 50° ≤ |MLat| ≤ 90°.
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Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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Throughthisnon‐exhaustivecomparativeanalysiswithsomerelevantstudies,wehaveestablishedthesignifi-
canceofourstudy,despiteitslimitations.Notably,wedemonstratedarelativelygoodmatchbetweendBOP
distributionsandthemodeledboundariesderivedbyXiongetal.(2014).Inparticular,thelow‐frequencydBOP
adequatelycaptureswheretheauroralzoneFACsarelocated.Therestofthediscussionfocusesontherelation
betweendBOPandprecipitationauroraloval.

4.3.RelationWiththeAuroralOval—MagneticFieldVersionofthePrecipitationOccurrenceProbability

Inapreviousstudy,wederivedtheelectronPOPfromprecipitatingelectronenergyfluxmeasurementsathigh
latitudes(DMSP/SSJ)(Decotteetal.,2023).Weestablishedadirectconnectionbetweentheelectronprecipi-
tationandtheprobabilityofobservingaurorabysettinganenergyfluxthresholdabovewhichtheelectronenergy
flux(intheenergyrange1–30keV)isassumedtoresultinauroralfeatures(Kilcommonsetal.,2017).Oneofthe
mainfindingsfromthePOPstudywastheasymmetricpatternoftheauroraloccurrenceoval,withapersistent
preferenceforthedawnsidecomparedtodusk.Inthepresentstudy,wefollowasimilarmethodtoderivethe
dBOP,whichquantifiestheprobabilityofdetectingmagneticfieldfluctuationsinspaceabovethepolarregion.
AsdescribedinSection2,themagneticfieldspectralpowerisclassifiedaseither“disturbed”or“undisturbed”
basedontheexaminationofmagneticfieldperturbationsindifferentfrequencybands.Asafirst‐order
approximation,weshowedthatthedBOPexhibitsanovalshapearoundthemagneticpoles,revealingasym-
metriesbetweenMLTsectors.Thesesimilaritiesmotivatetheinvestigationofapossiblerelationshipbetween
dBOPandPOP.Therefore,whileweperformedtheanalysiswithoutanyassumptionrelatedtotheprecipitation
auroraloval(seeSection3),thissectionisanattempttoexplainourdBOPdistributionsinthecontextofauroral
precipitation.

Figure13showshowthedBOPMLat‐MLTdistributionsatlow(mapa)andhigh(mapb)frequenciescompareto
thePOP(mapc),usingourentiredatasets(nospecificselectionregardinggeomagneticconditions).Thecor-
respondingMLTprofilesarealsoshown,withthe1Dlow‐andhigh‐frequencydBOPinorangeandgreenonthe
bottompanelsatleftandright,respectively.The1DPOPisplottedontopofeachpanelastheblackline.We
emphasizethatthelocaltimecoverageisonemajordifferencebetweenPOPanddBOPdistributions.While

Figure13.Comparisonbetweendistributedmagneticfieldoccurrenceprobability(topmaps)atlow(left,mapa,orange
profile)andhigh(right,mapb,greenprofile)frequency,andprecipitationoccurrenceprobability(bottom,mapc,black
profile).Bothtypesofdistributionsarepresentedoverthesamelatitudinalrange50°≤|MLat|≤90°.
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DMSP (POP) does not cover the postnoon and postmidnight sectors, Swarm data (dBOP) have the benefit of
relatively even coverage of all local times during all seasons (Lühr et al., 2019).

On the one hand, the ovals revealed by the low‐frequency dBOP (Figure 13a) and the POP (Figure 13c) exhibit
similarities in shape and location ‐ especially at the poleward boundary—such that the preferential MLat‐MLT
region for magnetic fluctuations and the preferred region for auroral electron precipitation seem to be, at first
order, related. Although comparable, both ovals have different latitudinal extents, with overall smaller 1D dBOP
amplitudes (MLT profiles) compared to the POP. This feature is well identified by the comparison plot between
the dBOP and POP MLT profiles (bottom left panel of Figure 13), which also highlights the weaker dawn‐dusk
asymmetry in the dBOP (in orange) compared to the POP (in black). On the other hand, dBOP (Figure 13b) and
POP (Figure 13c) significantly differ at higher frequencies. There is no longer dawn‐dusk asymmetry in the dBOP
oval at such frequencies, only a broad peak on the dayside (6–16 MLT), with very faint probabilities everywhere
else. As a consequence, the dominant morphological patterns in dBOP and POP are highly contrasting in these
conditions, as indicated by the associated MLT profiles (bottom right panel of Figure 13, dBOP in green and POP
in black).

We also looked at the response of the dBOP distributions to the level of geomagnetic activity (orientation of IMF
Bz and time relative to substorm epoch, see Sections 3.3 and 3.5) and found that, independent of the frequency
band, the MLT asymmetry is decreased during active times, due to a considerable enhancement in the dBOP in the
nightside sector. This tendency is also observed with the dawn‐dusk asymmetry in the POP distributions in
Decotte et al. (2023). We emphasize that although the variation of geomagnetic activity impacts the degree of
asymmetry in the dBOP and POP distributions in a similar fashion (the more active, the less asymmetric), the
asymmetry in the dBOP is reduced to a larger extent than the POP during disturbed geomagnetic times. A quick
comparison between the POP and dBOP responses to a southward turning of the IMF or to substorm onset shows
that there is a relative lack of response of the POP, while the dBOP distributions are more impacted by such
increased activity (greater nightside activation). This partly explains the larger asymmetric pattern in the POP,
compared to the dBOP.

In Decotte et al. (2023), we proposed a theory to explain the dawn‐dusk asymmetry observed in the POP. The
argument relies on a fluid description in which we assume a topological mapping between the auroral oval and the
magnetospheric plasma sheet, such that variations in the amount of closed magnetic flux induce similar variations
in the auroral region. We showed that the Earth's corotation influence on the plasma convection pattern could be
partly responsible for the auroral oval asymmetric shape. Since the low‐frequency dBOP and the POP appear to be
analogous, this approach could still be valid and partially explain why the dBOP morphology is dominated by an
asymmetric pattern between the dawn and dusk sides of the auroral region. In particular, connecting the dBOP to
this perspective fits the idea that the auroral oval's shape is not only regulated by energetic precipitation but also
depends on the magnetic coupling between the magnetosphere and ionosphere. Moreover, in this picture, it is
expected that low‐ and high‐frequency dBOP behave in a different manner. We showed that at high frequencies the
dBOP mainly reflects ionospheric regions that are related to dynamic changes in the magnetosphere. These regions
are not influenced by the Earth's rotation, unlike the large‐scale plasma convection associated with the more steady
MI coupling. This could consequently explain the lack of dawn‐dusk asymmetry in the high‐frequency dBOP.

Kilcommons et al. (2017) have produced maps of the large‐scale FACs derived from DMSP magnetometer (SSM)
data and compared where the R1 and R2 current systems lie relative to the electron precipitation boundaries, as
derived from DMSP SSJ data. They found a dawn‐dusk asymmetry in the FAC location, with higher latitude FACs
in the dawn region compared to dusk. This latitudinal feature compares well with our low‐frequency dBOP dis-
tributions derived for different levels of geomagnetic activity (see Sections 3.3 and 3.5). However, the asymmetric
pattern they point out doesn't necessarily translate into a wider or more intense dBOP region at dawn. But inter-
estingly enough, they interpret it as related to the extent of the region of strong precipitating electron flux and point
to the constantly wider dawn side auroral region. Thereby, this asymmetry in the auroral region is a recurrent pattern
in the electron precipitation auroral oval, the FACs and the disturbed magnetic field at low frequency.

Given our understanding of ionospheric electrodynamics, the relationship between low‐frequency dBOP
(indicative of quasi‐steady FACs) and POP (which essentially reflect the large‐scale long‐term pattern of the
auroral oval) aligns coherently. In fact, steady‐state FACs are well described by the ionospheric Ohm's law and
depend on conductance, which is partly controlled by particle precipitation. Moreover, it is commonly known that
auroral precipitation increases the ionospheric conductance in the same region as where the R1/R2 FACs are
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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DMSP (POP) does not cover the postnoon and postmidnight sectors, Swarm data (dBOP) have the benefit of
relatively even coverage of all local times during all seasons (Lühr et al., 2019).

On the one hand, the ovals revealed by the low‐frequency dBOP (Figure 13a) and the POP (Figure 13c) exhibit
similarities in shape and location ‐ especially at the poleward boundary—such that the preferential MLat‐MLT
region for magnetic fluctuations and the preferred region for auroral electron precipitation seem to be, at first
order, related. Although comparable, both ovals have different latitudinal extents, with overall smaller 1D dBOP
amplitudes (MLT profiles) compared to the POP. This feature is well identified by the comparison plot between
the dBOP and POP MLT profiles (bottom left panel of Figure 13), which also highlights the weaker dawn‐dusk
asymmetry in the dBOP (in orange) compared to the POP (in black). On the other hand, dBOP (Figure 13b) and
POP (Figure 13c) significantly differ at higher frequencies. There is no longer dawn‐dusk asymmetry in the dBOP
oval at such frequencies, only a broad peak on the dayside (6–16 MLT), with very faint probabilities everywhere
else. As a consequence, the dominant morphological patterns in dBOP and POP are highly contrasting in these
conditions, as indicated by the associated MLT profiles (bottom right panel of Figure 13, dBOP in green and POP
in black).

We also looked at the response of the dBOP distributions to the level of geomagnetic activity (orientation of IMF
Bz and time relative to substorm epoch, see Sections 3.3 and 3.5) and found that, independent of the frequency
band, the MLT asymmetry is decreased during active times, due to a considerable enhancement in the dBOP in the
nightside sector. This tendency is also observed with the dawn‐dusk asymmetry in the POP distributions in
Decotte et al. (2023). We emphasize that although the variation of geomagnetic activity impacts the degree of
asymmetry in the dBOP and POP distributions in a similar fashion (the more active, the less asymmetric), the
asymmetry in the dBOP is reduced to a larger extent than the POP during disturbed geomagnetic times. A quick
comparison between the POP and dBOP responses to a southward turning of the IMF or to substorm onset shows
that there is a relative lack of response of the POP, while the dBOP distributions are more impacted by such
increased activity (greater nightside activation). This partly explains the larger asymmetric pattern in the POP,
compared to the dBOP.

In Decotte et al. (2023), we proposed a theory to explain the dawn‐dusk asymmetry observed in the POP. The
argument relies on a fluid description in which we assume a topological mapping between the auroral oval and the
magnetospheric plasma sheet, such that variations in the amount of closed magnetic flux induce similar variations
in the auroral region. We showed that the Earth's corotation influence on the plasma convection pattern could be
partly responsible for the auroral oval asymmetric shape. Since the low‐frequency dBOP and the POP appear to be
analogous, this approach could still be valid and partially explain why the dBOP morphology is dominated by an
asymmetric pattern between the dawn and dusk sides of the auroral region. In particular, connecting the dBOP to
this perspective fits the idea that the auroral oval's shape is not only regulated by energetic precipitation but also
depends on the magnetic coupling between the magnetosphere and ionosphere. Moreover, in this picture, it is
expected that low‐ and high‐frequency dBOP behave in a different manner. We showed that at high frequencies the
dBOP mainly reflects ionospheric regions that are related to dynamic changes in the magnetosphere. These regions
are not influenced by the Earth's rotation, unlike the large‐scale plasma convection associated with the more steady
MI coupling. This could consequently explain the lack of dawn‐dusk asymmetry in the high‐frequency dBOP.

Kilcommons et al. (2017) have produced maps of the large‐scale FACs derived from DMSP magnetometer (SSM)
data and compared where the R1 and R2 current systems lie relative to the electron precipitation boundaries, as
derived from DMSP SSJ data. They found a dawn‐dusk asymmetry in the FAC location, with higher latitude FACs
in the dawn region compared to dusk. This latitudinal feature compares well with our low‐frequency dBOP dis-
tributions derived for different levels of geomagnetic activity (see Sections 3.3 and 3.5). However, the asymmetric
pattern they point out doesn't necessarily translate into a wider or more intense dBOP region at dawn. But inter-
estingly enough, they interpret it as related to the extent of the region of strong precipitating electron flux and point
to the constantly wider dawn side auroral region. Thereby, this asymmetry in the auroral region is a recurrent pattern
in the electron precipitation auroral oval, the FACs and the disturbed magnetic field at low frequency.

Given our understanding of ionospheric electrodynamics, the relationship between low‐frequency dBOP
(indicative of quasi‐steady FACs) and POP (which essentially reflect the large‐scale long‐term pattern of the
auroral oval) aligns coherently. In fact, steady‐state FACs are well described by the ionospheric Ohm's law and
depend on conductance, which is partly controlled by particle precipitation. Moreover, it is commonly known that
auroral precipitation increases the ionospheric conductance in the same region as where the R1/R2 FACs are
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DMSP (POP) does not cover the postnoon and postmidnight sectors, Swarm data (dBOP) have the benefit of
relatively even coverage of all local times during all seasons (Lühr et al., 2019).

On the one hand, the ovals revealed by the low‐frequency dBOP (Figure 13a) and the POP (Figure 13c) exhibit
similarities in shape and location ‐ especially at the poleward boundary—such that the preferential MLat‐MLT
region for magnetic fluctuations and the preferred region for auroral electron precipitation seem to be, at first
order, related. Although comparable, both ovals have different latitudinal extents, with overall smaller 1D dBOP
amplitudes (MLT profiles) compared to the POP. This feature is well identified by the comparison plot between
the dBOP and POP MLT profiles (bottom left panel of Figure 13), which also highlights the weaker dawn‐dusk
asymmetry in the dBOP (in orange) compared to the POP (in black). On the other hand, dBOP (Figure 13b) and
POP (Figure 13c) significantly differ at higher frequencies. There is no longer dawn‐dusk asymmetry in the dBOP
oval at such frequencies, only a broad peak on the dayside (6–16 MLT), with very faint probabilities everywhere
else. As a consequence, the dominant morphological patterns in dBOP and POP are highly contrasting in these
conditions, as indicated by the associated MLT profiles (bottom right panel of Figure 13, dBOP in green and POP
in black).

We also looked at the response of the dBOP distributions to the level of geomagnetic activity (orientation of IMF
Bz and time relative to substorm epoch, see Sections 3.3 and 3.5) and found that, independent of the frequency
band, the MLT asymmetry is decreased during active times, due to a considerable enhancement in the dBOP in the
nightside sector. This tendency is also observed with the dawn‐dusk asymmetry in the POP distributions in
Decotte et al. (2023). We emphasize that although the variation of geomagnetic activity impacts the degree of
asymmetry in the dBOP and POP distributions in a similar fashion (the more active, the less asymmetric), the
asymmetry in the dBOP is reduced to a larger extent than the POP during disturbed geomagnetic times. A quick
comparison between the POP and dBOP responses to a southward turning of the IMF or to substorm onset shows
that there is a relative lack of response of the POP, while the dBOP distributions are more impacted by such
increased activity (greater nightside activation). This partly explains the larger asymmetric pattern in the POP,
compared to the dBOP.

In Decotte et al. (2023), we proposed a theory to explain the dawn‐dusk asymmetry observed in the POP. The
argument relies on a fluid description in which we assume a topological mapping between the auroral oval and the
magnetospheric plasma sheet, such that variations in the amount of closed magnetic flux induce similar variations
in the auroral region. We showed that the Earth's corotation influence on the plasma convection pattern could be
partly responsible for the auroral oval asymmetric shape. Since the low‐frequency dBOP and the POP appear to be
analogous, this approach could still be valid and partially explain why the dBOP morphology is dominated by an
asymmetric pattern between the dawn and dusk sides of the auroral region. In particular, connecting the dBOP to
this perspective fits the idea that the auroral oval's shape is not only regulated by energetic precipitation but also
depends on the magnetic coupling between the magnetosphere and ionosphere. Moreover, in this picture, it is
expected that low‐ and high‐frequency dBOP behave in a different manner. We showed that at high frequencies the
dBOP mainly reflects ionospheric regions that are related to dynamic changes in the magnetosphere. These regions
are not influenced by the Earth's rotation, unlike the large‐scale plasma convection associated with the more steady
MI coupling. This could consequently explain the lack of dawn‐dusk asymmetry in the high‐frequency dBOP.

Kilcommons et al. (2017) have produced maps of the large‐scale FACs derived from DMSP magnetometer (SSM)
data and compared where the R1 and R2 current systems lie relative to the electron precipitation boundaries, as
derived from DMSP SSJ data. They found a dawn‐dusk asymmetry in the FAC location, with higher latitude FACs
in the dawn region compared to dusk. This latitudinal feature compares well with our low‐frequency dBOP dis-
tributions derived for different levels of geomagnetic activity (see Sections 3.3 and 3.5). However, the asymmetric
pattern they point out doesn't necessarily translate into a wider or more intense dBOP region at dawn. But inter-
estingly enough, they interpret it as related to the extent of the region of strong precipitating electron flux and point
to the constantly wider dawn side auroral region. Thereby, this asymmetry in the auroral region is a recurrent pattern
in the electron precipitation auroral oval, the FACs and the disturbed magnetic field at low frequency.

Given our understanding of ionospheric electrodynamics, the relationship between low‐frequency dBOP
(indicative of quasi‐steady FACs) and POP (which essentially reflect the large‐scale long‐term pattern of the
auroral oval) aligns coherently. In fact, steady‐state FACs are well described by the ionospheric Ohm's law and
depend on conductance, which is partly controlled by particle precipitation. Moreover, it is commonly known that
auroral precipitation increases the ionospheric conductance in the same region as where the R1/R2 FACs are
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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DMSP(POP)doesnotcoverthepostnoonandpostmidnightsectors,Swarmdata(dBOP)havethebenefitof
relativelyevencoverageofalllocaltimesduringallseasons(Lühretal.,2019).

Ontheonehand,theovalsrevealedbythelow‐frequencydBOP(Figure13a)andthePOP(Figure13c)exhibit
similaritiesinshapeandlocation‐especiallyatthepolewardboundary—suchthatthepreferentialMLat‐MLT
regionformagneticfluctuationsandthepreferredregionforauroralelectronprecipitationseemtobe,atfirst
order,related.Althoughcomparable,bothovalshavedifferentlatitudinalextents,withoverallsmaller1DdBOP
amplitudes(MLTprofiles)comparedtothePOP.Thisfeatureiswellidentifiedbythecomparisonplotbetween
thedBOPandPOPMLTprofiles(bottomleftpanelofFigure13),whichalsohighlightstheweakerdawn‐dusk
asymmetryinthedBOP(inorange)comparedtothePOP(inblack).Ontheotherhand,dBOP(Figure13b)and
POP(Figure13c)significantlydifferathigherfrequencies.Thereisnolongerdawn‐duskasymmetryinthedBOP
ovalatsuchfrequencies,onlyabroadpeakonthedayside(6–16MLT),withveryfaintprobabilitieseverywhere
else.Asaconsequence,thedominantmorphologicalpatternsindBOPandPOParehighlycontrastinginthese
conditions,asindicatedbytheassociatedMLTprofiles(bottomrightpanelofFigure13,dBOPingreenandPOP
inblack).

WealsolookedattheresponseofthedBOPdistributionstothelevelofgeomagneticactivity(orientationofIMF
Bzandtimerelativetosubstormepoch,seeSections3.3and3.5)andfoundthat,independentofthefrequency
band,theMLTasymmetryisdecreasedduringactivetimes,duetoaconsiderableenhancementinthedBOPinthe
nightsidesector.Thistendencyisalsoobservedwiththedawn‐duskasymmetryinthePOPdistributionsin
Decotteetal.(2023).Weemphasizethatalthoughthevariationofgeomagneticactivityimpactsthedegreeof
asymmetryinthedBOPandPOPdistributionsinasimilarfashion(themoreactive,thelessasymmetric),the
asymmetryinthedBOPisreducedtoalargerextentthanthePOPduringdisturbedgeomagnetictimes.Aquick
comparisonbetweenthePOPanddBOPresponsestoasouthwardturningoftheIMFortosubstormonsetshows
thatthereisarelativelackofresponseofthePOP,whilethedBOPdistributionsaremoreimpactedbysuch
increasedactivity(greaternightsideactivation).ThispartlyexplainsthelargerasymmetricpatterninthePOP,
comparedtothedBOP.

InDecotteetal.(2023),weproposedatheorytoexplainthedawn‐duskasymmetryobservedinthePOP.The
argumentreliesonafluiddescriptioninwhichweassumeatopologicalmappingbetweentheauroralovalandthe
magnetosphericplasmasheet,suchthatvariationsintheamountofclosedmagneticfluxinducesimilarvariations
intheauroralregion.WeshowedthattheEarth'scorotationinfluenceontheplasmaconvectionpatterncouldbe
partlyresponsiblefortheauroralovalasymmetricshape.Sincethelow‐frequencydBOPandthePOPappeartobe
analogous,thisapproachcouldstillbevalidandpartiallyexplainwhythedBOPmorphologyisdominatedbyan
asymmetricpatternbetweenthedawnanddusksidesoftheauroralregion.Inparticular,connectingthedBOPto
thisperspectivefitstheideathattheauroraloval'sshapeisnotonlyregulatedbyenergeticprecipitationbutalso
dependsonthemagneticcouplingbetweenthemagnetosphereandionosphere.Moreover,inthispicture,itis
expectedthatlow‐andhigh‐frequencydBOPbehaveinadifferentmanner.Weshowedthatathighfrequenciesthe
dBOPmainlyreflectsionosphericregionsthatarerelatedtodynamicchangesinthemagnetosphere.Theseregions
arenotinfluencedbytheEarth'srotation,unlikethelarge‐scaleplasmaconvectionassociatedwiththemoresteady
MIcoupling.Thiscouldconsequentlyexplainthelackofdawn‐duskasymmetryinthehigh‐frequencydBOP.

Kilcommonsetal.(2017)haveproducedmapsofthelarge‐scaleFACsderivedfromDMSPmagnetometer(SSM)
dataandcomparedwheretheR1andR2currentsystemslierelativetotheelectronprecipitationboundaries,as
derivedfromDMSPSSJdata.Theyfoundadawn‐duskasymmetryintheFAClocation,withhigherlatitudeFACs
inthedawnregioncomparedtodusk.Thislatitudinalfeaturecompareswellwithourlow‐frequencydBOPdis-
tributionsderivedfordifferentlevelsofgeomagneticactivity(seeSections3.3and3.5).However,theasymmetric
patterntheypointoutdoesn'tnecessarilytranslateintoawiderormoreintensedBOPregionatdawn.Butinter-
estinglyenough,theyinterpretitasrelatedtotheextentoftheregionofstrongprecipitatingelectronfluxandpoint
totheconstantlywiderdawnsideauroralregion.Thereby,thisasymmetryintheauroralregionisarecurrentpattern
intheelectronprecipitationauroraloval,theFACsandthedisturbedmagneticfieldatlowfrequency.

Givenourunderstandingofionosphericelectrodynamics,therelationshipbetweenlow‐frequencydBOP
(indicativeofquasi‐steadyFACs)andPOP(whichessentiallyreflectthelarge‐scalelong‐termpatternofthe
auroraloval)alignscoherently.Infact,steady‐stateFACsarewelldescribedbytheionosphericOhm'slawand
dependonconductance,whichispartlycontrolledbyparticleprecipitation.Moreover,itiscommonlyknownthat
auroralprecipitationincreasestheionosphericconductanceinthesameregionaswheretheR1/R2FACsare
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located (Milan et al., 2017). It then appears plausible that the low‐frequency dBOP may be part of the signature of
the diffuse auroral precipitation presented in Decotte et al. (2023). On the other hand, the high‐frequency dBOP
apparently relates more to wave activity and discrete precipitation. On both dayside and nightside, there is a
notable resemblance between the range of MLTs over which the high‐frequency dBOP is enhanced and the range
of MLTs over which statistical distributions of Alfvén wave Poynting flux and broadband electron precipitation
are enhanced (Figures 2–4 in Hatch et al., 2017, ; see also Figures 3 and 4 in Newell et al., 2009). Additionally, for
both positive and negative By orientations there is a noteworthy resemblance between the high‐frequency dBOP
and distributions of Alfvén wave Poynting flux and broadband precipitation on the dayside. More generally, it is
apparent that the high‐frequency dBOP is more similar to distributions of discrete precipitation (either mono-
energetic or broadband) than to distributions of diffuse aurora (Newell et al., 2009). It therefore seems relevant to
compare the maps from Figure 12 in Newell et al. (2009), showing the occurrence probability of broadband
acceleration of precipitating particles, with the dBOP distributions from Figure 7 (Bz analysis). This comparison
indicates a good match between the peak regions. During low solar wind driving, the probability of observing
broadband acceleration is restrained to two hot spots, the main one being in the dawn sector and the other one in
the post‐noon MLT region. This compares with the high‐frequency dBOP during quiet times (Bz > 0), which also
peaks in the dawn‐to‐noon sector, with, however, a high‐probability region covering the entire dayside. In
particular, an important difference with Newell's electron precipitation maps is the persistence of a dBOP spot
around noon. During increased solar wind driving, the same two spots are conserved in Newell's map, with an
additional region of increased broadband electron precipitation between 23 and 1 MLT. Additionally, the peak at
dawn sees its intensity decreasing while it expands over a larger MLT region, now covering the noon region. The
corresponding (Bz < 0) high‐frequency dBOP shows a diffuse enhancement in all MLT sectors and is globally
fainter compared to more quiet times. In these conditions, the highest dBOP probabilities are located in the dawn‐
to‐noon region and in the midnight sector, similar to the broadband aurora. A similar comparison of the high‐
frequency dBOP maps with the Newell et al. (2009) maps for monoenergetic acceleration occurrence proba-
bility (their Figure 11) shows poor correlation.

From this comparison analysis, it is clear that dBOP and POP distributions show significant differences, sug-
gesting that not all features captured in the POP are necessarily captured in the dBOP (and vice versa), high-
lighting inherent differences between electron precipitation and magnetic field fluctuations. Since both quantities
reflect different aspects of the auroral region, it is not expected that they exhibit identical morphologies.
Nonetheless, we have shown that the POP and the dBOP, especially at low frequencies, present outstanding
similarities such as the morphological asymmetric pattern with the dawn preference, and the response to the
geomagnetic conditions. Therefore, the combination of POP and low‐frequency dBOP appears promising for
gaining valuable insights into the intricate dynamics of the auroral zone.

5. Conclusion
We have presented a method for investigating the auroral region morphology using magnetic field perturbation data
from Swarm/VFM. We implemented the dBOP at low 0.1–1 Hz and high 2.5–5 Hz frequencies and used it to assess
the probability of observing disturbances in the magnetic field at auroral latitudes, as a function of MLat and MLT.
We found the dBOP global morphology to be strongly dependent on the investigated frequency range. At low
frequencies, we have pointed out an asymmetric pattern between the dawn and dusk sectors, with a clear tendency
for the dBOP to be more pronounced toward dawn (approx 5–8 MLT). At higher frequencies, the asymmetry in the
dBOP is strongest near the noon‐midnight meridian, with a large predominance of the dayside, especially the post‐
noon region. We also highlighted the reduced asymmetric pattern during geomagnetically disturbed conditions.

We discussed these results in the context of a previous study (Decotte et al., 2023) about the auroral electron POP
and found that the low‐frequency dBOP evinces spatial/morphological similarities with the POP. In particular, we
observed an asymmetric pattern in both the POP and the low‐frequency dBOP, with an unequivocal preference for
the dawn‐to‐noon MLT sector. We also showed that the dBOP morphology is stable with varying detection
thresholds and that the dawn‐dusk asymmetry appears in all low‐frequency distributions independent of IMF
orientation and substorm phase, just as in the POP. This suggests that examining the POP, in the energy range 1–
30 keV, together with the dBOP, below 1 Hz, could offer valuable insights into the complex dynamics of the
auroral zone. More generally, this study indicates that the dBOP can be used as a footprint of the large‐scale
circulation of plasma and magnetic flux in the magnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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located (Milan et al., 2017). It then appears plausible that the low‐frequency dBOP may be part of the signature of
the diffuse auroral precipitation presented in Decotte et al. (2023). On the other hand, the high‐frequency dBOP
apparently relates more to wave activity and discrete precipitation. On both dayside and nightside, there is a
notable resemblance between the range of MLTs over which the high‐frequency dBOP is enhanced and the range
of MLTs over which statistical distributions of Alfvén wave Poynting flux and broadband electron precipitation
are enhanced (Figures 2–4 in Hatch et al., 2017, ; see also Figures 3 and 4 in Newell et al., 2009). Additionally, for
both positive and negative By orientations there is a noteworthy resemblance between the high‐frequency dBOP
and distributions of Alfvén wave Poynting flux and broadband precipitation on the dayside. More generally, it is
apparent that the high‐frequency dBOP is more similar to distributions of discrete precipitation (either mono-
energetic or broadband) than to distributions of diffuse aurora (Newell et al., 2009). It therefore seems relevant to
compare the maps from Figure 12 in Newell et al. (2009), showing the occurrence probability of broadband
acceleration of precipitating particles, with the dBOP distributions from Figure 7 (Bz analysis). This comparison
indicates a good match between the peak regions. During low solar wind driving, the probability of observing
broadband acceleration is restrained to two hot spots, the main one being in the dawn sector and the other one in
the post‐noon MLT region. This compares with the high‐frequency dBOP during quiet times (Bz > 0), which also
peaks in the dawn‐to‐noon sector, with, however, a high‐probability region covering the entire dayside. In
particular, an important difference with Newell's electron precipitation maps is the persistence of a dBOP spot
around noon. During increased solar wind driving, the same two spots are conserved in Newell's map, with an
additional region of increased broadband electron precipitation between 23 and 1 MLT. Additionally, the peak at
dawn sees its intensity decreasing while it expands over a larger MLT region, now covering the noon region. The
corresponding (Bz < 0) high‐frequency dBOP shows a diffuse enhancement in all MLT sectors and is globally
fainter compared to more quiet times. In these conditions, the highest dBOP probabilities are located in the dawn‐
to‐noon region and in the midnight sector, similar to the broadband aurora. A similar comparison of the high‐
frequency dBOP maps with the Newell et al. (2009) maps for monoenergetic acceleration occurrence proba-
bility (their Figure 11) shows poor correlation.

From this comparison analysis, it is clear that dBOP and POP distributions show significant differences, sug-
gesting that not all features captured in the POP are necessarily captured in the dBOP (and vice versa), high-
lighting inherent differences between electron precipitation and magnetic field fluctuations. Since both quantities
reflect different aspects of the auroral region, it is not expected that they exhibit identical morphologies.
Nonetheless, we have shown that the POP and the dBOP, especially at low frequencies, present outstanding
similarities such as the morphological asymmetric pattern with the dawn preference, and the response to the
geomagnetic conditions. Therefore, the combination of POP and low‐frequency dBOP appears promising for
gaining valuable insights into the intricate dynamics of the auroral zone.

5. Conclusion
We have presented a method for investigating the auroral region morphology using magnetic field perturbation data
from Swarm/VFM. We implemented the dBOP at low 0.1–1 Hz and high 2.5–5 Hz frequencies and used it to assess
the probability of observing disturbances in the magnetic field at auroral latitudes, as a function of MLat and MLT.
We found the dBOP global morphology to be strongly dependent on the investigated frequency range. At low
frequencies, we have pointed out an asymmetric pattern between the dawn and dusk sectors, with a clear tendency
for the dBOP to be more pronounced toward dawn (approx 5–8 MLT). At higher frequencies, the asymmetry in the
dBOP is strongest near the noon‐midnight meridian, with a large predominance of the dayside, especially the post‐
noon region. We also highlighted the reduced asymmetric pattern during geomagnetically disturbed conditions.

We discussed these results in the context of a previous study (Decotte et al., 2023) about the auroral electron POP
and found that the low‐frequency dBOP evinces spatial/morphological similarities with the POP. In particular, we
observed an asymmetric pattern in both the POP and the low‐frequency dBOP, with an unequivocal preference for
the dawn‐to‐noon MLT sector. We also showed that the dBOP morphology is stable with varying detection
thresholds and that the dawn‐dusk asymmetry appears in all low‐frequency distributions independent of IMF
orientation and substorm phase, just as in the POP. This suggests that examining the POP, in the energy range 1–
30 keV, together with the dBOP, below 1 Hz, could offer valuable insights into the complex dynamics of the
auroral zone. More generally, this study indicates that the dBOP can be used as a footprint of the large‐scale
circulation of plasma and magnetic flux in the magnetosphere.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032191

DECOTTE ET AL. 18 of 20

 2
16
99
40
2,
 2
02
4,
 2
, D
ow
nl
oa
de
d 
fr
om
 h
ttp
s:
//a
gu
pu
bs
.o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/d
oi
/1
0.
10
29
/2
02
3J
A
03
21
91
 b
y 
U
N
IV
E
R
SI
T
Y
 O
F 
B
E
R
G
E
N
, W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 o
n 
[0
7/
02
/2
02
4]
. S
ee
 th
e 
T
er
m
s 
an
d 
C
on
di
tio
ns
 (
ht
tp
s:
//o
nl
in
el
ib
ra
ry
.w
ile
y.
co
m
/te
rm
s-
an
d-
co
nd
iti
on
s)
 o
n 
W
ile
y 
O
nl
in
e 
L
ib
ra
ry
 f
or
 r
ul
es
 o
f 
us
e;
 O
A
 a
rt
ic
le
s 
ar
e 
go
ve
rn
ed
 b
y 
th
e 
ap
pl
ic
ab
le
 C
re
at
iv
e 
C
om
m
on
s 
L
ic
en
se

located (Milan et al., 2017). It then appears plausible that the low‐frequency dBOP may be part of the signature of
the diffuse auroral precipitation presented in Decotte et al. (2023). On the other hand, the high‐frequency dBOP
apparently relates more to wave activity and discrete precipitation. On both dayside and nightside, there is a
notable resemblance between the range of MLTs over which the high‐frequency dBOP is enhanced and the range
of MLTs over which statistical distributions of Alfvén wave Poynting flux and broadband electron precipitation
are enhanced (Figures 2–4 in Hatch et al., 2017, ; see also Figures 3 and 4 in Newell et al., 2009). Additionally, for
both positive and negative By orientations there is a noteworthy resemblance between the high‐frequency dBOP
and distributions of Alfvén wave Poynting flux and broadband precipitation on the dayside. More generally, it is
apparent that the high‐frequency dBOP is more similar to distributions of discrete precipitation (either mono-
energetic or broadband) than to distributions of diffuse aurora (Newell et al., 2009). It therefore seems relevant to
compare the maps from Figure 12 in Newell et al. (2009), showing the occurrence probability of broadband
acceleration of precipitating particles, with the dBOP distributions from Figure 7 (Bz analysis). This comparison
indicates a good match between the peak regions. During low solar wind driving, the probability of observing
broadband acceleration is restrained to two hot spots, the main one being in the dawn sector and the other one in
the post‐noon MLT region. This compares with the high‐frequency dBOP during quiet times (Bz > 0), which also
peaks in the dawn‐to‐noon sector, with, however, a high‐probability region covering the entire dayside. In
particular, an important difference with Newell's electron precipitation maps is the persistence of a dBOP spot
around noon. During increased solar wind driving, the same two spots are conserved in Newell's map, with an
additional region of increased broadband electron precipitation between 23 and 1 MLT. Additionally, the peak at
dawn sees its intensity decreasing while it expands over a larger MLT region, now covering the noon region. The
corresponding (Bz < 0) high‐frequency dBOP shows a diffuse enhancement in all MLT sectors and is globally
fainter compared to more quiet times. In these conditions, the highest dBOP probabilities are located in the dawn‐
to‐noon region and in the midnight sector, similar to the broadband aurora. A similar comparison of the high‐
frequency dBOP maps with the Newell et al. (2009) maps for monoenergetic acceleration occurrence proba-
bility (their Figure 11) shows poor correlation.

From this comparison analysis, it is clear that dBOP and POP distributions show significant differences, sug-
gesting that not all features captured in the POP are necessarily captured in the dBOP (and vice versa), high-
lighting inherent differences between electron precipitation and magnetic field fluctuations. Since both quantities
reflect different aspects of the auroral region, it is not expected that they exhibit identical morphologies.
Nonetheless, we have shown that the POP and the dBOP, especially at low frequencies, present outstanding
similarities such as the morphological asymmetric pattern with the dawn preference, and the response to the
geomagnetic conditions. Therefore, the combination of POP and low‐frequency dBOP appears promising for
gaining valuable insights into the intricate dynamics of the auroral zone.

5. Conclusion
We have presented a method for investigating the auroral region morphology using magnetic field perturbation data
from Swarm/VFM. We implemented the dBOP at low 0.1–1 Hz and high 2.5–5 Hz frequencies and used it to assess
the probability of observing disturbances in the magnetic field at auroral latitudes, as a function of MLat and MLT.
We found the dBOP global morphology to be strongly dependent on the investigated frequency range. At low
frequencies, we have pointed out an asymmetric pattern between the dawn and dusk sectors, with a clear tendency
for the dBOP to be more pronounced toward dawn (approx 5–8 MLT). At higher frequencies, the asymmetry in the
dBOP is strongest near the noon‐midnight meridian, with a large predominance of the dayside, especially the post‐
noon region. We also highlighted the reduced asymmetric pattern during geomagnetically disturbed conditions.

We discussed these results in the context of a previous study (Decotte et al., 2023) about the auroral electron POP
and found that the low‐frequency dBOP evinces spatial/morphological similarities with the POP. In particular, we
observed an asymmetric pattern in both the POP and the low‐frequency dBOP, with an unequivocal preference for
the dawn‐to‐noon MLT sector. We also showed that the dBOP morphology is stable with varying detection
thresholds and that the dawn‐dusk asymmetry appears in all low‐frequency distributions independent of IMF
orientation and substorm phase, just as in the POP. This suggests that examining the POP, in the energy range 1–
30 keV, together with the dBOP, below 1 Hz, could offer valuable insights into the complex dynamics of the
auroral zone. More generally, this study indicates that the dBOP can be used as a footprint of the large‐scale
circulation of plasma and magnetic flux in the magnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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located(Milanetal.,2017).Itthenappearsplausiblethatthelow‐frequencydBOPmaybepartofthesignatureof
thediffuseauroralprecipitationpresentedinDecotteetal.(2023).Ontheotherhand,thehigh‐frequencydBOP
apparentlyrelatesmoretowaveactivityanddiscreteprecipitation.Onbothdaysideandnightside,thereisa
notableresemblancebetweentherangeofMLTsoverwhichthehigh‐frequencydBOPisenhancedandtherange
ofMLTsoverwhichstatisticaldistributionsofAlfvénwavePoyntingfluxandbroadbandelectronprecipitation
areenhanced(Figures2–4inHatchetal.,2017,;seealsoFigures3and4inNewelletal.,2009).Additionally,for
bothpositiveandnegativeByorientationsthereisanoteworthyresemblancebetweenthehigh‐frequencydBOP
anddistributionsofAlfvénwavePoyntingfluxandbroadbandprecipitationonthedayside.Moregenerally,itis
apparentthatthehigh‐frequencydBOPismoresimilartodistributionsofdiscreteprecipitation(eithermono-
energeticorbroadband)thantodistributionsofdiffuseaurora(Newelletal.,2009).Itthereforeseemsrelevantto
comparethemapsfromFigure12inNewelletal.(2009),showingtheoccurrenceprobabilityofbroadband
accelerationofprecipitatingparticles,withthedBOPdistributionsfromFigure7(Bzanalysis).Thiscomparison
indicatesagoodmatchbetweenthepeakregions.Duringlowsolarwinddriving,theprobabilityofobserving
broadbandaccelerationisrestrainedtotwohotspots,themainonebeinginthedawnsectorandtheotheronein
thepost‐noonMLTregion.Thiscompareswiththehigh‐frequencydBOPduringquiettimes(Bz>0),whichalso
peaksinthedawn‐to‐noonsector,with,however,ahigh‐probabilityregioncoveringtheentiredayside.In
particular,animportantdifferencewithNewell'selectronprecipitationmapsisthepersistenceofadBOPspot
aroundnoon.Duringincreasedsolarwinddriving,thesametwospotsareconservedinNewell'smap,withan
additionalregionofincreasedbroadbandelectronprecipitationbetween23and1MLT.Additionally,thepeakat
dawnseesitsintensitydecreasingwhileitexpandsoveralargerMLTregion,nowcoveringthenoonregion.The
corresponding(Bz<0)high‐frequencydBOPshowsadiffuseenhancementinallMLTsectorsandisglobally
faintercomparedtomorequiettimes.Intheseconditions,thehighestdBOPprobabilitiesarelocatedinthedawn‐
to‐noonregionandinthemidnightsector,similartothebroadbandaurora.Asimilarcomparisonofthehigh‐
frequencydBOPmapswiththeNewelletal.(2009)mapsformonoenergeticaccelerationoccurrenceproba-
bility(theirFigure11)showspoorcorrelation.

Fromthiscomparisonanalysis,itisclearthatdBOPandPOPdistributionsshowsignificantdifferences,sug-
gestingthatnotallfeaturescapturedinthePOParenecessarilycapturedinthedBOP(andviceversa),high-
lightinginherentdifferencesbetweenelectronprecipitationandmagneticfieldfluctuations.Sincebothquantities
reflectdifferentaspectsoftheauroralregion,itisnotexpectedthattheyexhibitidenticalmorphologies.
Nonetheless,wehaveshownthatthePOPandthedBOP,especiallyatlowfrequencies,presentoutstanding
similaritiessuchasthemorphologicalasymmetricpatternwiththedawnpreference,andtheresponsetothe
geomagneticconditions.Therefore,thecombinationofPOPandlow‐frequencydBOPappearspromisingfor
gainingvaluableinsightsintotheintricatedynamicsoftheauroralzone.

5.Conclusion
Wehavepresentedamethodforinvestigatingtheauroralregionmorphologyusingmagneticfieldperturbationdata
fromSwarm/VFM.WeimplementedthedBOPatlow0.1–1Hzandhigh2.5–5Hzfrequenciesandusedittoassess
theprobabilityofobservingdisturbancesinthemagneticfieldataurorallatitudes,asafunctionofMLatandMLT.
WefoundthedBOPglobalmorphologytobestronglydependentontheinvestigatedfrequencyrange.Atlow
frequencies,wehavepointedoutanasymmetricpatternbetweenthedawnanddusksectors,withacleartendency
forthedBOPtobemorepronouncedtowarddawn(approx5–8MLT).Athigherfrequencies,theasymmetryinthe
dBOPisstrongestnearthenoon‐midnightmeridian,withalargepredominanceofthedayside,especiallythepost‐
noonregion.Wealsohighlightedthereducedasymmetricpatternduringgeomagneticallydisturbedconditions.

Wediscussedtheseresultsinthecontextofapreviousstudy(Decotteetal.,2023)abouttheauroralelectronPOP
andfoundthatthelow‐frequencydBOPevincesspatial/morphologicalsimilaritieswiththePOP.Inparticular,we
observedanasymmetricpatterninboththePOPandthelow‐frequencydBOP,withanunequivocalpreferencefor
thedawn‐to‐noonMLTsector.WealsoshowedthatthedBOPmorphologyisstablewithvaryingdetection
thresholdsandthatthedawn‐duskasymmetryappearsinalllow‐frequencydistributionsindependentofIMF
orientationandsubstormphase,justasinthePOP.ThissuggeststhatexaminingthePOP,intheenergyrange1–
30keV,togetherwiththedBOP,below1Hz,couldoffervaluableinsightsintothecomplexdynamicsofthe
auroralzone.Moregenerally,thisstudyindicatesthatthedBOPcanbeusedasafootprintofthelarge‐scale
circulationofplasmaandmagneticfluxinthemagnetosphere.
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Data Availability Statement
The Level 1B magnetic Swarm products are directly accessible through the Virtual environments for Earth
Scientists (VirES) platform, either via the Swarm web user interface or via the VirES server API using an
alternative client such as the Python client (Smith et al., 2023). The OMNI data, including the solar wind data and
geomagnetic activity indices, are available on the NASA/GSFC SPDF interface (Papitashvili, 2005).
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Data Availability Statement
The Level 1B magnetic Swarm products are directly accessible through the Virtual environments for Earth
Scientists (VirES) platform, either via the Swarm web user interface or via the VirES server API using an
alternative client such as the Python client (Smith et al., 2023). The OMNI data, including the solar wind data and
geomagnetic activity indices, are available on the NASA/GSFC SPDF interface (Papitashvili, 2005).
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Data Availability Statement
The Level 1B magnetic Swarm products are directly accessible through the Virtual environments for Earth
Scientists (VirES) platform, either via the Swarm web user interface or via the VirES server API using an
alternative client such as the Python client (Smith et al., 2023). The OMNI data, including the solar wind data and
geomagnetic activity indices, are available on the NASA/GSFC SPDF interface (Papitashvili, 2005).
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DataAvailabilityStatement
TheLevel1BmagneticSwarmproductsaredirectlyaccessiblethroughtheVirtualenvironmentsforEarth
Scientists(VirES)platform,eitherviatheSwarmwebuserinterfaceorviatheVirESserverAPIusingan
alternativeclientsuchasthePythonclient(Smithetal.,2023).TheOMNIdata,includingthesolarwinddataand
geomagneticactivityindices,areavailableontheNASA/GSFCSPDFinterface(Papitashvili,2005).
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TheLevel1BmagneticSwarmproductsaredirectlyaccessiblethroughtheVirtualenvironmentsforEarth
Scientists(VirES)platform,eitherviatheSwarmwebuserinterfaceorviatheVirESserverAPIusingan
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geomagneticactivityindices,areavailableontheNASA/GSFCSPDFinterface(Papitashvili,2005).
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