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Abstract

Ionospheric dayside dynamics are primarily controlled by the interaction between the
Interplanetary Magnetic Field (IMF) and Earth’s magnetic field at the dayside magne-
topause, while nightside ionospheric dynamics are mainly driven by magnetotail pro-
cesses. This thesis investigates the impact of substorms on the ionospheric current
system across dayside and nightside, under different orientations of IMF and across
seasonal changes. By conducting superposed epoch analyses of ground magnetic field
data, we offer a novel perspective on the influence of magnetotail activities on the be-
havior of the ionospheric currents on the dayside. Substorms occurring during north-
ward IMF conditions offer a unique perspective on this because dayside reconnection is
reduced, allowing for the isolation of magnetotail activity effects. Our findings reveal
an enhancement in dayside ionospheric currents as the nightside activity increases, sug-
gesting an impact of the nightside activity on the dayside dynamics during northward
IMF substorms. We also observe that lobe cells become more pronounced post-onset,
suggesting that the magnetospheric reconfiguration makes lobe reconnection more ef-
ficient.

Additionally, the study explores interhemispheric asymmetries in ionospheric dy-
namics. We show that during substorms, interhemispheric asymmetries induced by
IMF By and dipole tilt reduce significantly in the nightside current, but this reduction is
not observed in the dayside currents. This difference in response between the dayside
and nightside ionospheric currents highlights the importance of integrating nightside
dynamics into climatological models of ionospheric currents traditionally focused on
upstream parameters. Furthermore, an investigation into auroral substorm onset loca-
tions uncovers that pre-substorm geomagnetic activity levels, as indicated by the AL
index, significantly correlate with onset magnetic local time (MLT). This suggests that
ionospheric conductance gradients lead to a duskward shift of magnetotail dynamics.
By integrating these observations, the thesis offers novel insights into how substorms
modulate ionospheric currents, highlighting the dynamic responses of the ionosphere
to magnetospheric processes and laying a foundation for future modeling efforts that
more accurately capture the magnetosphere-ionosphere coupling.

Abstract

Ionosphericdaysidedynamicsareprimarilycontrolledbytheinteractionbetweenthe
InterplanetaryMagneticField(IMF)andEarth’smagneticfieldatthedaysidemagne-
topause,whilenightsideionosphericdynamicsaremainlydrivenbymagnetotailpro-
cesses.Thisthesisinvestigatestheimpactofsubstormsontheionosphericcurrent
systemacrossdaysideandnightside,underdifferentorientationsofIMFandacross
seasonalchanges.Byconductingsuperposedepochanalysesofgroundmagneticfield
data,weofferanovelperspectiveontheinfluenceofmagnetotailactivitiesonthebe-
havioroftheionosphericcurrentsonthedayside.Substormsoccurringduringnorth-
wardIMFconditionsofferauniqueperspectiveonthisbecausedaysidereconnectionis
reduced,allowingfortheisolationofmagnetotailactivityeffects.Ourfindingsreveal
anenhancementindaysideionosphericcurrentsasthenightsideactivityincreases,sug-
gestinganimpactofthenightsideactivityonthedaysidedynamicsduringnorthward
IMFsubstorms.Wealsoobservethatlobecellsbecomemorepronouncedpost-onset,
suggestingthatthemagnetosphericreconfigurationmakeslobereconnectionmoreef-
ficient.

Additionally,thestudyexploresinterhemisphericasymmetriesinionosphericdy-
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upstream parameters. Furthermore, an investigation into auroral substorm onset loca-
tions uncovers that pre-substorm geomagnetic activity levels, as indicated by the AL
index, significantly correlate with onset magnetic local time (MLT). This suggests that
ionospheric conductance gradients lead to a duskward shift of magnetotail dynamics.
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modulate ionospheric currents, highlighting the dynamic responses of the ionosphere
to magnetospheric processes and laying a foundation for future modeling efforts that
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Abstrakt (Norsk)

Dynamikken på dagsiden av ionosfæren styres hovedsakelig av samspillet mellom
det interplanetære magnetfeltet (IMF) og jordens magnetfelt på dagsiden av magne-
topausen, mens dynamikken på nattsiden hovedsakelig drives av prosesser i magne-
tohalen. Denne avhandlingen undersøker effekten av substormer på strømsystemet
i ionosfæren på både dagsiden og nattsiden, under ulike orienteringer av IMF og i
forskjellige sesonger. Våre statistiske analyser av bakkebaserte magnetfeltdata gir et
nytt bilde av hvordan magnetohaleaktiviteter påvirker ionosfærens strømmer på dagsi-
den. Substormer som oppstår når IMF peker nordover gir en unik mulighet til å studere
dette fordi koblingen med solvinden på dagsiden er redusert. Dette gjør at vi kan isolere
effektene fra magnetohaleaktivitet. Våre funn viser en forsterkning i ionosfærestrøm-
mer på dagsiden ettersom nattsidens aktivitet øker, noe som tyder på at nattsideaktivitet
påvirker dagsiden under substormer med nordoverrettet IMF. Vi observerer også at
lobe-celler blir mer tydelige etter at substormer har startet. Dette tyder på at endringer
i formen til magnetosfæren under substormer gjør koblingen mellom lobene og solvin-
den mer effektiv.

I tillegg utforsker vi interhemisfæriske asymmetrier i ionosfæredynamikk. Vi viser
at interhemisfæriske asymmetrier i ionosærestrømmer, indusert av IMF By og sesong-
forskjeller, blir sterkt redusert på nattsiden under substormer, men ikke på dagsiden.
Denne forskjellen i respons mellom ionosfærestrømmer på dagsiden og nattsiden un-
derstreker viktigheten av å inkludere nattsidedynamikk i klimatologiske modeller av
ionosfærestrømmer, som tradisjonelt har fokusert på oppstrømsparametere. Videre
viser vi at posisjonen til nordlysutbrudd under substormer avhenger av geomagnetisk
aktivitetsnivå før utbruddet, indikert ved AL-indeksen. Dette tyder på at gradienter i
ionosfærisk konduktans fører til en forskyvning av dynamikken i magnetohalen mot
kveldssiden. Tilsammen gir denne avhandlingen nye innsikter i hvordan substormer
endrer ionosfæriske strømmer, og fremhever den dynamiske responsen fra ionosfæren
på magnetosfæriske prosesser, og legger et grunnlag for fremtidig modelleringsarbeid
som mer nøyaktig fanger opp koblingen mellom magnetosfæren og ionosfæren.
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Chapter 1

Introduction

Geospace, the outer space surrounding our planet, is an energetic and dynamic en-
vironment where the Sun and Earth engage through energy and mass transfer. The
magnetosphere, the region of space influenced by Earth’s magnetic field, is subject to
variations over a range of timescales, from minutes to days and years, mainly driven
by the solar wind. These interactions also cause substantial variations in the ionized
part of Earth’s upper atmosphere, the ionosphere, which plays a critical role in space
weather phenomena such as aurora and magnetic disturbances observed on ground.

When the Interplanetary Magnetic Field (IMF), transported by the solar wind, inter-
acts with Earth’s magnetic field at the dayside region of the magnetosphere, it leads to
loading of energy to the nightside of the magnetosphere, the magnetotail. After some
time, part of this stored magnetic energy can be released in explosive events called
substorms. Substorms are short-lived phenomena that are highly unpredictable but
happen on average several times daily. They can impact satellite operations, GPS accu-
racy, power grids, and communication systems. Understanding substorms helps predict
space weather events and mitigate their effects on technology and infrastructure. Given
their significance in magnetospheric dynamics, it is also an important research topic to
understand planetary magnetic environments better.

The orientation of the IMF significantly influences the strength and shape of cur-
rents and plasma convection as observed from the ionosphere. The interaction between
the magnetosphere and the the IMF occurs on the dayside, and therefore its influence
is most important in the dayside ionosphere. Substorms, on the other hand, predom-
inantly affect the nightside. However, the overall relative contribution of the dayside
and the nightside to global plasma circulation remains uncertain. Furthermore, the
unpredictability of the timing and location of substorm onsets poses a significant chal-
lenge, representing a crucial gap in our current prediction capabilities of ionospheric
dynamics.

The objectives of this thesis are to

1. Investigate the influence of substorms on ionospheric current systems, em-
phasizing the difference in response between the dayside and nightside.

2. Examine to what extent substorm onset location can be predicted.

To achieve these objectives we analyzed magnetic field perturbations from the
ground and the corresponding horizontal ionospheric current system. The thesis is
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magnetosphere,theregionofspaceinfluencedbyEarth’smagneticfield,issubjectto
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TheorientationoftheIMFsignificantlyinfluencesthestrengthandshapeofcur-
rentsandplasmaconvectionasobservedfromtheionosphere.Theinteractionbetween
themagnetosphereandthetheIMFoccursonthedayside,andthereforeitsinfluence
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inantlyaffectthenightside.However,theoverallrelativecontributionofthedayside
andthenightsidetoglobalplasmacirculationremainsuncertain.Furthermore,the
unpredictabilityofthetimingandlocationofsubstormonsetsposesasignificantchal-
lenge,representingacrucialgapinourcurrentpredictioncapabilitiesofionospheric
dynamics.
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1.Investigatetheinfluenceofsubstormsonionosphericcurrentsystems,em-
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Toachievetheseobjectivesweanalyzedmagneticfieldperturbationsfromthe
groundandthecorrespondinghorizontalionosphericcurrentsystem.Thethesisis
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vironment where the Sun and Earth engage through energy and mass transfer. The
magnetosphere, the region of space influenced by Earth’s magnetic field, is subject to
variations over a range of timescales, from minutes to days and years, mainly driven
by the solar wind. These interactions also cause substantial variations in the ionized
part of Earth’s upper atmosphere, the ionosphere, which plays a critical role in space
weather phenomena such as aurora and magnetic disturbances observed on ground.

When the Interplanetary Magnetic Field (IMF), transported by the solar wind, inter-
acts with Earth’s magnetic field at the dayside region of the magnetosphere, it leads to
loading of energy to the nightside of the magnetosphere, the magnetotail. After some
time, part of this stored magnetic energy can be released in explosive events called
substorms. Substorms are short-lived phenomena that are highly unpredictable but
happen on average several times daily. They can impact satellite operations, GPS accu-
racy, power grids, and communication systems. Understanding substorms helps predict
space weather events and mitigate their effects on technology and infrastructure. Given
their significance in magnetospheric dynamics, it is also an important research topic to
understand planetary magnetic environments better.

The orientation of the IMF significantly influences the strength and shape of cur-
rents and plasma convection as observed from the ionosphere. The interaction between
the magnetosphere and the the IMF occurs on the dayside, and therefore its influence
is most important in the dayside ionosphere. Substorms, on the other hand, predom-
inantly affect the nightside. However, the overall relative contribution of the dayside
and the nightside to global plasma circulation remains uncertain. Furthermore, the
unpredictability of the timing and location of substorm onsets poses a significant chal-
lenge, representing a crucial gap in our current prediction capabilities of ionospheric
dynamics.

The objectives of this thesis are to

1. Investigate the influence of substorms on ionospheric current systems, em-
phasizing the difference in response between the dayside and nightside.

2. Examine to what extent substorm onset location can be predicted.

To achieve these objectives we analyzed magnetic field perturbations from the
ground and the corresponding horizontal ionospheric current system. The thesis is
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2 Introduction

based on three papers, two of which are published in peer-reviewed journals, and a
third which is in a peer review at the time of the thesis submission.

To fulfill the first objective of this thesis, In Paper II, we study global maps of the
ionospheric currents during substorms that took place during northward IMF. During
northward IMF conditions, the dynamics at the dayside magnetopause are minimal,
presenting an opportunity to focus on the magnetotail dynamics. We employed a sta-
tistical approach, applying superposed epoch analysis of substorm events during this
interval. Our approach highlighted the impact of the nightside dynamics on the day-
side current system during such circumstances. In Paper III, we expand this approach
to explore the influence of the nightside dynamics on both the dayside and nightside
equivalent current during substorms that occur during a broader range of conditions. In
these papers, we present global maps of the dayside and nightside ionospheric currents
as well as maps of the changes in the currents during different conditions.

The second objective is explored in Paper I. In Paper I, we confirm earlier results
that show that the substorm onset location is highly unpredictable. However, we also
find that ionospheric dynamics can help determine the substorm onset location, sug-
gesting that the ionosphere modulates magnetospheric dynamics. Since the first objec-
tive is investigated in papers II and III, we did not follow a chronological order when
introducing the papers.

In the following chapters, we will present the background material needed to put
the results of this thesis into context. In chapter 2, we introduce the theoretical frame-
work that describes the magnetospheric system and briefly present relevant regions and
physical processes in near-Earth space. In chapter 3, we connect the magnetospheric
dynamics to the response of the ionospheric system. In chapter 4, we elaborate on the
current understanding of substorms and set the stage for our results by discussing the
role of substorms in influencing the magnetosphere-ionosphere coupling. In chapter 5,
we present the data and methodology used throughout the analysis. In chapter 6, we
summarize each of the three articles included in this thesis. In Chapter 7, we conclude
the thesis. Paper I - III comprise chapter 8.
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Tofulfillthefirstobjectiveofthisthesis,InPaperII,westudyglobalmapsofthe
ionosphericcurrentsduringsubstormsthattookplaceduringnorthwardIMF.During
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gestingthattheionospheremodulatesmagnetosphericdynamics.Sincethefirstobjec-
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Inthefollowingchapters,wewillpresentthebackgroundmaterialneededtoput
theresultsofthisthesisintocontext.Inchapter2,weintroducethetheoreticalframe-
workthatdescribesthemagnetosphericsystemandbrieflypresentrelevantregionsand
physicalprocessesinnear-Earthspace.Inchapter3,weconnectthemagnetospheric
dynamicstotheresponseoftheionosphericsystem.Inchapter4,weelaborateonthe
currentunderstandingofsubstormsandsetthestageforourresultsbydiscussingthe
roleofsubstormsininfluencingthemagnetosphere-ionospherecoupling.Inchapter5,
wepresentthedataandmethodologyusedthroughouttheanalysis.Inchapter6,we
summarizeeachofthethreearticlesincludedinthisthesis.InChapter7,weconclude
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Chapter 2

Solar Wind and Interplanetary Magnetic
Field Interaction with The Earth’s Mag-
netic Field

In this chapter, we provide an overview of the fundamental interactions between the
solar wind, the Interplanetary Magnetic Field (IMF), and Earth’s magnetic field that
shape the dynamic environment of geospace. Understanding these interactions is es-
sential to comprehending the triggers and behavior of substorms, a key focus of this
thesis. The solar wind and IMF are the primary external drivers of magnetospheric dy-
namics, exerting their influence through mechanisms such as magnetic reconnection,
which can dramatically alter the configuration of Earth’s magnetic field.

2.1 Overview of Near-Earth space

The solar wind, a plasma flow from the Solar upper atmosphere, moves radially away
from the Sun. This movement gains speed, allowing the solar wind to become su-
personic within a few solar radii from the Sun (Parker, 1958). As this rarefied plasma
progresses, collisions become negligible. As a result, the Interplanetary Magnetic Field
(IMF) becomes "frozen-in" to the solar wind, meaning that they move cohesively. The
footpoints of the IMF remain anchored to the Sun as they are stretched into outer space.
As the Sun rotates, the attached IMF attains a "Ballerina skirt" shape throughout the
heliosphere. This phenomenon is called the Parker spiral. The motion of the solar wind
and the IMF lines in the inner heliosphere are shown in Figure 2.1.

The solar wind undergoes fluctuations, changing in a wide spectrum of timescales.
Typically, the solar wind takes 2 to 3 days to reach our planet, with speeds ranging from
about 200 to 900 km/s near Earth.

Unlike the primarily radial movement of the solar wind, the orientation of the IMF
can deviate from its typical Parker spiral pattern. Various coordinate systems are em-
ployed to categorize these directions, including the geocentric solar ecliptic system,
the geocentric solar equatorial system, the solar magnetic coordinates, and the geocen-
tric solar magnetic system (GSM) (Fränz and Harper, 2002; Laundal and Richmond,
2017). We utilize the GSM system to describe the three components of the IMF: Bx,
By, and Bz. In the GSM system the x-axis points from Earth to the Sun, the y-axis is
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Figure 2.1: An overview of the Parker spiral, Figure by Ram Singh.

oriented perpendicularly to Earth’s magnetic dipole, and the z-axis has the same direc-
tion as the projection of the magnetic dipole axis onto the plane where the x axis is the
normal vector. In this system, the orientation of the IMF in the plane perpendicular to
the x-axis is defined as the IMF clock angle, denoted as θca, computed using

θca = arctan2(By,Bz). (2.1)

IMF θca is a useful tool to specify the IMF orientation. The IMF different orientations
controls the reconnection geometry in the magnetosphere which we will discuss in
the next chapter. The solar wind and IMF variations are key indicators for predicting
space weather conditions. By closely monitoring the solar wind speed, its density, and
the direction of the IMF, we can anticipate alterations in Earth’s space environment.
This understanding is crucial for taking early actions to modify potential space-related
disturbances.

2.2 The Earth’s Magnetic Field

Planet Earth is gifted with an impressive shield that protects life within this planet from
the harmful galactic cosmic rays and dangerous solar wind (Erdmann et al., 2021).
This shield is the Earth’s magnetic field, a feature that has not only been important for
planetary protection against the solar wind and the cosmic rays, but also instrumental
in human discovery and innovation. The use of magnetism began after the discovery
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thenextchapter.ThesolarwindandIMFvariationsarekeyindicatorsforpredicting
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thedirectionoftheIMF,wecananticipatealterationsinEarth’sspaceenvironment.
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disturbances.

2.2TheEarth’sMagneticField

PlanetEarthisgiftedwithanimpressiveshieldthatprotectslifewithinthisplanetfrom
theharmfulgalacticcosmicraysanddangeroussolarwind(Erdmannetal.,2021).
ThisshieldistheEarth’smagneticfield,afeaturethathasnotonlybeenimportantfor
planetaryprotectionagainstthesolarwindandthecosmicrays,butalsoinstrumental
inhumandiscoveryandinnovation.Theuseofmagnetismbeganafterthediscovery

4
SolarWindandInterplanetaryMagneticFieldInteractionwithTheEarth’sMagnetic

Field

Figure2.1:AnoverviewoftheParkerspiral,FigurebyRamSingh.

orientedperpendicularlytoEarth’smagneticdipole,andthez-axishasthesamedirec-
tionastheprojectionofthemagneticdipoleaxisontotheplanewherethexaxisisthe
normalvector.Inthissystem,theorientationoftheIMFintheplaneperpendicularto
thex-axisisdefinedastheIMFclockangle,denotedasθca,computedusing

θca=arctan2(By,Bz).(2.1)

IMFθcaisausefultooltospecifytheIMForientation.TheIMFdifferentorientations
controlsthereconnectiongeometryinthemagnetospherewhichwewilldiscussin
thenextchapter.ThesolarwindandIMFvariationsarekeyindicatorsforpredicting
spaceweatherconditions.Bycloselymonitoringthesolarwindspeed,itsdensity,and
thedirectionoftheIMF,wecananticipatealterationsinEarth’sspaceenvironment.
Thisunderstandingiscrucialfortakingearlyactionstomodifypotentialspace-related
disturbances.

2.2TheEarth’sMagneticField

PlanetEarthisgiftedwithanimpressiveshieldthatprotectslifewithinthisplanetfrom
theharmfulgalacticcosmicraysanddangeroussolarwind(Erdmannetal.,2021).
ThisshieldistheEarth’smagneticfield,afeaturethathasnotonlybeenimportantfor
planetaryprotectionagainstthesolarwindandthecosmicrays,butalsoinstrumental
inhumandiscoveryandinnovation.Theuseofmagnetismbeganafterthediscovery

4
SolarWindandInterplanetaryMagneticFieldInteractionwithTheEarth’sMagnetic

Field

Figure2.1:AnoverviewoftheParkerspiral,FigurebyRamSingh.

orientedperpendicularlytoEarth’smagneticdipole,andthez-axishasthesamedirec-
tionastheprojectionofthemagneticdipoleaxisontotheplanewherethexaxisisthe
normalvector.Inthissystem,theorientationoftheIMFintheplaneperpendicularto
thex-axisisdefinedastheIMFclockangle,denotedasθca,computedusing

θca=arctan2(By,Bz).(2.1)

IMFθcaisausefultooltospecifytheIMForientation.TheIMFdifferentorientations
controlsthereconnectiongeometryinthemagnetospherewhichwewilldiscussin
thenextchapter.ThesolarwindandIMFvariationsarekeyindicatorsforpredicting
spaceweatherconditions.Bycloselymonitoringthesolarwindspeed,itsdensity,and
thedirectionoftheIMF,wecananticipatealterationsinEarth’sspaceenvironment.
Thisunderstandingiscrucialfortakingearlyactionstomodifypotentialspace-related
disturbances.

2.2TheEarth’sMagneticField

PlanetEarthisgiftedwithanimpressiveshieldthatprotectslifewithinthisplanetfrom
theharmfulgalacticcosmicraysanddangeroussolarwind(Erdmannetal.,2021).
ThisshieldistheEarth’smagneticfield,afeaturethathasnotonlybeenimportantfor
planetaryprotectionagainstthesolarwindandthecosmicrays,butalsoinstrumental
inhumandiscoveryandinnovation.Theuseofmagnetismbeganafterthediscovery

4
SolarWindandInterplanetaryMagneticFieldInteractionwithTheEarth’sMagnetic

Field

Figure2.1:AnoverviewoftheParkerspiral,FigurebyRamSingh.

orientedperpendicularlytoEarth’smagneticdipole,andthez-axishasthesamedirec-
tionastheprojectionofthemagneticdipoleaxisontotheplanewherethexaxisisthe
normalvector.Inthissystem,theorientationoftheIMFintheplaneperpendicularto
thex-axisisdefinedastheIMFclockangle,denotedasθca,computedusing

θca=arctan2(By,Bz).(2.1)

IMFθcaisausefultooltospecifytheIMForientation.TheIMFdifferentorientations
controlsthereconnectiongeometryinthemagnetospherewhichwewilldiscussin
thenextchapter.ThesolarwindandIMFvariationsarekeyindicatorsforpredicting
spaceweatherconditions.Bycloselymonitoringthesolarwindspeed,itsdensity,and
thedirectionoftheIMF,wecananticipatealterationsinEarth’sspaceenvironment.
Thisunderstandingiscrucialfortakingearlyactionstomodifypotentialspace-related
disturbances.

2.2TheEarth’sMagneticField

PlanetEarthisgiftedwithanimpressiveshieldthatprotectslifewithinthisplanetfrom
theharmfulgalacticcosmicraysanddangeroussolarwind(Erdmannetal.,2021).
ThisshieldistheEarth’smagneticfield,afeaturethathasnotonlybeenimportantfor
planetaryprotectionagainstthesolarwindandthecosmicrays,butalsoinstrumental
inhumandiscoveryandinnovation.Theuseofmagnetismbeganafterthediscovery



2.2 The Earth’s Magnetic Field 5

of the lodestone, a stone rich in magnetic iron oxide. The Chinese were the first to use
lodestone to make the compass, several centuries before Christ. The compass arrived
in Europe through Arab traders at the end of the 12th century (Campbell, 1997). Then
the magnetic properties of the Earth were known when the Englishman William Gilbert
published his book The Magnet in 1600, and after that, he began measuring changes in
the geomagnetic field at the London Observatory.

Earth’s magnetic field is a dipole-like field as shown in the upper panel of Figure 2.2.
Our understanding of the Earth’s magnetic field has changed since then and scientists
developed mathematical models to help figure out its nature and behavior as will be
described in the next sections. Careful analyses of rock magnetization from sites all
over the world have established that the Earth’s axial dipole polarity has undergone
multiple reversals in the past. Each polarity interval typically lasts several thousand
years. These geomagnetic reversals occur slowly and at irregular intervals. It is worth
noting that the direction of the magnetic field around the Earth at present is from the
south to the north pole (Campbell, 1997). The underlying mechanisms driving these
reversals are still a subject of scientific inquiry, but they are likely related to complex
processes within the Earth’s core dynamo. During these reversals, the strength of the
magnetic field weakens significantly, and the field configuration becomes complex with
multiple poles.

2.2.1 The Earth’s Internal Field
The Earth’s magnetic field, as observed on the Earth’s surface, is composed of external
and internal components. The internal field originates mainly from a dynamo process
inside the Earth’s outer core. This process involves the movement of an electrically con-
ductive fluid in the core, generating magnetic fields. The main dipole field of the Earth,
a significant component of the inner field, is thought to arise from a single primary cir-
culation within this fluid (Campbell, 1997). In contrast, non-dipole regional anomalies,
which are deviations from the main field, are believed to be caused by various eddy mo-
tions in the outer layer of the liquid core, situated below the mantle (Campbell, 1997).
Smaller geographical anomalies, known as surface anomalies, are field irregularities
due to deposits of ferromagnetic materials in the Earth’s crust (the largest is the Kursk
anomaly, 400 km south of Moscow). Generally, Earth’s inner magnetic field can be ef-
fectively represented as a dipole field up to approximately three Earth radii, as shown
in the upper panel of Figure 2.2.

2.2.2 The Earth’s External Field
On the other hand, the external field originates through the current systems in the iono-
sphere and the magnetosphere. The magnetic field on the dayside is compressed by the
solar wind interactions, and the nightside is elongated and stretched as shown in the
bottom panel of Figure2.2. The magnetosphere obtains its characteristic shape from its
interactions with the solar wind and its embedded IMF. The bottom panel of Figure 2.2
illustrates the major regions of the magnetosphere where the bow shock represents the
initial boundary the solar wind encounters, causing a dramatic reduction in speed and
a transition to subsonic flow. Just beyond the Bow Shock lies the magnetosheath,
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lodestonetomakethecompass,severalcenturiesbeforeChrist.Thecompassarrived
inEuropethroughArabtradersattheendofthe12thcentury(Campbell,1997).Then
themagneticpropertiesoftheEarthwereknownwhentheEnglishmanWilliamGilbert
publishedhisbookTheMagnetin1600,andafterthat,hebeganmeasuringchangesin
thegeomagneticfieldattheLondonObservatory.

Earth’smagneticfieldisadipole-likefieldasshownintheupperpanelofFigure2.2.
OurunderstandingoftheEarth’smagneticfieldhaschangedsincethenandscientists
developedmathematicalmodelstohelpfigureoutitsnatureandbehavioraswillbe
describedinthenextsections.Carefulanalysesofrockmagnetizationfromsitesall
overtheworldhaveestablishedthattheEarth’saxialdipolepolarityhasundergone
multiplereversalsinthepast.Eachpolarityintervaltypicallylastsseveralthousand
years.Thesegeomagneticreversalsoccurslowlyandatirregularintervals.Itisworth
notingthatthedirectionofthemagneticfieldaroundtheEarthatpresentisfromthe
southtothenorthpole(Campbell,1997).Theunderlyingmechanismsdrivingthese
reversalsarestillasubjectofscientificinquiry,buttheyarelikelyrelatedtocomplex
processeswithintheEarth’scoredynamo.Duringthesereversals,thestrengthofthe
magneticfieldweakenssignificantly,andthefieldconfigurationbecomescomplexwith
multiplepoles.

2.2.1TheEarth’sInternalField
TheEarth’smagneticfield,asobservedontheEarth’ssurface,iscomposedofexternal
andinternalcomponents.Theinternalfieldoriginatesmainlyfromadynamoprocess
insidetheEarth’soutercore.Thisprocessinvolvesthemovementofanelectricallycon-
ductivefluidinthecore,generatingmagneticfields.ThemaindipolefieldoftheEarth,
asignificantcomponentoftheinnerfield,isthoughttoarisefromasingleprimarycir-
culationwithinthisfluid(Campbell,1997).Incontrast,non-dipoleregionalanomalies,
whicharedeviationsfromthemainfield,arebelievedtobecausedbyvariouseddymo-
tionsintheouterlayeroftheliquidcore,situatedbelowthemantle(Campbell,1997).
Smallergeographicalanomalies,knownassurfaceanomalies,arefieldirregularities
duetodepositsofferromagneticmaterialsintheEarth’scrust(thelargestistheKursk
anomaly,400kmsouthofMoscow).Generally,Earth’sinnermagneticfieldcanbeef-
fectivelyrepresentedasadipolefielduptoapproximatelythreeEarthradii,asshown
intheupperpanelofFigure2.2.

2.2.2TheEarth’sExternalField
Ontheotherhand,theexternalfieldoriginatesthroughthecurrentsystemsintheiono-
sphereandthemagnetosphere.Themagneticfieldonthedaysideiscompressedbythe
solarwindinteractions,andthenightsideiselongatedandstretchedasshowninthe
bottompanelofFigure2.2.Themagnetosphereobtainsitscharacteristicshapefromits
interactionswiththesolarwindanditsembeddedIMF.ThebottompanelofFigure2.2
illustratesthemajorregionsofthemagnetospherewherethebowshockrepresentsthe
initialboundarythesolarwindencounters,causingadramaticreductioninspeedand
atransitiontosubsonicflow.JustbeyondtheBowShockliesthemagnetosheath,
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Earth’smagneticfieldisadipole-likefieldasshownintheupperpanelofFigure2.2.
OurunderstandingoftheEarth’smagneticfieldhaschangedsincethenandscientists
developedmathematicalmodelstohelpfigureoutitsnatureandbehavioraswillbe
describedinthenextsections.Carefulanalysesofrockmagnetizationfromsitesall
overtheworldhaveestablishedthattheEarth’saxialdipolepolarityhasundergone
multiplereversalsinthepast.Eachpolarityintervaltypicallylastsseveralthousand
years.Thesegeomagneticreversalsoccurslowlyandatirregularintervals.Itisworth
notingthatthedirectionofthemagneticfieldaroundtheEarthatpresentisfromthe
southtothenorthpole(Campbell,1997).Theunderlyingmechanismsdrivingthese
reversalsarestillasubjectofscientificinquiry,buttheyarelikelyrelatedtocomplex
processeswithintheEarth’scoredynamo.Duringthesereversals,thestrengthofthe
magneticfieldweakenssignificantly,andthefieldconfigurationbecomescomplexwith
multiplepoles.

2.2.1TheEarth’sInternalField
TheEarth’smagneticfield,asobservedontheEarth’ssurface,iscomposedofexternal
andinternalcomponents.Theinternalfieldoriginatesmainlyfromadynamoprocess
insidetheEarth’soutercore.Thisprocessinvolvesthemovementofanelectricallycon-
ductivefluidinthecore,generatingmagneticfields.ThemaindipolefieldoftheEarth,
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culationwithinthisfluid(Campbell,1997).Incontrast,non-dipoleregionalanomalies,
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Smallergeographicalanomalies,knownassurfaceanomalies,arefieldirregularities
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anomaly,400kmsouthofMoscow).Generally,Earth’sinnermagneticfieldcanbeef-
fectivelyrepresentedasadipolefielduptoapproximatelythreeEarthradii,asshown
intheupperpanelofFigure2.2.

2.2.2TheEarth’sExternalField
Ontheotherhand,theexternalfieldoriginatesthroughthecurrentsystemsintheiono-
sphereandthemagnetosphere.Themagneticfieldonthedaysideiscompressedbythe
solarwindinteractions,andthenightsideiselongatedandstretchedasshowninthe
bottompanelofFigure2.2.Themagnetosphereobtainsitscharacteristicshapefromits
interactionswiththesolarwindanditsembeddedIMF.ThebottompanelofFigure2.2
illustratesthemajorregionsofthemagnetospherewherethebowshockrepresentsthe
initialboundarythesolarwindencounters,causingadramaticreductioninspeedand
atransitiontosubsonicflow.JustbeyondtheBowShockliesthemagnetosheath,
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reversalsarestillasubjectofscientificinquiry,buttheyarelikelyrelatedtocomplex
processeswithintheEarth’scoredynamo.Duringthesereversals,thestrengthofthe
magneticfieldweakenssignificantly,andthefieldconfigurationbecomescomplexwith
multiplepoles.

2.2.1TheEarth’sInternalField
TheEarth’smagneticfield,asobservedontheEarth’ssurface,iscomposedofexternal
andinternalcomponents.Theinternalfieldoriginatesmainlyfromadynamoprocess
insidetheEarth’soutercore.Thisprocessinvolvesthemovementofanelectricallycon-
ductivefluidinthecore,generatingmagneticfields.ThemaindipolefieldoftheEarth,
asignificantcomponentoftheinnerfield,isthoughttoarisefromasingleprimarycir-
culationwithinthisfluid(Campbell,1997).Incontrast,non-dipoleregionalanomalies,
whicharedeviationsfromthemainfield,arebelievedtobecausedbyvariouseddymo-
tionsintheouterlayeroftheliquidcore,situatedbelowthemantle(Campbell,1997).
Smallergeographicalanomalies,knownassurfaceanomalies,arefieldirregularities
duetodepositsofferromagneticmaterialsintheEarth’scrust(thelargestistheKursk
anomaly,400kmsouthofMoscow).Generally,Earth’sinnermagneticfieldcanbeef-
fectivelyrepresentedasadipolefielduptoapproximatelythreeEarthradii,asshown
intheupperpanelofFigure2.2.

2.2.2TheEarth’sExternalField
Ontheotherhand,theexternalfieldoriginatesthroughthecurrentsystemsintheiono-
sphereandthemagnetosphere.Themagneticfieldonthedaysideiscompressedbythe
solarwindinteractions,andthenightsideiselongatedandstretchedasshowninthe
bottompanelofFigure2.2.Themagnetosphereobtainsitscharacteristicshapefromits
interactionswiththesolarwindanditsembeddedIMF.ThebottompanelofFigure2.2
illustratesthemajorregionsofthemagnetospherewherethebowshockrepresentsthe
initialboundarythesolarwindencounters,causingadramaticreductioninspeedand
atransitiontosubsonicflow.JustbeyondtheBowShockliesthemagnetosheath,
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Figure 2.2: The main magnetic field is shown as a dipole-like field in the upper panel,
Credit:NASA/Peter Reid. The lower panel shows the extension of the magnetic field away from the
Earth and the main components of the magnetosphere, Credit: NASA/Goddard/Aaron Kaase
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a region filled mainly with IMF and characterized by dynamic mixing with Earth’s
magnetic field, sandwiched between the bow shock and the magnetopause. The mag-
netopause itself is the definitive boundary that separates the magnetosphere from the
solar wind. Within the inner section of the magnetosphere is the plasmasphere, con-
taining cold low-energy ions and electrons. The radiation belts, or Van Allen Belts,
comprise regions filled with charged particles trapped by Earth’s magnetic field. In
these middle and lower latitudes, the plasmasphere is abundant with dense ionospheric
plasma that co-rotates with Earth. Beyond the plasmasphere, within the radiation belts,
a more energetic plasma exists, consisting of particles trapped in Earth’s magnetic field,
contributing to the formation of the ring current. The plasma sheet is filled with
highly energetic plasma, and it has a dynamic magnetic field structure and is the source
of discrete nightside auroras. The lobes are situated on either side of the Plasma Sheet
and extending to the magnetopause. They are filled with cold, low-density plasma
connected to the IMF and not magnetically linked between the northern and southern
hemispheres. Away from the Sun is the magnetotail that encompasses the plasma
sheet and the lobes. The dayside ionosphere features polar cusps where magnetosheath
plasma can directly access the magnetosphere and the ionosphere, leading to the for-
mation of high-latitude dayside auroras. The ionosphere will be discussed in the next
chapter.

2.3 Dungey Cycle

To explain the interaction of the solar wind with the magnetosphere and the subsequent
global-scale plasma circulation, we need to explain how the magnetic reconnection
plays a key role in facilitating the observed plasma dynamics.

Figure 2.3: Illustration of magnetic reconnection between two magnetic field lines.

When the solar wind carrying the IMF reaches the Earth, the IMF interacts with the
Earth’s magnetic field. The mechanism facilitating this interaction is called reconnec-
tion. When the IMF orientation is southward, counter to the northward-pointing Earth’s
dipole field, they interact, and the magnetic topology is rearranged. The electrons move
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aregionfilledmainlywithIMFandcharacterizedbydynamicmixingwithEarth’s
magneticfield,sandwichedbetweenthebowshockandthemagnetopause.Themag-
netopauseitselfisthedefinitiveboundarythatseparatesthemagnetospherefromthe
solarwind.Withintheinnersectionofthemagnetosphereistheplasmasphere,con-
tainingcoldlow-energyionsandelectrons.Theradiationbelts,orVanAllenBelts,
compriseregionsfilledwithchargedparticlestrappedbyEarth’smagneticfield.In
thesemiddleandlowerlatitudes,theplasmasphereisabundantwithdenseionospheric
plasmathatco-rotateswithEarth.Beyondtheplasmasphere,withintheradiationbelts,
amoreenergeticplasmaexists,consistingofparticlestrappedinEarth’smagneticfield,
contributingtotheformationoftheringcurrent.Theplasmasheetisfilledwith
highlyenergeticplasma,andithasadynamicmagneticfieldstructureandisthesource
ofdiscretenightsideauroras.ThelobesaresituatedoneithersideofthePlasmaSheet
andextendingtothemagnetopause.Theyarefilledwithcold,low-densityplasma
connectedtotheIMFandnotmagneticallylinkedbetweenthenorthernandsouthern
hemispheres.AwayfromtheSunisthemagnetotailthatencompassestheplasma
sheetandthelobes.Thedaysideionospherefeaturespolarcuspswheremagnetosheath
plasmacandirectlyaccessthemagnetosphereandtheionosphere,leadingtothefor-
mationofhigh-latitudedaysideauroras.Theionospherewillbediscussedinthenext
chapter.

2.3DungeyCycle

Toexplaintheinteractionofthesolarwindwiththemagnetosphereandthesubsequent
global-scaleplasmacirculation,weneedtoexplainhowthemagneticreconnection
playsakeyroleinfacilitatingtheobservedplasmadynamics.

Figure2.3:Illustrationofmagneticreconnectionbetweentwomagneticfieldlines.

WhenthesolarwindcarryingtheIMFreachestheEarth,theIMFinteractswiththe
Earth’smagneticfield.Themechanismfacilitatingthisinteractioniscalledreconnec-
tion.WhentheIMForientationissouthward,countertothenorthward-pointingEarth’s
dipolefield,theyinteract,andthemagnetictopologyisrearranged.Theelectronsmove
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aregionfilledmainlywithIMFandcharacterizedbydynamicmixingwithEarth’s
magneticfield,sandwichedbetweenthebowshockandthemagnetopause.Themag-
netopauseitselfisthedefinitiveboundarythatseparatesthemagnetospherefromthe
solarwind.Withintheinnersectionofthemagnetosphereistheplasmasphere,con-
tainingcoldlow-energyionsandelectrons.Theradiationbelts,orVanAllenBelts,
compriseregionsfilledwithchargedparticlestrappedbyEarth’smagneticfield.In
thesemiddleandlowerlatitudes,theplasmasphereisabundantwithdenseionospheric
plasmathatco-rotateswithEarth.Beyondtheplasmasphere,withintheradiationbelts,
amoreenergeticplasmaexists,consistingofparticlestrappedinEarth’smagneticfield,
contributingtotheformationoftheringcurrent.Theplasmasheetisfilledwith
highlyenergeticplasma,andithasadynamicmagneticfieldstructureandisthesource
ofdiscretenightsideauroras.ThelobesaresituatedoneithersideofthePlasmaSheet
andextendingtothemagnetopause.Theyarefilledwithcold,low-densityplasma
connectedtotheIMFandnotmagneticallylinkedbetweenthenorthernandsouthern
hemispheres.AwayfromtheSunisthemagnetotailthatencompassestheplasma
sheetandthelobes.Thedaysideionospherefeaturespolarcuspswheremagnetosheath
plasmacandirectlyaccessthemagnetosphereandtheionosphere,leadingtothefor-
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Toexplaintheinteractionofthesolarwindwiththemagnetosphereandthesubsequent
global-scaleplasmacirculation,weneedtoexplainhowthemagneticreconnection
playsakeyroleinfacilitatingtheobservedplasmadynamics.

Figure2.3:Illustrationofmagneticreconnectionbetweentwomagneticfieldlines.

WhenthesolarwindcarryingtheIMFreachestheEarth,theIMFinteractswiththe
Earth’smagneticfield.Themechanismfacilitatingthisinteractioniscalledreconnec-
tion.WhentheIMForientationissouthward,countertothenorthward-pointingEarth’s
dipolefield,theyinteract,andthemagnetictopologyisrearranged.Theelectronsmove
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from one field line and reconnect to another. This process converts magnetic field en-
ergy into kinetic and thermal energy in the plasma. Figure 2.3 illustrates a simplified
explanation of the reconnection between two oppositely directed magnetic field lines.
At point x, the upper and lower field lines reconnect, generating new interlinked field
lines. On both the right and left are the outflow regions where the new field lines drift
away from the reconnection point (extending to a line in 3D). Reconnection is most ef-
ficient when the encountering magnetic fields are entirely anti-parallel (Dungey, 1961;
Milan, 2015). However, reconnection can still take place when there is an azimuthal
component of the IMF, though this component introduces interhemispheric asymme-
tries, a topic we will discuss later.

Figure 2.4: Overview of the magnetospheric circulation during Dungey cycle, credit to the COMET
program at HAO.

Magnetic reconnection in the Earth’s dayside magnetopause primarily takes place
between the Earth’s northward-oriented compressed dipole field and a southward-
directed interplanetary magnetic field (IMF). This phenomenon sets off a plasma cir-
culation, initially described by Dungey (1961). Figure 2.4 represents the Dungey cycle
under conditions where the IMF is southward-oriented and absence of an azimuthal
component. We here describe the Dungey cycle in stages based on Figure 2.4:

• Stage 1: The IMF near the dayside of the magnetopause is oriented southward,
contrasting the northward alignment of the Earth’s magnetic field.

• Stage 2: As the plasma of the solar wind and the accompanying magnetic field ap-
proach the Earth, the two magnetic fields reconnect at the dayside magnetopause.
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awayfromthereconnectionpoint(extendingtoalinein3D).Reconnectionismostef-
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underconditionswheretheIMFissouthward-orientedandabsenceofanazimuthal
component.WeheredescribetheDungeycycleinstagesbasedonFigure2.4:

•Stage1:TheIMFnearthedaysideofthemagnetopauseisorientedsouthward,
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from one field line and reconnect to another. This process converts magnetic field en-
ergy into kinetic and thermal energy in the plasma. Figure 2.3 illustrates a simplified
explanation of the reconnection between two oppositely directed magnetic field lines.
At point x, the upper and lower field lines reconnect, generating new interlinked field
lines. On both the right and left are the outflow regions where the new field lines drift
away from the reconnection point (extending to a line in 3D). Reconnection is most ef-
ficient when the encountering magnetic fields are entirely anti-parallel (Dungey, 1961;
Milan, 2015). However, reconnection can still take place when there is an azimuthal
component of the IMF, though this component introduces interhemispheric asymme-
tries, a topic we will discuss later.

Figure 2.4: Overview of the magnetospheric circulation during Dungey cycle, credit to the COMET
program at HAO.

Magnetic reconnection in the Earth’s dayside magnetopause primarily takes place
between the Earth’s northward-oriented compressed dipole field and a southward-
directed interplanetary magnetic field (IMF). This phenomenon sets off a plasma cir-
culation, initially described by Dungey (1961). Figure 2.4 represents the Dungey cycle
under conditions where the IMF is southward-oriented and absence of an azimuthal
component. We here describe the Dungey cycle in stages based on Figure 2.4:

• Stage 1: The IMF near the dayside of the magnetopause is oriented southward,
contrasting the northward alignment of the Earth’s magnetic field.

• Stage 2: As the plasma of the solar wind and the accompanying magnetic field ap-
proach the Earth, the two magnetic fields reconnect at the dayside magnetopause.
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• Stage 3: This reconnection led to creating newly opened magnetic field lines.
One end of these lines remains anchored to the Earth’s magnetic field, while the
opposite end links to the IMF.

• Stage 4: The flow of the solar wind drags these open field lines tailward across
the polar cap, adding them to the magnetotail lobes.

• Stage 5: These field lines are then further elongated towards the magnetotail.

• Stage 6: As the lobes amass more open field lines, increased magnetic pressure
prompts another reconnection event within the magnetotail. Here, the field lines
reconnect, anchoring themselves to both hemispheres.

• Stage 7: These elongated field lines experience a tension force that pushes them
away from the reconnection site. As the stretched closed field lines approach
Earth, they become more dipolar.

• Stage 8: Driven by pressure imbalances, these field lines migrate back to the
dayside, potentially coming into contact with the IMF once again.

• Stage 9: The cycle repeats.

2.4 The Expanding Contracting Polar Cap Paradigm (ECPC)
- Magnetospheric Perspective

Even though the Dungey cycle gives an overview of the large-scale interaction be-
tween the solar wind and the Earth’s system through an open magnetosphere, the cycle
does not provide an overview of the time dependence of the dynamics. Freeman and
Southwood (1988); Siscoe and Huang (1985) recognized that the nightside reconnec-
tion does not necessarily follow the dayside reconnection immediately and that these
two processes should be dealt with separately. This realization led to the two-stage de-
scription of the solar wind-magnetosphere-ionosphere coupling system by Cowley and
Lockwood (1992) known as the expanding contracting polar cap paradigm (ECPC).

The first stage of ECPC, as shown in Figure 2.5, illustrates the magnetospheric re-
sponse to a dayside reconnection pulse, as described by Cowley and Lockwood (1992).
The left panel shows the equatorial plane, where the magnetospheric convection is ex-
cited due to a deformation of the magnetopause. This deformation results from the
opening of magnetic flux through reconnection with the IMF. Meanwhile, the right
panel presents a cross-sectional view from the nightside of the magnetotail, where mag-
netic flux is added to the lobes in the north and south, stimulating convection within
these lobes. The dashed line in the figure represents the magnetospheric new configu-
ration after achieving a new force balance or equilibrium with the solar wind.

The second stage takes place in the magnetotail, where the flux has been accumu-
lated. Nightside reconnections start about 30 to 60 minutes after the first interaction
between the IMF and the dayside magnetosphere. As a result, the size of the polar cap
is reduced, and the flows are excited to have the circular shape of the polar cap again,
creating a new smaller area than the initial size.

2.4TheExpandingContractingPolarCapParadigm(ECPC)-Magnetospheric
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•Stage3:Thisreconnectionledtocreatingnewlyopenedmagneticfieldlines.
OneendoftheselinesremainsanchoredtotheEarth’smagneticfield,whilethe
oppositeendlinkstotheIMF.

•Stage4:Theflowofthesolarwinddragstheseopenfieldlinestailwardacross
thepolarcap,addingthemtothemagnetotaillobes.

•Stage5:Thesefieldlinesarethenfurtherelongatedtowardsthemagnetotail.

•Stage6:Asthelobesamassmoreopenfieldlines,increasedmagneticpressure
promptsanotherreconnectioneventwithinthemagnetotail.Here,thefieldlines
reconnect,anchoringthemselvestobothhemispheres.

•Stage7:Theseelongatedfieldlinesexperienceatensionforcethatpushesthem
awayfromthereconnectionsite.Asthestretchedclosedfieldlinesapproach
Earth,theybecomemoredipolar.

•Stage8:Drivenbypressureimbalances,thesefieldlinesmigratebacktothe
dayside,potentiallycomingintocontactwiththeIMFonceagain.

•Stage9:Thecyclerepeats.

2.4TheExpandingContractingPolarCapParadigm(ECPC)
-MagnetosphericPerspective

EventhoughtheDungeycyclegivesanoverviewofthelarge-scaleinteractionbe-
tweenthesolarwindandtheEarth’ssystemthroughanopenmagnetosphere,thecycle
doesnotprovideanoverviewofthetimedependenceofthedynamics.Freemanand
Southwood(1988);SiscoeandHuang(1985)recognizedthatthenightsidereconnec-
tiondoesnotnecessarilyfollowthedaysidereconnectionimmediatelyandthatthese
twoprocessesshouldbedealtwithseparately.Thisrealizationledtothetwo-stagede-
scriptionofthesolarwind-magnetosphere-ionospherecouplingsystembyCowleyand
Lockwood(1992)knownastheexpandingcontractingpolarcapparadigm(ECPC).

ThefirststageofECPC,asshowninFigure2.5,illustratesthemagnetosphericre-
sponsetoadaysidereconnectionpulse,asdescribedbyCowleyandLockwood(1992).
Theleftpanelshowstheequatorialplane,wherethemagnetosphericconvectionisex-
citedduetoadeformationofthemagnetopause.Thisdeformationresultsfromthe
openingofmagneticfluxthroughreconnectionwiththeIMF.Meanwhile,theright
panelpresentsacross-sectionalviewfromthenightsideofthemagnetotail,wheremag-
neticfluxisaddedtothelobesinthenorthandsouth,stimulatingconvectionwithin
theselobes.Thedashedlineinthefigurerepresentsthemagnetosphericnewconfigu-
rationafterachievinganewforcebalanceorequilibriumwiththesolarwind.

Thesecondstagetakesplaceinthemagnetotail,wherethefluxhasbeenaccumu-
lated.Nightsidereconnectionsstartabout30to60minutesafterthefirstinteraction
betweentheIMFandthedaysidemagnetosphere.Asaresult,thesizeofthepolarcap
isreduced,andtheflowsareexcitedtohavethecircularshapeofthepolarcapagain,
creatinganewsmallerareathantheinitialsize.
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• Stage 3: This reconnection led to creating newly opened magnetic field lines.
One end of these lines remains anchored to the Earth’s magnetic field, while the
opposite end links to the IMF.

• Stage 4: The flow of the solar wind drags these open field lines tailward across
the polar cap, adding them to the magnetotail lobes.

• Stage 5: These field lines are then further elongated towards the magnetotail.

• Stage 6: As the lobes amass more open field lines, increased magnetic pressure
prompts another reconnection event within the magnetotail. Here, the field lines
reconnect, anchoring themselves to both hemispheres.

• Stage 7: These elongated field lines experience a tension force that pushes them
away from the reconnection site. As the stretched closed field lines approach
Earth, they become more dipolar.

• Stage 8: Driven by pressure imbalances, these field lines migrate back to the
dayside, potentially coming into contact with the IMF once again.

• Stage 9: The cycle repeats.
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The second stage takes place in the magnetotail, where the flux has been accumu-
lated. Nightside reconnections start about 30 to 60 minutes after the first interaction
between the IMF and the dayside magnetosphere. As a result, the size of the polar cap
is reduced, and the flows are excited to have the circular shape of the polar cap again,
creating a new smaller area than the initial size.
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In reality, the size of the polar cap is very dynamic, and the flow from the dayside
and nightside can vary greatly over time.

In the next chapter 3, we discuss the ECPC from the ionospheric perspective and
the temporal evolution of the field lines in the ionosphere. We also discuss the current
system related to the high-latitude dynamics.

Figure 2.5: A schematic view of the magnetospheric convection due to dayside reconnection, from
Cowley and Lockwood (1992).
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Chapter 3

Ionospheric Convection and Current Sys-
tems as a Response to the Magnetosphere -
Solar Wind Interactions

In this chapter, we explore how interactions between the Earth’s magnetic field and
the different orientations of the IMF influence ionospheric dynamics. We focus on
the ECPC from the ionospheric perspective to show the influence of the reconnection
on the ionospheric convection patterns at high latitudes. Additionally, we address the
ionospheric current systems in relation to the magnetic field perturbations measured on
the ground.

3.1 The Earth’s Ionosphere

The Earth’s ionosphere is a weakly ionized plasma region that extends vertically be-
tween ∼ 60 km and 1000 km or even higher. The ionosphere is composed of three
regions: The D-region at 60-90 km, E-region at 90-150 km, and F-region at ≥150 km.
The primary production mechanisms for the ionospheric plasma are solar radiation that
ionizes particles in the atmosphere on the dayside, magnetospheric particle precipita-
tion at high latitudes, mainly on the nightside, and a small contribution from cosmic
rays. In the high altitude F-region the plasma is still considered frozen-in, while in the
lower altitudes F-region, E-region, and D-region, the ions interact with the neutral at-
mosphere since the ion-neutral collision frequency becomes greater than or comparable
to the gyro-frequency. The electrons, on the other hand, can be treated as frozen-in also
in the E-region (Kaeppler et al., 2015). The electric field in the ionosphere is a convec-
tion electric field, where the source is the magnetosphere that initiates the convection.
We believe that the bases for qualitatively describing the large-scale dynamics of the
system is that the magnetic stress and plasma pressure are the primary source of the
dynamics whereas the currents and electric fields are derived quantities (Parker, 1996,
1997; Vasyliūnas, 2001, 2005a,b).

Collisions between neutral and charged particles significantly affect ionospheric
dynamics. In the case of force balance between electromagnetic and collisional forces,
the ionospheric current density j has a proportional relationship to the electric field,
where the electrical conductivity describes the proportionality factor. This description
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temsasaResponsetotheMagnetosphere-
SolarWindInteractions

Inthischapter,weexplorehowinteractionsbetweentheEarth’smagneticfieldand
thedifferentorientationsoftheIMFinfluenceionosphericdynamics.Wefocuson
theECPCfromtheionosphericperspectivetoshowtheinfluenceofthereconnection
ontheionosphericconvectionpatternsathighlatitudes.Additionally,weaddressthe
ionosphericcurrentsystemsinrelationtothemagneticfieldperturbationsmeasuredon
theground.

3.1TheEarth’sIonosphere

TheEarth’sionosphereisaweaklyionizedplasmaregionthatextendsverticallybe-
tween∼60kmand1000kmorevenhigher.Theionosphereiscomposedofthree
regions:TheD-regionat60-90km,E-regionat90-150km,andF-regionat≥150km.
Theprimaryproductionmechanismsfortheionosphericplasmaaresolarradiationthat
ionizesparticlesintheatmosphereonthedayside,magnetosphericparticleprecipita-
tionathighlatitudes,mainlyonthenightside,andasmallcontributionfromcosmic
rays.InthehighaltitudeF-regiontheplasmaisstillconsideredfrozen-in,whileinthe
loweraltitudesF-region,E-region,andD-region,theionsinteractwiththeneutralat-
mospheresincetheion-neutralcollisionfrequencybecomesgreaterthanorcomparable
tothegyro-frequency.Theelectrons,ontheotherhand,canbetreatedasfrozen-inalso
intheE-region(Kaeppleretal.,2015).Theelectricfieldintheionosphereisaconvec-
tionelectricfield,wherethesourceisthemagnetospherethatinitiatestheconvection.
Webelievethatthebasesforqualitativelydescribingthelarge-scaledynamicsofthe
systemisthatthemagneticstressandplasmapressurearetheprimarysourceofthe
dynamicswhereasthecurrentsandelectricfieldsarederivedquantities(Parker,1996,
1997;Vasyliūnas,2001,2005a,b).

Collisionsbetweenneutralandchargedparticlessignificantlyaffectionospheric
dynamics.Inthecaseofforcebalancebetweenelectromagneticandcollisionalforces,
theionosphericcurrentdensityjhasaproportionalrelationshiptotheelectricfield,
wheretheelectricalconductivitydescribestheproportionalityfactor.Thisdescription
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tionathighlatitudes,mainlyonthenightside,andasmallcontributionfromcosmic
rays.InthehighaltitudeF-regiontheplasmaisstillconsideredfrozen-in,whileinthe
loweraltitudesF-region,E-region,andD-region,theionsinteractwiththeneutralat-
mospheresincetheion-neutralcollisionfrequencybecomesgreaterthanorcomparable
tothegyro-frequency.Theelectrons,ontheotherhand,canbetreatedasfrozen-inalso
intheE-region(Kaeppleretal.,2015).Theelectricfieldintheionosphereisaconvec-
tionelectricfield,wherethesourceisthemagnetospherethatinitiatestheconvection.
Webelievethatthebasesforqualitativelydescribingthelarge-scaledynamicsofthe
systemisthatthemagneticstressandplasmapressurearetheprimarysourceofthe
dynamicswhereasthecurrentsandelectricfieldsarederivedquantities(Parker,1996,
1997;Vasyliūnas,2001,2005a,b).

Collisionsbetweenneutralandchargedparticlessignificantlyaffectionospheric
dynamics.Inthecaseofforcebalancebetweenelectromagneticandcollisionalforces,
theionosphericcurrentdensityjhasaproportionalrelationshiptotheelectricfield,
wheretheelectricalconductivitydescribestheproportionalityfactor.Thisdescription
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is known as the ionospheric Ohm’s law (Vasyliūnas, 2012). We will discuss Ohm’s law
later in this chapter.

The plasma convection and the interaction between Earth’s magnetic field and the
solar wind in the magnetosphere lead to circulation in the ionosphere, given that the two
systems are linked via the Earth’s magnetic field. The Earth’s magnetic field lines act as
channels for Alfvén waves. These waves are a type of MHD waves that propagate along
the magnetic field lines and can carry energy and momentum from the magnetosphere
down to the ionosphere. Since the plasma in the magnetosphere is largely collisionless
"frozen-in" plasma, it implies that the magnetic field and plasma are linked. As a result,
changes in the magnetospheric field are effectively communicated to the ionosphere via
Alfvén waves.

3.2 Convection and Currents in The Polar Ionosphere

3.2.1 The Expanding Contracting Polar Cap Paradigm (ECPC)
- Ionospheric Perspective

The essence of the ECPC paradigm is that plasma flow within the system is governed
by reconnection rather than the amount of open magnetic flux that is present. The con-
vection acts to lead the system towards a new zero-flow equilibrium state in response
to reconnection events. These reconnection events occur at the dayside magnetopause
and in the magnetotail. Due to the dayside reconnection, the system is loaded with en-
ergy. This energy is transferred to the nightside magnetotail and can be stored for long
periods of time. In the magnetotail, nightside reconnection occurs, which is considered
a separate process from dayside reconnection. The two processes are uncorrelated on
short time scales, but closely related on long time scales since the energy stored in the
magnetotail must be released through nightside reconnection. Averaged over ∼ 3hrs,
the dayside and nightside reconnections balance (Laundal et al., 2020).

Figure 3.1, akin to Figure 2.5 from Chapter 2, encapsulates the dynamic processes
of the ECPC, highlighting the temporal evolution across three states in the magneto-
sphere/ionosphere before and after dayside reconnection. The initial state of the equa-
torial magnetosphere is depicted from above in the top row, showing total magnetic
flux associated with Earth’s main magnetic field, Ftot , minus the open magnetic flux,
F. This difference is represented by a shaded gray area denoting all closed magnetic
flux. The second row offers a magnetotail cross-sectional view, facing Earth, where the
closed flux is the shaded gray region corresponding to the plasma sheet, with open flux
positioned above and below. The polar ionospheric corresponding view is illustrated in
the bottom row, showing the boundary between open and closed magnetic flux with a
solid black line. The second column of the figure visualizes the magnetosphere imme-
diately following a minor opening of magnetic flux, dF, due to dayside reconnection.
Resultant flows from this reconnection are depicted as blue lines in the closed magneto-
sphere, the magnetospheric lobes, and the ionosphere. The third column demonstrates
the new zero-flow equilibrium state, with solid black lines marking the updated new
boundaries between open and closed magnetic flux.

In the magnetotail, reconnection reduces the open flux ratio, allowing closed field
lines to travel towards the dayside magnetosphere via magnetic tension and subse-
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isknownastheionosphericOhm’slaw(Vasyliūnas,2012).WewilldiscussOhm’slaw
laterinthischapter.

TheplasmaconvectionandtheinteractionbetweenEarth’smagneticfieldandthe
solarwindinthemagnetosphereleadtocirculationintheionosphere,giventhatthetwo
systemsarelinkedviatheEarth’smagneticfield.TheEarth’smagneticfieldlinesactas
channelsforAlfvénwaves.ThesewavesareatypeofMHDwavesthatpropagatealong
themagneticfieldlinesandcancarryenergyandmomentumfromthemagnetosphere
downtotheionosphere.Sincetheplasmainthemagnetosphereislargelycollisionless
"frozen-in"plasma,itimpliesthatthemagneticfieldandplasmaarelinked.Asaresult,
changesinthemagnetosphericfieldareeffectivelycommunicatedtotheionospherevia
Alfvénwaves.

3.2ConvectionandCurrentsinThePolarIonosphere

3.2.1TheExpandingContractingPolarCapParadigm(ECPC)
-IonosphericPerspective

TheessenceoftheECPCparadigmisthatplasmaflowwithinthesystemisgoverned
byreconnectionratherthantheamountofopenmagneticfluxthatispresent.Thecon-
vectionactstoleadthesystemtowardsanewzero-flowequilibriumstateinresponse
toreconnectionevents.Thesereconnectioneventsoccuratthedaysidemagnetopause
andinthemagnetotail.Duetothedaysidereconnection,thesystemisloadedwithen-
ergy.Thisenergyistransferredtothenightsidemagnetotailandcanbestoredforlong
periodsoftime.Inthemagnetotail,nightsidereconnectionoccurs,whichisconsidered
aseparateprocessfromdaysidereconnection.Thetwoprocessesareuncorrelatedon
shorttimescales,butcloselyrelatedonlongtimescalessincetheenergystoredinthe
magnetotailmustbereleasedthroughnightsidereconnection.Averagedover∼3hrs,
thedaysideandnightsidereconnectionsbalance(Laundaletal.,2020).

Figure3.1,akintoFigure2.5fromChapter2,encapsulatesthedynamicprocesses
oftheECPC,highlightingthetemporalevolutionacrossthreestatesinthemagneto-
sphere/ionospherebeforeandafterdaysidereconnection.Theinitialstateoftheequa-
torialmagnetosphereisdepictedfromaboveinthetoprow,showingtotalmagnetic
fluxassociatedwithEarth’smainmagneticfield,Ftot,minustheopenmagneticflux,
F.Thisdifferenceisrepresentedbyashadedgrayareadenotingallclosedmagnetic
flux.Thesecondrowoffersamagnetotailcross-sectionalview,facingEarth,wherethe
closedfluxistheshadedgrayregioncorrespondingtotheplasmasheet,withopenflux
positionedaboveandbelow.Thepolarionosphericcorrespondingviewisillustratedin
thebottomrow,showingtheboundarybetweenopenandclosedmagneticfluxwitha
solidblackline.Thesecondcolumnofthefigurevisualizesthemagnetosphereimme-
diatelyfollowingaminoropeningofmagneticflux,dF,duetodaysidereconnection.
Resultantflowsfromthisreconnectionaredepictedasbluelinesintheclosedmagneto-
sphere,themagnetosphericlobes,andtheionosphere.Thethirdcolumndemonstrates
thenewzero-flowequilibriumstate,withsolidblacklinesmarkingtheupdatednew
boundariesbetweenopenandclosedmagneticflux.

Inthemagnetotail,reconnectionreducestheopenfluxratio,allowingclosedfield
linestotraveltowardsthedaysidemagnetosphereviamagnetictensionandsubse-
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is known as the ionospheric Ohm’s law (Vasyliūnas, 2012). We will discuss Ohm’s law
later in this chapter.
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channels for Alfvén waves. These waves are a type of MHD waves that propagate along
the magnetic field lines and can carry energy and momentum from the magnetosphere
down to the ionosphere. Since the plasma in the magnetosphere is largely collisionless
"frozen-in" plasma, it implies that the magnetic field and plasma are linked. As a result,
changes in the magnetospheric field are effectively communicated to the ionosphere via
Alfvén waves.

3.2 Convection and Currents in The Polar Ionosphere

3.2.1 The Expanding Contracting Polar Cap Paradigm (ECPC)
- Ionospheric Perspective

The essence of the ECPC paradigm is that plasma flow within the system is governed
by reconnection rather than the amount of open magnetic flux that is present. The con-
vection acts to lead the system towards a new zero-flow equilibrium state in response
to reconnection events. These reconnection events occur at the dayside magnetopause
and in the magnetotail. Due to the dayside reconnection, the system is loaded with en-
ergy. This energy is transferred to the nightside magnetotail and can be stored for long
periods of time. In the magnetotail, nightside reconnection occurs, which is considered
a separate process from dayside reconnection. The two processes are uncorrelated on
short time scales, but closely related on long time scales since the energy stored in the
magnetotail must be released through nightside reconnection. Averaged over ∼ 3hrs,
the dayside and nightside reconnections balance (Laundal et al., 2020).

Figure 3.1, akin to Figure 2.5 from Chapter 2, encapsulates the dynamic processes
of the ECPC, highlighting the temporal evolution across three states in the magneto-
sphere/ionosphere before and after dayside reconnection. The initial state of the equa-
torial magnetosphere is depicted from above in the top row, showing total magnetic
flux associated with Earth’s main magnetic field, Ftot , minus the open magnetic flux,
F. This difference is represented by a shaded gray area denoting all closed magnetic
flux. The second row offers a magnetotail cross-sectional view, facing Earth, where the
closed flux is the shaded gray region corresponding to the plasma sheet, with open flux
positioned above and below. The polar ionospheric corresponding view is illustrated in
the bottom row, showing the boundary between open and closed magnetic flux with a
solid black line. The second column of the figure visualizes the magnetosphere imme-
diately following a minor opening of magnetic flux, dF, due to dayside reconnection.
Resultant flows from this reconnection are depicted as blue lines in the closed magneto-
sphere, the magnetospheric lobes, and the ionosphere. The third column demonstrates
the new zero-flow equilibrium state, with solid black lines marking the updated new
boundaries between open and closed magnetic flux.

In the magnetotail, reconnection reduces the open flux ratio, allowing closed field
lines to travel towards the dayside magnetosphere via magnetic tension and subse-
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later in this chapter.

The plasma convection and the interaction between Earth’s magnetic field and the
solar wind in the magnetosphere lead to circulation in the ionosphere, given that the two
systems are linked via the Earth’s magnetic field. The Earth’s magnetic field lines act as
channels for Alfvén waves. These waves are a type of MHD waves that propagate along
the magnetic field lines and can carry energy and momentum from the magnetosphere
down to the ionosphere. Since the plasma in the magnetosphere is largely collisionless
"frozen-in" plasma, it implies that the magnetic field and plasma are linked. As a result,
changes in the magnetospheric field are effectively communicated to the ionosphere via
Alfvén waves.

3.2 Convection and Currents in The Polar Ionosphere

3.2.1 The Expanding Contracting Polar Cap Paradigm (ECPC)
- Ionospheric Perspective

The essence of the ECPC paradigm is that plasma flow within the system is governed
by reconnection rather than the amount of open magnetic flux that is present. The con-
vection acts to lead the system towards a new zero-flow equilibrium state in response
to reconnection events. These reconnection events occur at the dayside magnetopause
and in the magnetotail. Due to the dayside reconnection, the system is loaded with en-
ergy. This energy is transferred to the nightside magnetotail and can be stored for long
periods of time. In the magnetotail, nightside reconnection occurs, which is considered
a separate process from dayside reconnection. The two processes are uncorrelated on
short time scales, but closely related on long time scales since the energy stored in the
magnetotail must be released through nightside reconnection. Averaged over ∼ 3hrs,
the dayside and nightside reconnections balance (Laundal et al., 2020).

Figure 3.1, akin to Figure 2.5 from Chapter 2, encapsulates the dynamic processes
of the ECPC, highlighting the temporal evolution across three states in the magneto-
sphere/ionosphere before and after dayside reconnection. The initial state of the equa-
torial magnetosphere is depicted from above in the top row, showing total magnetic
flux associated with Earth’s main magnetic field, Ftot , minus the open magnetic flux,
F. This difference is represented by a shaded gray area denoting all closed magnetic
flux. The second row offers a magnetotail cross-sectional view, facing Earth, where the
closed flux is the shaded gray region corresponding to the plasma sheet, with open flux
positioned above and below. The polar ionospheric corresponding view is illustrated in
the bottom row, showing the boundary between open and closed magnetic flux with a
solid black line. The second column of the figure visualizes the magnetosphere imme-
diately following a minor opening of magnetic flux, dF, due to dayside reconnection.
Resultant flows from this reconnection are depicted as blue lines in the closed magneto-
sphere, the magnetospheric lobes, and the ionosphere. The third column demonstrates
the new zero-flow equilibrium state, with solid black lines marking the updated new
boundaries between open and closed magnetic flux.

In the magnetotail, reconnection reduces the open flux ratio, allowing closed field
lines to travel towards the dayside magnetosphere via magnetic tension and subse-

12
IonosphericConvectionandCurrentSystemsasaResponsetothe

Magnetosphere-SolarWindInteractions

isknownastheionosphericOhm’slaw(Vasyliūnas,2012).WewilldiscussOhm’slaw
laterinthischapter.

TheplasmaconvectionandtheinteractionbetweenEarth’smagneticfieldandthe
solarwindinthemagnetosphereleadtocirculationintheionosphere,giventhatthetwo
systemsarelinkedviatheEarth’smagneticfield.TheEarth’smagneticfieldlinesactas
channelsforAlfvénwaves.ThesewavesareatypeofMHDwavesthatpropagatealong
themagneticfieldlinesandcancarryenergyandmomentumfromthemagnetosphere
downtotheionosphere.Sincetheplasmainthemagnetosphereislargelycollisionless
"frozen-in"plasma,itimpliesthatthemagneticfieldandplasmaarelinked.Asaresult,
changesinthemagnetosphericfieldareeffectivelycommunicatedtotheionospherevia
Alfvénwaves.

3.2ConvectionandCurrentsinThePolarIonosphere

3.2.1TheExpandingContractingPolarCapParadigm(ECPC)
-IonosphericPerspective

TheessenceoftheECPCparadigmisthatplasmaflowwithinthesystemisgoverned
byreconnectionratherthantheamountofopenmagneticfluxthatispresent.Thecon-
vectionactstoleadthesystemtowardsanewzero-flowequilibriumstateinresponse
toreconnectionevents.Thesereconnectioneventsoccuratthedaysidemagnetopause
andinthemagnetotail.Duetothedaysidereconnection,thesystemisloadedwithen-
ergy.Thisenergyistransferredtothenightsidemagnetotailandcanbestoredforlong
periodsoftime.Inthemagnetotail,nightsidereconnectionoccurs,whichisconsidered
aseparateprocessfromdaysidereconnection.Thetwoprocessesareuncorrelatedon
shorttimescales,butcloselyrelatedonlongtimescalessincetheenergystoredinthe
magnetotailmustbereleasedthroughnightsidereconnection.Averagedover∼3hrs,
thedaysideandnightsidereconnectionsbalance(Laundaletal.,2020).

Figure3.1,akintoFigure2.5fromChapter2,encapsulatesthedynamicprocesses
oftheECPC,highlightingthetemporalevolutionacrossthreestatesinthemagneto-
sphere/ionospherebeforeandafterdaysidereconnection.Theinitialstateoftheequa-
torialmagnetosphereisdepictedfromaboveinthetoprow,showingtotalmagnetic
fluxassociatedwithEarth’smainmagneticfield,Ftot,minustheopenmagneticflux,
F.Thisdifferenceisrepresentedbyashadedgrayareadenotingallclosedmagnetic
flux.Thesecondrowoffersamagnetotailcross-sectionalview,facingEarth,wherethe
closedfluxistheshadedgrayregioncorrespondingtotheplasmasheet,withopenflux
positionedaboveandbelow.Thepolarionosphericcorrespondingviewisillustratedin
thebottomrow,showingtheboundarybetweenopenandclosedmagneticfluxwitha
solidblackline.Thesecondcolumnofthefigurevisualizesthemagnetosphereimme-
diatelyfollowingaminoropeningofmagneticflux,dF,duetodaysidereconnection.
Resultantflowsfromthisreconnectionaredepictedasbluelinesintheclosedmagneto-
sphere,themagnetosphericlobes,andtheionosphere.Thethirdcolumndemonstrates
thenewzero-flowequilibriumstate,withsolidblacklinesmarkingtheupdatednew
boundariesbetweenopenandclosedmagneticflux.

Inthemagnetotail,reconnectionreducestheopenfluxratio,allowingclosedfield
linestotraveltowardsthedaysidemagnetosphereviamagnetictensionandsubse-
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3.2ConvectionandCurrentsinThePolarIonosphere
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-IonosphericPerspective
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quently through pressure imbalances induced by the flows, as illustrated in the left
panel of Figure 3.2. The right panel displays the convection pattern observed accord-
ing to the ECPC, showing the system transitioning towards a zero-flow equilibrium
following balanced bursts of reconnection on the dayside and the nightside.

Figure 3.2: A schematic view of the nightside and the balance states, adopted from Cowley and Lock-
wood (1992).

The dayside reconnection rate ΦD, affected by the orientation and strength of the
IMF, can change rapidly, altering within minutes as solar wind conditions fluctuate. The
nightside reconnection rate ΦN in the magnetotail is bursty, and occurs with a delay
relative to dayside reconnection. Variations in open flux are linked to reconnection
rates through the relationship dF/d f = ΦD −ΦN . Therefore, knowing the temporal
development of the open flux content informs us of the balance between dayside and
nightside reconnection. Empirical coupling functions can incorporate solar wind and
IMF data to approximate the average dayside reconnection rate, as detailed by Milan
(2015); Milan et al. (2012); Newell et al. (2007). Examining auroral boundaries, which
reflect changes in the open magnetic flux, allows for the deduction of the nightside
reconnection rate, as elucidated by Ohma et al. (2018).

3.2.2 Convection During Different IMF Orientations
The convection patterns at high latitudes are directly linked to the orientation of the
IMF. During southward IMF (Bz < 0), we typically observe a two-cell convection pat-
tern characterized by polar cap antisunward flow and sunward return flow on lower
latitudes. However, the IMF does not usually approach Earth’s magnetosphere with a
purely southward orientation due to the helical nature of Parker spirals.

Periods of dominating IMF By introduce inter-hemispheric asymmetries to the mag-
netosphere and the ionosphere (Walsh et al., 2014). As shown in panel b of Figure 3.3,
the location of the reconnection in the dayside magnetopause is shifted towards higher
latitudes due to the presence of IMF By. The flow in the lobes and the plasma sheet are
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quentlythroughpressureimbalancesinducedbytheflows,asillustratedintheleft
panelofFigure3.2.Therightpaneldisplaystheconvectionpatternobservedaccord-
ingtotheECPC,showingthesystemtransitioningtowardsazero-flowequilibrium
followingbalancedburstsofreconnectiononthedaysideandthenightside.

Figure3.2:Aschematicviewofthenightsideandthebalancestates,adoptedfromCowleyandLock-
wood(1992).

ThedaysidereconnectionrateΦD,affectedbytheorientationandstrengthofthe
IMF,canchangerapidly,alteringwithinminutesassolarwindconditionsfluctuate.The
nightsidereconnectionrateΦNinthemagnetotailisbursty,andoccurswithadelay
relativetodaysidereconnection.Variationsinopenfluxarelinkedtoreconnection
ratesthroughtherelationshipdF/df=ΦD−ΦN.Therefore,knowingthetemporal
developmentoftheopenfluxcontentinformsusofthebalancebetweendaysideand
nightsidereconnection.Empiricalcouplingfunctionscanincorporatesolarwindand
IMFdatatoapproximatetheaveragedaysidereconnectionrate,asdetailedbyMilan
(2015);Milanetal.(2012);Newelletal.(2007).Examiningauroralboundaries,which
reflectchangesintheopenmagneticflux,allowsforthedeductionofthenightside
reconnectionrate,aselucidatedbyOhmaetal.(2018).

3.2.2ConvectionDuringDifferentIMFOrientations
Theconvectionpatternsathighlatitudesaredirectlylinkedtotheorientationofthe
IMF.DuringsouthwardIMF(Bz<0),wetypicallyobserveatwo-cellconvectionpat-
terncharacterizedbypolarcapantisunwardflowandsunwardreturnflowonlower
latitudes.However,theIMFdoesnotusuallyapproachEarth’smagnetospherewitha
purelysouthwardorientationduetothehelicalnatureofParkerspirals.

PeriodsofdominatingIMFByintroduceinter-hemisphericasymmetriestothemag-
netosphereandtheionosphere(Walshetal.,2014).AsshowninpanelbofFigure3.3,
thelocationofthereconnectioninthedaysidemagnetopauseisshiftedtowardshigher
latitudesduetothepresenceofIMFBy.Theflowinthelobesandtheplasmasheetare

14
IonosphericConvectionandCurrentSystemsasaResponsetothe

Magnetosphere-SolarWindInteractions

quentlythroughpressureimbalancesinducedbytheflows,asillustratedintheleft
panelofFigure3.2.Therightpaneldisplaystheconvectionpatternobservedaccord-
ingtotheECPC,showingthesystemtransitioningtowardsazero-flowequilibrium
followingbalancedburstsofreconnectiononthedaysideandthenightside.

Figure3.2:Aschematicviewofthenightsideandthebalancestates,adoptedfromCowleyandLock-
wood(1992).

ThedaysidereconnectionrateΦD,affectedbytheorientationandstrengthofthe
IMF,canchangerapidly,alteringwithinminutesassolarwindconditionsfluctuate.The
nightsidereconnectionrateΦNinthemagnetotailisbursty,andoccurswithadelay
relativetodaysidereconnection.Variationsinopenfluxarelinkedtoreconnection
ratesthroughtherelationshipdF/df=ΦD−ΦN.Therefore,knowingthetemporal
developmentoftheopenfluxcontentinformsusofthebalancebetweendaysideand
nightsidereconnection.Empiricalcouplingfunctionscanincorporatesolarwindand
IMFdatatoapproximatetheaveragedaysidereconnectionrate,asdetailedbyMilan
(2015);Milanetal.(2012);Newelletal.(2007).Examiningauroralboundaries,which
reflectchangesintheopenmagneticflux,allowsforthedeductionofthenightside
reconnectionrate,aselucidatedbyOhmaetal.(2018).

3.2.2ConvectionDuringDifferentIMFOrientations
Theconvectionpatternsathighlatitudesaredirectlylinkedtotheorientationofthe
IMF.DuringsouthwardIMF(Bz<0),wetypicallyobserveatwo-cellconvectionpat-
terncharacterizedbypolarcapantisunwardflowandsunwardreturnflowonlower
latitudes.However,theIMFdoesnotusuallyapproachEarth’smagnetospherewitha
purelysouthwardorientationduetothehelicalnatureofParkerspirals.

PeriodsofdominatingIMFByintroduceinter-hemisphericasymmetriestothemag-
netosphereandtheionosphere(Walshetal.,2014).AsshowninpanelbofFigure3.3,
thelocationofthereconnectioninthedaysidemagnetopauseisshiftedtowardshigher
latitudesduetothepresenceofIMFBy.Theflowinthelobesandtheplasmasheetare

14
Ionospheric Convection and Current Systems as a Response to the

Magnetosphere - Solar Wind Interactions

quently through pressure imbalances induced by the flows, as illustrated in the left
panel of Figure 3.2. The right panel displays the convection pattern observed accord-
ing to the ECPC, showing the system transitioning towards a zero-flow equilibrium
following balanced bursts of reconnection on the dayside and the nightside.

Figure 3.2: A schematic view of the nightside and the balance states, adopted from Cowley and Lock-
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The dayside reconnection rate ΦD, affected by the orientation and strength of the
IMF, can change rapidly, altering within minutes as solar wind conditions fluctuate. The
nightside reconnection rate ΦN in the magnetotail is bursty, and occurs with a delay
relative to dayside reconnection. Variations in open flux are linked to reconnection
rates through the relationship dF/d f = ΦD −ΦN . Therefore, knowing the temporal
development of the open flux content informs us of the balance between dayside and
nightside reconnection. Empirical coupling functions can incorporate solar wind and
IMF data to approximate the average dayside reconnection rate, as detailed by Milan
(2015); Milan et al. (2012); Newell et al. (2007). Examining auroral boundaries, which
reflect changes in the open magnetic flux, allows for the deduction of the nightside
reconnection rate, as elucidated by Ohma et al. (2018).

3.2.2 Convection During Different IMF Orientations
The convection patterns at high latitudes are directly linked to the orientation of the
IMF. During southward IMF (Bz < 0), we typically observe a two-cell convection pat-
tern characterized by polar cap antisunward flow and sunward return flow on lower
latitudes. However, the IMF does not usually approach Earth’s magnetosphere with a
purely southward orientation due to the helical nature of Parker spirals.

Periods of dominating IMF By introduce inter-hemispheric asymmetries to the mag-
netosphere and the ionosphere (Walsh et al., 2014). As shown in panel b of Figure 3.3,
the location of the reconnection in the dayside magnetopause is shifted towards higher
latitudes due to the presence of IMF By. The flow in the lobes and the plasma sheet are
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quently through pressure imbalances induced by the flows, as illustrated in the left
panel of Figure 3.2. The right panel displays the convection pattern observed accord-
ing to the ECPC, showing the system transitioning towards a zero-flow equilibrium
following balanced bursts of reconnection on the dayside and the nightside.

Figure 3.2: A schematic view of the nightside and the balance states, adopted from Cowley and Lock-
wood (1992).

The dayside reconnection rate ΦD, affected by the orientation and strength of the
IMF, can change rapidly, altering within minutes as solar wind conditions fluctuate. The
nightside reconnection rate ΦN in the magnetotail is bursty, and occurs with a delay
relative to dayside reconnection. Variations in open flux are linked to reconnection
rates through the relationship dF/d f = ΦD −ΦN . Therefore, knowing the temporal
development of the open flux content informs us of the balance between dayside and
nightside reconnection. Empirical coupling functions can incorporate solar wind and
IMF data to approximate the average dayside reconnection rate, as detailed by Milan
(2015); Milan et al. (2012); Newell et al. (2007). Examining auroral boundaries, which
reflect changes in the open magnetic flux, allows for the deduction of the nightside
reconnection rate, as elucidated by Ohma et al. (2018).
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The convection patterns at high latitudes are directly linked to the orientation of the
IMF. During southward IMF (Bz < 0), we typically observe a two-cell convection pat-
tern characterized by polar cap antisunward flow and sunward return flow on lower
latitudes. However, the IMF does not usually approach Earth’s magnetosphere with a
purely southward orientation due to the helical nature of Parker spirals.

Periods of dominating IMF By introduce inter-hemispheric asymmetries to the mag-
netosphere and the ionosphere (Walsh et al., 2014). As shown in panel b of Figure 3.3,
the location of the reconnection in the dayside magnetopause is shifted towards higher
latitudes due to the presence of IMF By. The flow in the lobes and the plasma sheet are
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quentlythroughpressureimbalancesinducedbytheflows,asillustratedintheleft
panelofFigure3.2.Therightpaneldisplaystheconvectionpatternobservedaccord-
ingtotheECPC,showingthesystemtransitioningtowardsazero-flowequilibrium
followingbalancedburstsofreconnectiononthedaysideandthenightside.

Figure3.2:Aschematicviewofthenightsideandthebalancestates,adoptedfromCowleyandLock-
wood(1992).

ThedaysidereconnectionrateΦD,affectedbytheorientationandstrengthofthe
IMF,canchangerapidly,alteringwithinminutesassolarwindconditionsfluctuate.The
nightsidereconnectionrateΦNinthemagnetotailisbursty,andoccurswithadelay
relativetodaysidereconnection.Variationsinopenfluxarelinkedtoreconnection
ratesthroughtherelationshipdF/df=ΦD−ΦN.Therefore,knowingthetemporal
developmentoftheopenfluxcontentinformsusofthebalancebetweendaysideand
nightsidereconnection.Empiricalcouplingfunctionscanincorporatesolarwindand
IMFdatatoapproximatetheaveragedaysidereconnectionrate,asdetailedbyMilan
(2015);Milanetal.(2012);Newelletal.(2007).Examiningauroralboundaries,which
reflectchangesintheopenmagneticflux,allowsforthedeductionofthenightside
reconnectionrate,aselucidatedbyOhmaetal.(2018).

3.2.2ConvectionDuringDifferentIMFOrientations
Theconvectionpatternsathighlatitudesaredirectlylinkedtotheorientationofthe
IMF.DuringsouthwardIMF(Bz<0),wetypicallyobserveatwo-cellconvectionpat-
terncharacterizedbypolarcapantisunwardflowandsunwardreturnflowonlower
latitudes.However,theIMFdoesnotusuallyapproachEarth’smagnetospherewitha
purelysouthwardorientationduetothehelicalnatureofParkerspirals.

PeriodsofdominatingIMFByintroduceinter-hemisphericasymmetriestothemag-
netosphereandtheionosphere(Walshetal.,2014).AsshowninpanelbofFigure3.3,
thelocationofthereconnectioninthedaysidemagnetopauseisshiftedtowardshigher
latitudesduetothepresenceofIMFBy.Theflowinthelobesandtheplasmasheetare
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shown in panel c of Figure 3.3. The asymmetry first introduced in the magnetosphere
has an impact on the magnetic field and the plasma motion all the way down to the
ionosphere, leading to asymmetric convection cells as shown in the right panel of Fig-
ure 3.3. Tenfjord et al. (2015) plotted the projected footpoints of magnetic field lines
based on an MHD simulation with positive IMF By. The footpoints in the northern
hemisphere marked with filled circles, and those in the southern hemisphere marked
with an asterisk in the right panel of Figure 3.3.

These footpoints are plotted as time steps indicated by its color. Initially, these
footpoints originate from the same field line in the solar wind and, after dayside mag-
netic reconnection, are found at asymmetric positions in the two hemispheres (∼ 2
hours apart in MLT). This asymmetry, with the northern hemisphere footpoint moving
dawnward and the southern hemisphere footpoint moving duskward immediately af-
ter reconnection, highlights the influence of the oppositely directed tension forces in
the two hemispheres (Tenfjord et al., 2015). Around 25 minutes later, this movement
changes direction; the northern hemisphere footpoint shifts duskward, with a reverse
movement in the Southern hemisphere. This is due to the influence of the asymmetric
magnetic pressure forces in the two lobes, set up by the asymmetric forcing on the day-
side. As field lines approach the neutral sheet and undergo reconnection, they exhibit
asymmetric footpoints. As the flux tubes approach Earth they must return towards the
dayside on either the dawn or dusk side due to pressure by the surrounding plasma and
magnetic field. Initially, the northern hemisphere footpoint in the simulation was at 0
MLT, and the Southern hemisphere footpoint at 1 MLT, but over time, they tend to be-
come more symmetric. This process implies that asymmetric azimuthal flows, and the
twisting of the flux tube, are closely linked to asymmetric Birkeland currents in the two
hemispheres (Reistad et al., 2016; Tenfjord et al., 2015).

For positive By, a banana-shaped convection cell is observed in the dawn region,
and an orange cell is observed in the dusk side in the northern hemisphere as demon-
strated in the middle right panel of Figure 3.4. The situation is opposite in the southern
hemisphere. A negative By incurs a reverse longitudinal displacement, creating an op-
posite asymmetry in the convection cells in the northern hemisphere, as displayed in
the corresponding panel to the left of Figure 3.4.

The influence of IMF orientations on high-latitude ionospheric convection patterns
has been extensively studied through various observational techniques. Based on data
from SuperDARN Pettigrew et al. (2010); Thomas and Shepherd (2018) applied spher-
ical cap harmonic analysis to represent the convection patterns. Complementing this
approach, Reistad et al. (2019) also demonstrated the dependency of convection pat-
terns on IMF orientation, utilizing the spherical elementary current system method on
similar radar data. Further supporting these findings, Förster and Haaland (2015) con-
structed convection patterns from Cluster spacecraft data in the magnetosphere. A
consensus across these studies reveals the presence of typically two high-latitude iono-
spheric convection cells, which display a mirror symmetry between the northern and
southern hemispheres.

When the IMF orientation is strictly northward (Bz > 0,By ≈ 0), convection veloc-
ities in the central polar cap exhibit a distinct sunward flow, consistent with two lobe
cells. This is believed to be caused by lobe reconnection (Milan et al., 2000; Reiff
and Burch, 1985). During pure northward IMF conditions, we observe a symmetrical
four-cell convection pattern with two cells on either side of the noon-midnight merid-
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showninpanelcofFigure3.3.Theasymmetryfirstintroducedinthemagnetosphere
hasanimpactonthemagneticfieldandtheplasmamotionallthewaydowntothe
ionosphere,leadingtoasymmetricconvectioncellsasshownintherightpanelofFig-
ure3.3.Tenfjordetal.(2015)plottedtheprojectedfootpointsofmagneticfieldlines
basedonanMHDsimulationwithpositiveIMFBy.Thefootpointsinthenorthern
hemispheremarkedwithfilledcircles,andthoseinthesouthernhemispheremarked
withanasteriskintherightpanelofFigure3.3.

Thesefootpointsareplottedastimestepsindicatedbyitscolor.Initially,these
footpointsoriginatefromthesamefieldlineinthesolarwindand,afterdaysidemag-
neticreconnection,arefoundatasymmetricpositionsinthetwohemispheres(∼2
hoursapartinMLT).Thisasymmetry,withthenorthernhemispherefootpointmoving
dawnwardandthesouthernhemispherefootpointmovingduskwardimmediatelyaf-
terreconnection,highlightstheinfluenceoftheoppositelydirectedtensionforcesin
thetwohemispheres(Tenfjordetal.,2015).Around25minuteslater,thismovement
changesdirection;thenorthernhemispherefootpointshiftsduskward,withareverse
movementintheSouthernhemisphere.Thisisduetotheinfluenceoftheasymmetric
magneticpressureforcesinthetwolobes,setupbytheasymmetricforcingontheday-
side.Asfieldlinesapproachtheneutralsheetandundergoreconnection,theyexhibit
asymmetricfootpoints.AsthefluxtubesapproachEarththeymustreturntowardsthe
daysideoneitherthedawnordusksideduetopressurebythesurroundingplasmaand
magneticfield.Initially,thenorthernhemispherefootpointinthesimulationwasat0
MLT,andtheSouthernhemispherefootpointat1MLT,butovertime,theytendtobe-
comemoresymmetric.Thisprocessimpliesthatasymmetricazimuthalflows,andthe
twistingofthefluxtube,arecloselylinkedtoasymmetricBirkelandcurrentsinthetwo
hemispheres(Reistadetal.,2016;Tenfjordetal.,2015).

ForpositiveBy,abanana-shapedconvectioncellisobservedinthedawnregion,
andanorangecellisobservedinthedusksideinthenorthernhemisphereasdemon-
stratedinthemiddlerightpanelofFigure3.4.Thesituationisoppositeinthesouthern
hemisphere.AnegativeByincursareverselongitudinaldisplacement,creatinganop-
positeasymmetryintheconvectioncellsinthenorthernhemisphere,asdisplayedin
thecorrespondingpaneltotheleftofFigure3.4.

TheinfluenceofIMForientationsonhigh-latitudeionosphericconvectionpatterns
hasbeenextensivelystudiedthroughvariousobservationaltechniques.Basedondata
fromSuperDARNPettigrewetal.(2010);ThomasandShepherd(2018)appliedspher-
icalcapharmonicanalysistorepresenttheconvectionpatterns.Complementingthis
approach,Reistadetal.(2019)alsodemonstratedthedependencyofconvectionpat-
ternsonIMForientation,utilizingthesphericalelementarycurrentsystemmethodon
similarradardata.Furthersupportingthesefindings,FörsterandHaaland(2015)con-
structedconvectionpatternsfromClusterspacecraftdatainthemagnetosphere.A
consensusacrossthesestudiesrevealsthepresenceoftypicallytwohigh-latitudeiono-
sphericconvectioncells,whichdisplayamirrorsymmetrybetweenthenorthernand
southernhemispheres.

WhentheIMForientationisstrictlynorthward(Bz>0,By≈0),convectionveloc-
itiesinthecentralpolarcapexhibitadistinctsunwardflow,consistentwithtwolobe
cells.Thisisbelievedtobecausedbylobereconnection(Milanetal.,2000;Reiff
andBurch,1985).DuringpurenorthwardIMFconditions,weobserveasymmetrical
four-cellconvectionpatternwithtwocellsoneithersideofthenoon-midnightmerid-
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shown in panel c of Figure 3.3. The asymmetry first introduced in the magnetosphere
has an impact on the magnetic field and the plasma motion all the way down to the
ionosphere, leading to asymmetric convection cells as shown in the right panel of Fig-
ure 3.3. Tenfjord et al. (2015) plotted the projected footpoints of magnetic field lines
based on an MHD simulation with positive IMF By. The footpoints in the northern
hemisphere marked with filled circles, and those in the southern hemisphere marked
with an asterisk in the right panel of Figure 3.3.

These footpoints are plotted as time steps indicated by its color. Initially, these
footpoints originate from the same field line in the solar wind and, after dayside mag-
netic reconnection, are found at asymmetric positions in the two hemispheres (∼ 2
hours apart in MLT). This asymmetry, with the northern hemisphere footpoint moving
dawnward and the southern hemisphere footpoint moving duskward immediately af-
ter reconnection, highlights the influence of the oppositely directed tension forces in
the two hemispheres (Tenfjord et al., 2015). Around 25 minutes later, this movement
changes direction; the northern hemisphere footpoint shifts duskward, with a reverse
movement in the Southern hemisphere. This is due to the influence of the asymmetric
magnetic pressure forces in the two lobes, set up by the asymmetric forcing on the day-
side. As field lines approach the neutral sheet and undergo reconnection, they exhibit
asymmetric footpoints. As the flux tubes approach Earth they must return towards the
dayside on either the dawn or dusk side due to pressure by the surrounding plasma and
magnetic field. Initially, the northern hemisphere footpoint in the simulation was at 0
MLT, and the Southern hemisphere footpoint at 1 MLT, but over time, they tend to be-
come more symmetric. This process implies that asymmetric azimuthal flows, and the
twisting of the flux tube, are closely linked to asymmetric Birkeland currents in the two
hemispheres (Reistad et al., 2016; Tenfjord et al., 2015).

For positive By, a banana-shaped convection cell is observed in the dawn region,
and an orange cell is observed in the dusk side in the northern hemisphere as demon-
strated in the middle right panel of Figure 3.4. The situation is opposite in the southern
hemisphere. A negative By incurs a reverse longitudinal displacement, creating an op-
posite asymmetry in the convection cells in the northern hemisphere, as displayed in
the corresponding panel to the left of Figure 3.4.

The influence of IMF orientations on high-latitude ionospheric convection patterns
has been extensively studied through various observational techniques. Based on data
from SuperDARN Pettigrew et al. (2010); Thomas and Shepherd (2018) applied spher-
ical cap harmonic analysis to represent the convection patterns. Complementing this
approach, Reistad et al. (2019) also demonstrated the dependency of convection pat-
terns on IMF orientation, utilizing the spherical elementary current system method on
similar radar data. Further supporting these findings, Förster and Haaland (2015) con-
structed convection patterns from Cluster spacecraft data in the magnetosphere. A
consensus across these studies reveals the presence of typically two high-latitude iono-
spheric convection cells, which display a mirror symmetry between the northern and
southern hemispheres.

When the IMF orientation is strictly northward (Bz > 0,By ≈ 0), convection veloc-
ities in the central polar cap exhibit a distinct sunward flow, consistent with two lobe
cells. This is believed to be caused by lobe reconnection (Milan et al., 2000; Reiff
and Burch, 1985). During pure northward IMF conditions, we observe a symmetrical
four-cell convection pattern with two cells on either side of the noon-midnight merid-
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showninpanelcofFigure3.3.Theasymmetryfirstintroducedinthemagnetosphere
hasanimpactonthemagneticfieldandtheplasmamotionallthewaydowntothe
ionosphere,leadingtoasymmetricconvectioncellsasshownintherightpanelofFig-
ure3.3.Tenfjordetal.(2015)plottedtheprojectedfootpointsofmagneticfieldlines
basedonanMHDsimulationwithpositiveIMFBy.Thefootpointsinthenorthern
hemispheremarkedwithfilledcircles,andthoseinthesouthernhemispheremarked
withanasteriskintherightpanelofFigure3.3.

Thesefootpointsareplottedastimestepsindicatedbyitscolor.Initially,these
footpointsoriginatefromthesamefieldlineinthesolarwindand,afterdaysidemag-
neticreconnection,arefoundatasymmetricpositionsinthetwohemispheres(∼2
hoursapartinMLT).Thisasymmetry,withthenorthernhemispherefootpointmoving
dawnwardandthesouthernhemispherefootpointmovingduskwardimmediatelyaf-
terreconnection,highlightstheinfluenceoftheoppositelydirectedtensionforcesin
thetwohemispheres(Tenfjordetal.,2015).Around25minuteslater,thismovement
changesdirection;thenorthernhemispherefootpointshiftsduskward,withareverse
movementintheSouthernhemisphere.Thisisduetotheinfluenceoftheasymmetric
magneticpressureforcesinthetwolobes,setupbytheasymmetricforcingontheday-
side.Asfieldlinesapproachtheneutralsheetandundergoreconnection,theyexhibit
asymmetricfootpoints.AsthefluxtubesapproachEarththeymustreturntowardsthe
daysideoneitherthedawnordusksideduetopressurebythesurroundingplasmaand
magneticfield.Initially,thenorthernhemispherefootpointinthesimulationwasat0
MLT,andtheSouthernhemispherefootpointat1MLT,butovertime,theytendtobe-
comemoresymmetric.Thisprocessimpliesthatasymmetricazimuthalflows,andthe
twistingofthefluxtube,arecloselylinkedtoasymmetricBirkelandcurrentsinthetwo
hemispheres(Reistadetal.,2016;Tenfjordetal.,2015).

ForpositiveBy,abanana-shapedconvectioncellisobservedinthedawnregion,
andanorangecellisobservedinthedusksideinthenorthernhemisphereasdemon-
stratedinthemiddlerightpanelofFigure3.4.Thesituationisoppositeinthesouthern
hemisphere.AnegativeByincursareverselongitudinaldisplacement,creatinganop-
positeasymmetryintheconvectioncellsinthenorthernhemisphere,asdisplayedin
thecorrespondingpaneltotheleftofFigure3.4.

TheinfluenceofIMForientationsonhigh-latitudeionosphericconvectionpatterns
hasbeenextensivelystudiedthroughvariousobservationaltechniques.Basedondata
fromSuperDARNPettigrewetal.(2010);ThomasandShepherd(2018)appliedspher-
icalcapharmonicanalysistorepresenttheconvectionpatterns.Complementingthis
approach,Reistadetal.(2019)alsodemonstratedthedependencyofconvectionpat-
ternsonIMForientation,utilizingthesphericalelementarycurrentsystemmethodon
similarradardata.Furthersupportingthesefindings,FörsterandHaaland(2015)con-
structedconvectionpatternsfromClusterspacecraftdatainthemagnetosphere.A
consensusacrossthesestudiesrevealsthepresenceoftypicallytwohigh-latitudeiono-
sphericconvectioncells,whichdisplayamirrorsymmetrybetweenthenorthernand
southernhemispheres.

WhentheIMForientationisstrictlynorthward(Bz>0,By≈0),convectionveloc-
itiesinthecentralpolarcapexhibitadistinctsunwardflow,consistentwithtwolobe
cells.Thisisbelievedtobecausedbylobereconnection(Milanetal.,2000;Reiff
andBurch,1985).DuringpurenorthwardIMFconditions,weobserveasymmetrical
four-cellconvectionpatternwithtwocellsoneithersideofthenoon-midnightmerid-
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created due to a delayed response to opening of flux on the dayside, or they could
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behind the observed convection pattern rather than reconnection (Kelly, 2009; Wilder
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age maps of northward IMF conditions based upon SuperDARN radar data of F-region
plasma drifts.
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duck cell almost disappears. It is the opposite in the case of Bz > 0,andBy < 0, where
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In this thesis, we estimate the ionospheric current based on ground magnetic field per-
turbations. The use of ground measurements limits the ability to model the full 3D
ionospheric current system. In this section, we discuss this limitation and the standard
methods used to retrieve the ionospheric currents.

The ionospheric currents can be decomposed to Hall and Pedersen currents. This
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Here E′ = E+u×B where u is the neutral wind velocity. b̂ is a unit vector along the
main geomagnetic field B. σ‖ is the conductivity in a direction parallel to the magnetic
field. σP is Pedersen conductivity, and σH is Hall conductivity. This equation is de-
rived from the ion and electron momentum equations assuming steady-state conditions,
thermal equilibrium, and isotropic pressure(Vasyliūnas, 2012). We assume that u = 0.

The integration of Ohm’s law over altitudes enables the representation of the current
as a surface sheet current density. The height integrated Ohm’s law is given by:

J⊥ = ΣPE′
⊥+ΣH(b̂×E′), (3.2)

where ΣP and ΣH are height-integrated Pedersen and Hall conductivities (conduc-
tances). In this equation the ionospheric currents depend on Hall and Pedersen con-
ductances and the electric field. However, these quantities cannot be estimated using
ground measurements alone. To further understand how the magnetic field perturba-
tions relate to these quantities, we use another approach to decompose the current, the
Helmholtz decomposition.

In this decomposition, the horizontal sheet current is decomposed into a sum of
divergence-free JD f and curl-free JC f currents, J = JD f +JC f . In the case of radial field
lines, which is a good approximation at high latitudes, the sum of curl-free currents and
field-aligned currents have no magnetic field signature on the ground. In this case, the
divergence-free part of the horizontal current is the only component that is related to
the magnetic field perturbations on the ground.

The question now is how to physically interpret the divergence-free component,
which we can estimate using ground magnetic field perturbations with techniques de-
scribed in Chapter 5, in terms of Hall, Pedersen, and field-aligned currents. As dis-
cussed by Laundal et al. (2015) the high-latitude divergence-free current is equivalent
to the Hall current and the curl-free current is equivalent to the Pedersen currents if the
gradient of the Hall and Pedersen conductances are parallel to E ′. In other words, for
certain conditions, the magnetic field of Pedersen currents and field-aligned currents
cancel on ground. This is the Fukushima theorem (Fukushima, 1976, 1994).

Taking the divergence of the ionospheric horizontal current as stated in equation
3.2, we get an expression for the radial (assumed field-aligned) current:

∇ ·J⊥ = J‖ = ΣP∇ ·E+ r̂ · (E×∇ΣH)+E ·∇ΣH . (3.3)

Similarly, we can take the curl of the divergence-free current to get the equivalent field-
aligned current (JEFAC) as:

r̂ · (∇×J) = JEFAC =−∇ΣH ·E−∇ΣH∇ ·E− r̂ · (E×∇ΣP) (3.4)

The JEFAC, which we can estimate with ground magnetometers, is equal to the FACs if
the the last terms of equation 3.3 and equation 3.4 are zero. In that case

J‖ =
1
α

JEFAC (3.5)

where α = ΣH
ΣP

. This relation gives a physical interpretation for JEFAC, although the
assumptions involved are quite severe and often invalid. For example, during active
periods such as the expansion phase of substorms, the JEFAC fails to represent the actual
FAC accurately (Walker et al., 2024).
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TheintegrationofOhm’slawoveraltitudesenablestherepresentationofthecurrent
asasurfacesheetcurrentdensity.TheheightintegratedOhm’slawisgivenby:

J⊥=ΣPE′
⊥+ΣH(b̂×E′),(3.2)

whereΣPandΣHareheight-integratedPedersenandHallconductivities(conduc-
tances).InthisequationtheionosphericcurrentsdependonHallandPedersencon-
ductancesandtheelectricfield.However,thesequantitiescannotbeestimatedusing
groundmeasurementsalone.Tofurtherunderstandhowthemagneticfieldperturba-
tionsrelatetothesequantities,weuseanotherapproachtodecomposethecurrent,the
Helmholtzdecomposition.

Inthisdecomposition,thehorizontalsheetcurrentisdecomposedintoasumof
divergence-freeJDfandcurl-freeJCfcurrents,J=JDf+JCf.Inthecaseofradialfield
lines,whichisagoodapproximationathighlatitudes,thesumofcurl-freecurrentsand
field-alignedcurrentshavenomagneticfieldsignatureontheground.Inthiscase,the
divergence-freepartofthehorizontalcurrentistheonlycomponentthatisrelatedto
themagneticfieldperturbationsontheground.

Thequestionnowishowtophysicallyinterpretthedivergence-freecomponent,
whichwecanestimateusinggroundmagneticfieldperturbationswithtechniquesde-
scribedinChapter5,intermsofHall,Pedersen,andfield-alignedcurrents.Asdis-
cussedbyLaundaletal.(2015)thehigh-latitudedivergence-freecurrentisequivalent
totheHallcurrentandthecurl-freecurrentisequivalenttothePedersencurrentsifthe
gradientoftheHallandPedersenconductancesareparalleltoE′.Inotherwords,for
certainconditions,themagneticfieldofPedersencurrentsandfield-alignedcurrents
cancelonground.ThisistheFukushimatheorem(Fukushima,1976,1994).

Takingthedivergenceoftheionospherichorizontalcurrentasstatedinequation
3.2,wegetanexpressionfortheradial(assumedfield-aligned)current:

∇·J⊥=J‖=ΣP∇·E+r̂·(E×∇ΣH)+E·∇ΣH.(3.3)

Similarly,wecantakethecurlofthedivergence-freecurrenttogettheequivalentfield-
alignedcurrent(JEFAC)as:

r̂·(∇×J)=JEFAC=−∇ΣH·E−∇ΣH∇·E−r̂·(E×∇ΣP)(3.4)

TheJEFAC,whichwecanestimatewithgroundmagnetometers,isequaltotheFACsif
thethelasttermsofequation3.3andequation3.4arezero.Inthatcase

J‖=
1
α

JEFAC(3.5)

whereα=ΣH
ΣP

.ThisrelationgivesaphysicalinterpretationforJEFAC,althoughthe
assumptionsinvolvedarequitesevereandofteninvalid.Forexample,duringactive
periodssuchastheexpansionphaseofsubstorms,theJEFACfailstorepresenttheactual
FACaccurately(Walkeretal.,2024).

18
IonosphericConvectionandCurrentSystemsasaResponsetothe

Magnetosphere-SolarWindInteractions

HereE′=E+u×Bwhereuistheneutralwindvelocity.b̂isaunitvectoralongthe
maingeomagneticfieldB.σ‖istheconductivityinadirectionparalleltothemagnetic
field.σPisPedersenconductivity,andσHisHallconductivity.Thisequationisde-
rivedfromtheionandelectronmomentumequationsassumingsteady-stateconditions,
thermalequilibrium,andisotropicpressure(Vasyliūnas,2012).Weassumethatu=0.
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Here E′ = E+u×B where u is the neutral wind velocity. b̂ is a unit vector along the
main geomagnetic field B. σ‖ is the conductivity in a direction parallel to the magnetic
field. σP is Pedersen conductivity, and σH is Hall conductivity. This equation is de-
rived from the ion and electron momentum equations assuming steady-state conditions,
thermal equilibrium, and isotropic pressure(Vasyliūnas, 2012). We assume that u = 0.

The integration of Ohm’s law over altitudes enables the representation of the current
as a surface sheet current density. The height integrated Ohm’s law is given by:

J⊥ = ΣPE′
⊥+ΣH(b̂×E′), (3.2)

where ΣP and ΣH are height-integrated Pedersen and Hall conductivities (conduc-
tances). In this equation the ionospheric currents depend on Hall and Pedersen con-
ductances and the electric field. However, these quantities cannot be estimated using
ground measurements alone. To further understand how the magnetic field perturba-
tions relate to these quantities, we use another approach to decompose the current, the
Helmholtz decomposition.

In this decomposition, the horizontal sheet current is decomposed into a sum of
divergence-free JD f and curl-free JC f currents, J = JD f +JC f . In the case of radial field
lines, which is a good approximation at high latitudes, the sum of curl-free currents and
field-aligned currents have no magnetic field signature on the ground. In this case, the
divergence-free part of the horizontal current is the only component that is related to
the magnetic field perturbations on the ground.

The question now is how to physically interpret the divergence-free component,
which we can estimate using ground magnetic field perturbations with techniques de-
scribed in Chapter 5, in terms of Hall, Pedersen, and field-aligned currents. As dis-
cussed by Laundal et al. (2015) the high-latitude divergence-free current is equivalent
to the Hall current and the curl-free current is equivalent to the Pedersen currents if the
gradient of the Hall and Pedersen conductances are parallel to E ′. In other words, for
certain conditions, the magnetic field of Pedersen currents and field-aligned currents
cancel on ground. This is the Fukushima theorem (Fukushima, 1976, 1994).

Taking the divergence of the ionospheric horizontal current as stated in equation
3.2, we get an expression for the radial (assumed field-aligned) current:

∇ ·J⊥ = J‖ = ΣP∇ ·E+ r̂ · (E×∇ΣH)+E ·∇ΣH . (3.3)

Similarly, we can take the curl of the divergence-free current to get the equivalent field-
aligned current (JEFAC) as:

r̂ · (∇×J) = JEFAC =−∇ΣH ·E−∇ΣH∇ ·E− r̂ · (E×∇ΣP) (3.4)

The JEFAC, which we can estimate with ground magnetometers, is equal to the FACs if
the the last terms of equation 3.3 and equation 3.4 are zero. In that case

J‖ =
1
α

JEFAC (3.5)

where α =
ΣH
ΣP . This relation gives a physical interpretation for JEFAC, although the

assumptions involved are quite severe and often invalid. For example, during active
periods such as the expansion phase of substorms, the JEFAC fails to represent the actual
FAC accurately (Walker et al., 2024).
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The integration of Ohm’s law over altitudes enables the representation of the current
as a surface sheet current density. The height integrated Ohm’s law is given by:

J⊥ = ΣPE′
⊥+ΣH(b̂×E′), (3.2)

where ΣP and ΣH are height-integrated Pedersen and Hall conductivities (conduc-
tances). In this equation the ionospheric currents depend on Hall and Pedersen con-
ductances and the electric field. However, these quantities cannot be estimated using
ground measurements alone. To further understand how the magnetic field perturba-
tions relate to these quantities, we use another approach to decompose the current, the
Helmholtz decomposition.

In this decomposition, the horizontal sheet current is decomposed into a sum of
divergence-free JD f and curl-free JC f currents, J = JD f +JC f . In the case of radial field
lines, which is a good approximation at high latitudes, the sum of curl-free currents and
field-aligned currents have no magnetic field signature on the ground. In this case, the
divergence-free part of the horizontal current is the only component that is related to
the magnetic field perturbations on the ground.

The question now is how to physically interpret the divergence-free component,
which we can estimate using ground magnetic field perturbations with techniques de-
scribed in Chapter 5, in terms of Hall, Pedersen, and field-aligned currents. As dis-
cussed by Laundal et al. (2015) the high-latitude divergence-free current is equivalent
to the Hall current and the curl-free current is equivalent to the Pedersen currents if the
gradient of the Hall and Pedersen conductances are parallel to E ′. In other words, for
certain conditions, the magnetic field of Pedersen currents and field-aligned currents
cancel on ground. This is the Fukushima theorem (Fukushima, 1976, 1994).

Taking the divergence of the ionospheric horizontal current as stated in equation
3.2, we get an expression for the radial (assumed field-aligned) current:

∇ ·J⊥ = J‖ = ΣP∇ ·E+ r̂ · (E×∇ΣH)+E ·∇ΣH . (3.3)

Similarly, we can take the curl of the divergence-free current to get the equivalent field-
aligned current (JEFAC) as:

r̂ · (∇×J) = JEFAC =−∇ΣH ·E−∇ΣH∇ ·E− r̂ · (E×∇ΣP) (3.4)

The JEFAC, which we can estimate with ground magnetometers, is equal to the FACs if
the the last terms of equation 3.3 and equation 3.4 are zero. In that case

J‖ =
1
α

JEFAC (3.5)

where α =
ΣH
ΣP . This relation gives a physical interpretation for JEFAC, although the

assumptions involved are quite severe and often invalid. For example, during active
periods such as the expansion phase of substorms, the JEFAC fails to represent the actual
FAC accurately (Walker et al., 2024).

18
IonosphericConvectionandCurrentSystemsasaResponsetothe

Magnetosphere-SolarWindInteractions

HereE′=E+u×Bwhereuistheneutralwindvelocity.b̂isaunitvectoralongthe
maingeomagneticfieldB.σ‖istheconductivityinadirectionparalleltothemagnetic
field.σPisPedersenconductivity,andσHisHallconductivity.Thisequationisde-
rivedfromtheionandelectronmomentumequationsassumingsteady-stateconditions,
thermalequilibrium,andisotropicpressure(Vasyliūnas,2012).Weassumethatu=0.

TheintegrationofOhm’slawoveraltitudesenablestherepresentationofthecurrent
asasurfacesheetcurrentdensity.TheheightintegratedOhm’slawisgivenby:

J⊥=ΣPE′
⊥+ΣH(b̂×E′),(3.2)

whereΣPandΣHareheight-integratedPedersenandHallconductivities(conduc-
tances).InthisequationtheionosphericcurrentsdependonHallandPedersencon-
ductancesandtheelectricfield.However,thesequantitiescannotbeestimatedusing
groundmeasurementsalone.Tofurtherunderstandhowthemagneticfieldperturba-
tionsrelatetothesequantities,weuseanotherapproachtodecomposethecurrent,the
Helmholtzdecomposition.

Inthisdecomposition,thehorizontalsheetcurrentisdecomposedintoasumof
divergence-freeJDfandcurl-freeJCfcurrents,J=JDf+JCf.Inthecaseofradialfield
lines,whichisagoodapproximationathighlatitudes,thesumofcurl-freecurrentsand
field-alignedcurrentshavenomagneticfieldsignatureontheground.Inthiscase,the
divergence-freepartofthehorizontalcurrentistheonlycomponentthatisrelatedto
themagneticfieldperturbationsontheground.

Thequestionnowishowtophysicallyinterpretthedivergence-freecomponent,
whichwecanestimateusinggroundmagneticfieldperturbationswithtechniquesde-
scribedinChapter5,intermsofHall,Pedersen,andfield-alignedcurrents.Asdis-
cussedbyLaundaletal.(2015)thehigh-latitudedivergence-freecurrentisequivalent
totheHallcurrentandthecurl-freecurrentisequivalenttothePedersencurrentsifthe
gradientoftheHallandPedersenconductancesareparalleltoE′.Inotherwords,for
certainconditions,themagneticfieldofPedersencurrentsandfield-alignedcurrents
cancelonground.ThisistheFukushimatheorem(Fukushima,1976,1994).

Takingthedivergenceoftheionospherichorizontalcurrentasstatedinequation
3.2,wegetanexpressionfortheradial(assumedfield-aligned)current:
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thethelasttermsofequation3.3andequation3.4arezero.Inthatcase

J‖=
1
α
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whereα=
ΣH
ΣP.ThisrelationgivesaphysicalinterpretationforJEFAC,althoughthe

assumptionsinvolvedarequitesevereandofteninvalid.Forexample,duringactive
periodssuchastheexpansionphaseofsubstorms,theJEFACfailstorepresenttheactual
FACaccurately(Walkeretal.,2024).
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In this section, we describe the large-scale characteristics of ionospheric current pat-
terns.

Figure 3.6 illustrates the large-scale average system of Hall, Pedersen, and Field-
Aligned Currents (FACs) in the northern hemisphere. Hall currents flow in the direction
of E×B, flowing anti-sunward at the dawn and dusk edges of the auroral zone and sun-
ward across the polar cap. Pedersen currents, aligning parallel to E and perpendicular
to B, close FACs when the conductance is uniform. The FACs consist of region 1 (R1)
and region 2 (R2) currents. R1 and R2 flow in opposite directions at any given local
time. R1 current are at high latitudes, while R2 currents are equatorward of R1. There
are also smaller-scale structures of FACs known as region 0 (R0) currents that are more
dynamic and flow within the auroral zone; R0 current is not presented in the previous
figure.

Figure 3.6: A schematic view of the ionospheric currents at high latitudes. The right panel is adapted
from the COMET program at HAO, and the left panel is adapted from Cowley (2000)

The solar wind conditions and IMF orientation significantly influence the iono-
spheric convection pattern, as elaborated in the previous section. southward IMF leads
to a two-cell convection pattern, while northward IMF can result in a more complex
configuration, including lobe reconnection and the presence of the northward Bz (NBZ)
current system in the polar cap (Iijima, 1984). The NBZ current system, prominent dur-
ing northward IMF conditions, shows an increase in magnitude with the IMF Bz com-
ponent and is also influenced by the IMF By component, as shown in Figure 3.7 and our
study (Elhawary et al., 2023). In this figure we plotted JEFAC as we use observations
from the ground magnetic field observations. Observations from low Earth orbit satel-
lites have been instrumental in mapping these large-scale FACs and in understanding
their relationship with the ionospheric convection and solar wind conditions (Anderson
et al., 2008; Iijima and Potemra, 1976).

The ionospheric horizontal currents estimated from the magnetic field perturbations
on the ground are also called the equivalent ionospheric current. This equivalent iono-
spheric current is called auroral electrojets at high latitudes. This equivalent current
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Inthissection,wedescribethelarge-scalecharacteristicsofionosphericcurrentpat-
terns.

Figure3.6illustratesthelarge-scaleaveragesystemofHall,Pedersen,andField-
AlignedCurrents(FACs)inthenorthernhemisphere.Hallcurrentsflowinthedirection
ofE×B,flowinganti-sunwardatthedawnandduskedgesoftheauroralzoneandsun-
wardacrossthepolarcap.Pedersencurrents,aligningparalleltoEandperpendicular
toB,closeFACswhentheconductanceisuniform.TheFACsconsistofregion1(R1)
andregion2(R2)currents.R1andR2flowinoppositedirectionsatanygivenlocal
time.R1currentareathighlatitudes,whileR2currentsareequatorwardofR1.There
arealsosmaller-scalestructuresofFACsknownasregion0(R0)currentsthataremore
dynamicandflowwithintheauroralzone;R0currentisnotpresentedintheprevious
figure.

Figure3.6:Aschematicviewoftheionosphericcurrentsathighlatitudes.Therightpanelisadapted
fromtheCOMETprogramatHAO,andtheleftpanelisadaptedfromCowley(2000)

ThesolarwindconditionsandIMForientationsignificantlyinfluencetheiono-
sphericconvectionpattern,aselaboratedintheprevioussection.southwardIMFleads
toatwo-cellconvectionpattern,whilenorthwardIMFcanresultinamorecomplex
configuration,includinglobereconnectionandthepresenceofthenorthwardBz(NBZ)
currentsysteminthepolarcap(Iijima,1984).TheNBZcurrentsystem,prominentdur-
ingnorthwardIMFconditions,showsanincreaseinmagnitudewiththeIMFBzcom-
ponentandisalsoinfluencedbytheIMFBycomponent,asshowninFigure3.7andour
study(Elhawaryetal.,2023).InthisfigureweplottedJEFACasweuseobservations
fromthegroundmagneticfieldobservations.ObservationsfromlowEarthorbitsatel-
liteshavebeeninstrumentalinmappingtheselarge-scaleFACsandinunderstanding
theirrelationshipwiththeionosphericconvectionandsolarwindconditions(Anderson
etal.,2008;IijimaandPotemra,1976).

Theionospherichorizontalcurrentsestimatedfromthemagneticfieldperturbations
onthegroundarealsocalledtheequivalentionosphericcurrent.Thisequivalentiono-
sphericcurrentiscalledauroralelectrojetsathighlatitudes.Thisequivalentcurrent
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study(Elhawaryetal.,2023).InthisfigureweplottedJEFACasweuseobservations
fromthegroundmagneticfieldobservations.ObservationsfromlowEarthorbitsatel-
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In this section, we describe the large-scale characteristics of ionospheric current pat-
terns.

Figure 3.6 illustrates the large-scale average system of Hall, Pedersen, and Field-
Aligned Currents (FACs) in the northern hemisphere. Hall currents flow in the direction
of E×B, flowing anti-sunward at the dawn and dusk edges of the auroral zone and sun-
ward across the polar cap. Pedersen currents, aligning parallel to E and perpendicular
to B, close FACs when the conductance is uniform. The FACs consist of region 1 (R1)
and region 2 (R2) currents. R1 and R2 flow in opposite directions at any given local
time. R1 current are at high latitudes, while R2 currents are equatorward of R1. There
are also smaller-scale structures of FACs known as region 0 (R0) currents that are more
dynamic and flow within the auroral zone; R0 current is not presented in the previous
figure.

Figure 3.6: A schematic view of the ionospheric currents at high latitudes. The right panel is adapted
from the COMET program at HAO, and the left panel is adapted from Cowley (2000)

The solar wind conditions and IMF orientation significantly influence the iono-
spheric convection pattern, as elaborated in the previous section. southward IMF leads
to a two-cell convection pattern, while northward IMF can result in a more complex
configuration, including lobe reconnection and the presence of the northward Bz (NBZ)
current system in the polar cap (Iijima, 1984). The NBZ current system, prominent dur-
ing northward IMF conditions, shows an increase in magnitude with the IMF Bz com-
ponent and is also influenced by the IMF By component, as shown in Figure 3.7 and our
study (Elhawary et al., 2023). In this figure we plotted JEFAC as we use observations
from the ground magnetic field observations. Observations from low Earth orbit satel-
lites have been instrumental in mapping these large-scale FACs and in understanding
their relationship with the ionospheric convection and solar wind conditions (Anderson
et al., 2008; Iijima and Potemra, 1976).

The ionospheric horizontal currents estimated from the magnetic field perturbations
on the ground are also called the equivalent ionospheric current. This equivalent iono-
spheric current is called auroral electrojets at high latitudes. This equivalent current
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Inthissection,wedescribethelarge-scalecharacteristicsofionosphericcurrentpat-
terns.

Figure3.6illustratesthelarge-scaleaveragesystemofHall,Pedersen,andField-
AlignedCurrents(FACs)inthenorthernhemisphere.Hallcurrentsflowinthedirection
ofE×B,flowinganti-sunwardatthedawnandduskedgesoftheauroralzoneandsun-
wardacrossthepolarcap.Pedersencurrents,aligningparalleltoEandperpendicular
toB,closeFACswhentheconductanceisuniform.TheFACsconsistofregion1(R1)
andregion2(R2)currents.R1andR2flowinoppositedirectionsatanygivenlocal
time.R1currentareathighlatitudes,whileR2currentsareequatorwardofR1.There
arealsosmaller-scalestructuresofFACsknownasregion0(R0)currentsthataremore
dynamicandflowwithintheauroralzone;R0currentisnotpresentedintheprevious
figure.

Figure3.6:Aschematicviewoftheionosphericcurrentsathighlatitudes.Therightpanelisadapted
fromtheCOMETprogramatHAO,andtheleftpanelisadaptedfromCowley(2000)

ThesolarwindconditionsandIMForientationsignificantlyinfluencetheiono-
sphericconvectionpattern,aselaboratedintheprevioussection.southwardIMFleads
toatwo-cellconvectionpattern,whilenorthwardIMFcanresultinamorecomplex
configuration,includinglobereconnectionandthepresenceofthenorthwardBz(NBZ)
currentsysteminthepolarcap(Iijima,1984).TheNBZcurrentsystem,prominentdur-
ingnorthwardIMFconditions,showsanincreaseinmagnitudewiththeIMFBzcom-
ponentandisalsoinfluencedbytheIMFBycomponent,asshowninFigure3.7andour
study(Elhawaryetal.,2023).InthisfigureweplottedJEFACasweuseobservations
fromthegroundmagneticfieldobservations.ObservationsfromlowEarthorbitsatel-
liteshavebeeninstrumentalinmappingtheselarge-scaleFACsandinunderstanding
theirrelationshipwiththeionosphericconvectionandsolarwindconditions(Anderson
etal.,2008;IijimaandPotemra,1976).

Theionospherichorizontalcurrentsestimatedfromthemagneticfieldperturbations
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Figure 3.7: Map of the equivalent field-aligned current in red and blue and the equivalent horizontal
ionospheric current showing the presence of the NBZ cells during northward IMF conditions.

observed at high latitudes is sometimes divided in two primary patterns: the Disturbed
polar systems DP1 and DP2. The DP2 system consists of twin vortices at high latitudes,
one in the morning sector and the other in the evening sector (Clauer and Kamide, 1985;
Obayashi, 1967). The primary driving force of the DP2 current is the interaction of the
solar wind with the magnetosphere, and its behavior is largely predictable based on so-
lar wind characteristics, often increasing in magnitude and spatial extent during intense
disturbances.

The DP1 system, on the other hand, is closely associated with substorms and is
driven by energy release in the magnetotail (Clauer et al., 1981, 1983). The DP1 system
intensifies during the substorm expansion phase, predominantly featuring a westward
current in the midnight sector, with return currents observed across the polar cap and
sub-auroral ionosphere (Clauer and Kamide, 1985). The behavior of the DP1 system
is less predictable compared to the DP2 system. DPY occurs in the dayside auroral and
polar cap regions, and its current pattern depends on the IMF By component (Svalgaard,
1973).
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observedathighlatitudesissometimesdividedintwoprimarypatterns:theDisturbed
polarsystemsDP1andDP2.TheDP2systemconsistsoftwinvorticesathighlatitudes,
oneinthemorningsectorandtheotherintheeveningsector(ClauerandKamide,1985;
Obayashi,1967).TheprimarydrivingforceoftheDP2currentistheinteractionofthe
solarwindwiththemagnetosphere,anditsbehaviorislargelypredictablebasedonso-
larwindcharacteristics,oftenincreasinginmagnitudeandspatialextentduringintense
disturbances.

TheDP1system,ontheotherhand,iscloselyassociatedwithsubstormsandis
drivenbyenergyreleaseinthemagnetotail(Claueretal.,1981,1983).TheDP1system
intensifiesduringthesubstormexpansionphase,predominantlyfeaturingawestward
currentinthemidnightsector,withreturncurrentsobservedacrossthepolarcapand
sub-auroralionosphere(ClauerandKamide,1985).ThebehavioroftheDP1system
islesspredictablecomparedtotheDP2system.DPYoccursinthedaysideauroraland
polarcapregions,anditscurrentpatterndependsontheIMFBycomponent(Svalgaard,
1973).
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Chapter 4

Substorm Dynamics: Modeling, Predic-
tion, and Interhemispheric Asymmetries

4.1 Historical View of Substorms

Substorms have long been a subject of intense debate, with controversy surrounding
their definition, phases, onset, and underlying mechanisms. The study of this phe-
nomenon dates back to 1741 when Celsius and Graham observed magnetic disturbances
at two different locations occured simultaneously. They concluded that such distur-
bances are not localized but are global phenomena. In the same year, Celsius made
a groundbreaking correlation between auroras and magnetic disturbances (Campbell,
1997).

In 1770, Wilcke noted that the rays of the aurora align with the Earth’s magnetic
field lines. This early work laid the foundation for a more formalized study of sub-
storms. Chapman (1962) defined them as phenomena related to magnetic storms, call-
ing them "polar substorms." Two years later, his student (Akasofu, 1964) refined this
phenomenon as "auroral substorms". According to Akasofu, a substorm commences
with a sudden localized brightening of the aurora at the equatorward boundary of the
nightside auroral oval, referred to as substorm onset as shown in the top row of Fig-
ure 4.1 at 03:12:19 UT. The aurora then expands poleward, eastward, and westward,
leading to the first phase in Akasofu’s description - the expansion phase as seen in
the following panels of Figure 4.1. This phase concludes as the aurora reverts to its
pre-onset levels, which Akasofu termed the recovery phase.

To encompass the magnetospheric processes linked to substorms, Coroniti et al.
(1968) introduced the concept of "magnetospheric substorms." Further contributing to
this, McPherron (1970) expanded on the phases to include the growth phase, during
which the kinetic energy of the solar wind is converted into magnetic energy within
the magnetotail. This phase typically lasts for 30-60 minutes (Li et al., 2013; Lui,
1991). The expansion phase usually endures for 10-30 minutes (Lui, 1991), initiated
by substorm onset and characterized by the aurora’s brightening and expansion. Lastly,
the recovery phase can last for over two hours, leading to a gradual re-establishment of
quiet conditions (McPherron and Chu, 2016).

The signature of these phases observed on the ground is shown in Figure 4.2 using
the SML index. The magnetic indices will be discussed in chapter 5. The substorm
onset marks a sharp enhancement of the magnetic field perturbations at around 06:00
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theirdefinition,phases,onset,andunderlyingmechanisms.Thestudyofthisphe-
nomenondatesbackto1741whenCelsiusandGrahamobservedmagneticdisturbances
attwodifferentlocationsoccuredsimultaneously.Theyconcludedthatsuchdistur-
bancesarenotlocalizedbutareglobalphenomena.Inthesameyear,Celsiusmade
agroundbreakingcorrelationbetweenaurorasandmagneticdisturbances(Campbell,
1997).

In1770,WilckenotedthattheraysoftheauroraalignwiththeEarth’smagnetic
fieldlines.Thisearlyworklaidthefoundationforamoreformalizedstudyofsub-
storms.Chapman(1962)definedthemasphenomenarelatedtomagneticstorms,call-
ingthem"polarsubstorms."Twoyearslater,hisstudent(Akasofu,1964)refinedthis
phenomenonas"auroralsubstorms".AccordingtoAkasofu,asubstormcommences
withasuddenlocalizedbrighteningoftheauroraattheequatorwardboundaryofthe
nightsideauroraloval,referredtoassubstormonsetasshowninthetoprowofFig-
ure4.1at03:12:19UT.Theaurorathenexpandspoleward,eastward,andwestward,
leadingtothefirstphaseinAkasofu’sdescription-theexpansionphaseasseenin
thefollowingpanelsofFigure4.1.Thisphaseconcludesastheaurorarevertstoits
pre-onsetlevels,whichAkasofutermedtherecoveryphase.

Toencompassthemagnetosphericprocesseslinkedtosubstorms,Coronitietal.
(1968)introducedtheconceptof"magnetosphericsubstorms."Furthercontributingto
this,McPherron(1970)expandedonthephasestoincludethegrowthphase,during
whichthekineticenergyofthesolarwindisconvertedintomagneticenergywithin
themagnetotail.Thisphasetypicallylastsfor30-60minutes(Lietal.,2013;Lui,
1991).Theexpansionphaseusuallyenduresfor10-30minutes(Lui,1991),initiated
bysubstormonsetandcharacterizedbytheaurora’sbrighteningandexpansion.Lastly,
therecoveryphasecanlastforovertwohours,leadingtoagradualre-establishmentof
quietconditions(McPherronandChu,2016).

ThesignatureofthesephasesobservedonthegroundisshowninFigure4.2using
theSMLindex.Themagneticindiceswillbediscussedinchapter5.Thesubstorm
onsetmarksasharpenhancementofthemagneticfieldperturbationsataround06:00
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4.1 Historical View of Substorms

Substorms have long been a subject of intense debate, with controversy surrounding
their definition, phases, onset, and underlying mechanisms. The study of this phe-
nomenon dates back to 1741 when Celsius and Graham observed magnetic disturbances
at two different locations occured simultaneously. They concluded that such distur-
bances are not localized but are global phenomena. In the same year, Celsius made
a groundbreaking correlation between auroras and magnetic disturbances (Campbell,
1997).

In 1770, Wilcke noted that the rays of the aurora align with the Earth’s magnetic
field lines. This early work laid the foundation for a more formalized study of sub-
storms. Chapman (1962) defined them as phenomena related to magnetic storms, call-
ing them "polar substorms." Two years later, his student (Akasofu, 1964) refined this
phenomenon as "auroral substorms". According to Akasofu, a substorm commences
with a sudden localized brightening of the aurora at the equatorward boundary of the
nightside auroral oval, referred to as substorm onset as shown in the top row of Fig-
ure 4.1 at 03:12:19 UT. The aurora then expands poleward, eastward, and westward,
leading to the first phase in Akasofu’s description - the expansion phase as seen in
the following panels of Figure 4.1. This phase concludes as the aurora reverts to its
pre-onset levels, which Akasofu termed the recovery phase.

To encompass the magnetospheric processes linked to substorms, Coroniti et al.
(1968) introduced the concept of "magnetospheric substorms." Further contributing to
this, McPherron (1970) expanded on the phases to include the growth phase, during
which the kinetic energy of the solar wind is converted into magnetic energy within
the magnetotail. This phase typically lasts for 30-60 minutes (Li et al., 2013; Lui,
1991). The expansion phase usually endures for 10-30 minutes (Lui, 1991), initiated
by substorm onset and characterized by the aurora’s brightening and expansion. Lastly,
the recovery phase can last for over two hours, leading to a gradual re-establishment of
quiet conditions (McPherron and Chu, 2016).

The signature of these phases observed on the ground is shown in Figure 4.2 using
the SML index. The magnetic indices will be discussed in chapter 5. The substorm
onset marks a sharp enhancement of the magnetic field perturbations at around 06:00
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Figure 4.1: EUV images of the auroral oval from space showing how the aurora is developing during
the cycle of the substorm. credit: NASA and University of Iowa

Figure 4.2: SML index during substorm cycle occurred in May 31st , 2010. The onset of the substorm
expansion phase took place around 06:00 UT, while the recovery phase started around 06:30 UT which
lasted for more than 1 hour.
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Figure4.1:EUVimagesoftheauroralovalfromspaceshowinghowtheauroraisdevelopingduring
thecycleofthesubstorm.credit:NASAandUniversityofIowa

Figure4.2:SMLindexduringsubstormcycleoccurredinMay31st,2010.Theonsetofthesubstorm
expansionphasetookplacearound06:00UT,whiletherecoveryphasestartedaround06:30UTwhich
lastedformorethan1hour.
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UT. The expansion phase follows the onset and shows the increase of the magnetic per-
turbations at around 06:30 UT. After this increase reaches the maximum, the recovery
phase starts. The ground signature of the recovery phase is a reduction of the magnetic
field perturbations, as seen in Figure 4.2.

In August 1979, physicists involved in substorm research convened to produce a
comprehensive report (Rostoker et al., 1980). They critiqued existing methods for iden-
tifying substorm signatures and reached a consensus on its definition. According to this
collective agreement, a substorm is a transient process initiated on Earth’s night side. It
serves as a mechanism through which a significant amount of energy derived from solar
wind-magnetosphere interactions is deposited into the auroral ionosphere and magne-
tosphere.

4.2 Substorm Current Wedge

The substorm current wedge (SCW) is a strong current system that develops in the
Earth’s magnetosphere during the expansion phase of a magnetic substorm. This sys-
tem comprises field-aligned currents (FACs) that take on a wedge shape, forming a
vital link between the magnetosphere, and the ionosphere. Observations from ground-
based magnetometers in both the auroral oval and at mid-latitudes, as well as data from
geosynchronous orbit, align well with the established model of the SCW (Gjerloev and
Hoffman, 2014; Kepko et al., 2015; McPherron et al., 1973).

McPherron et al. (1973) introduced the classic SCW description as a current system
composed of one current loop comprised of four segments as presented in Figure 4.3a.
This model describes how the interruption of the cross-tail current connects to the iono-
sphere through FACs. A downward FAC exits the magnetosphere on the dawnside into
the ionosphere, and an upward FAC moves from the ionosphere back into the equato-
rial plane on the duskside. These FACs are linked within the ionosphere by a westward
electrojet traversing the auroral bulge. At higher latitudes in the auroral oval, ground
magnetic perturbations are dominated by the westward electrojet resulting in a negative
bay signature.

The interpretation in terms of Hall, Pedersen, and field-aligned currents at mid-
latitudes is complicated because the Fukushima theorem requires radial field lines,
which are not present at mid-latitudes. Perturbations at mid-latitudes that occur con-
currently as the substorm expansion phase are usually interpreted as a direct signature
of the FACs. However, due to the geometry and distances involved, it is difficult to
determine the details of the SCW structure from such observations. At mid-latitudes,
the observed FAC widths vary - the dawnward FAC is broader, while the duskward
FAC is narrower. There are also other currents, such as the ring current and partial ring
currents, besides other fine structures within the FACs.

At geosynchronous orbit, the FACs and the decrease in cross-tail current predom-
inantly influence magnetic disturbances. This disturbance pattern resembles the pos-
itive bay signature typically recorded at mid-latitude observation stations. The north-
ward component increases (dipolarization), and the eastward component has an anti-
asymmetric pattern dependent on local times. The dipolarization and positive bay sig-
nature observed by midlatitude ground magnetometers and by geosynchronous magne-
tometers are consistent in local time (Chu, 2015; Nagai, 1982).

4.2SubstormCurrentWedge23

UT.Theexpansionphasefollowstheonsetandshowstheincreaseofthemagneticper-
turbationsataround06:30UT.Afterthisincreasereachesthemaximum,therecovery
phasestarts.Thegroundsignatureoftherecoveryphaseisareductionofthemagnetic
fieldperturbations,asseeninFigure4.2.
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Thesubstormcurrentwedge(SCW)isastrongcurrentsystemthatdevelopsinthe
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electrojettraversingtheauroralbulge.Athigherlatitudesintheauroraloval,ground
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UT. The expansion phase follows the onset and shows the increase of the magnetic per-
turbations at around 06:30 UT. After this increase reaches the maximum, the recovery
phase starts. The ground signature of the recovery phase is a reduction of the magnetic
field perturbations, as seen in Figure 4.2.

In August 1979, physicists involved in substorm research convened to produce a
comprehensive report (Rostoker et al., 1980). They critiqued existing methods for iden-
tifying substorm signatures and reached a consensus on its definition. According to this
collective agreement, a substorm is a transient process initiated on Earth’s night side. It
serves as a mechanism through which a significant amount of energy derived from solar
wind-magnetosphere interactions is deposited into the auroral ionosphere and magne-
tosphere.

4.2 Substorm Current Wedge

The substorm current wedge (SCW) is a strong current system that develops in the
Earth’s magnetosphere during the expansion phase of a magnetic substorm. This sys-
tem comprises field-aligned currents (FACs) that take on a wedge shape, forming a
vital link between the magnetosphere, and the ionosphere. Observations from ground-
based magnetometers in both the auroral oval and at mid-latitudes, as well as data from
geosynchronous orbit, align well with the established model of the SCW (Gjerloev and
Hoffman, 2014; Kepko et al., 2015; McPherron et al., 1973).

McPherron et al. (1973) introduced the classic SCW description as a current system
composed of one current loop comprised of four segments as presented in Figure 4.3a.
This model describes how the interruption of the cross-tail current connects to the iono-
sphere through FACs. A downward FAC exits the magnetosphere on the dawnside into
the ionosphere, and an upward FAC moves from the ionosphere back into the equato-
rial plane on the duskside. These FACs are linked within the ionosphere by a westward
electrojet traversing the auroral bulge. At higher latitudes in the auroral oval, ground
magnetic perturbations are dominated by the westward electrojet resulting in a negative
bay signature.

The interpretation in terms of Hall, Pedersen, and field-aligned currents at mid-
latitudes is complicated because the Fukushima theorem requires radial field lines,
which are not present at mid-latitudes. Perturbations at mid-latitudes that occur con-
currently as the substorm expansion phase are usually interpreted as a direct signature
of the FACs. However, due to the geometry and distances involved, it is difficult to
determine the details of the SCW structure from such observations. At mid-latitudes,
the observed FAC widths vary - the dawnward FAC is broader, while the duskward
FAC is narrower. There are also other currents, such as the ring current and partial ring
currents, besides other fine structures within the FACs.

At geosynchronous orbit, the FACs and the decrease in cross-tail current predom-
inantly influence magnetic disturbances. This disturbance pattern resembles the pos-
itive bay signature typically recorded at mid-latitude observation stations. The north-
ward component increases (dipolarization), and the eastward component has an anti-
asymmetric pattern dependent on local times. The dipolarization and positive bay sig-
nature observed by midlatitude ground magnetometers and by geosynchronous magne-
tometers are consistent in local time (Chu, 2015; Nagai, 1982).
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natureobservedbymidlatitudegroundmagnetometersandbygeosynchronousmagne-
tometersareconsistentinlocaltime(Chu,2015;Nagai,1982).
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24 Substorm Dynamics: Modeling, Prediction, and Interhemispheric Asymmetries

The variability in FAC widths at mid-latitudes, along with the observations from
the geosynchronous orbit, lead us to consider the three-dimensional insights provided
by simulations, which offer a more comprehensive understanding of the structure and
dynamics of the SCW response during substorms. Simulations have provided valu-
able insights into the three-dimensional structure of the SCW, particularly the buildup
of current loops involving both region-1 and region-2 type FACs and localized loops
within the tail, as illustrated by Figure 4.3b. The buildup of the SCW is driven by flow
bursts that transport magnetic flux from the reconnection site to the near-Earth region,
thereby altering the magnetic field from a stretched tail configuration to a more dipo-
lar shape (Kepko et al., 2015). This dipolarization is accompanied by magnetic shear
at the dipolarized region’s boundaries, leading to the formation of region-1 type FACs
that flow into the ionosphere after midnight and exit it before midnight.

Figure 4.3b, adapted from Birn and Hesse (2013) illustrates the scenario closer
to Earth showing that the magnetic field shear intensifies as the flow is decelerated
and deflected by the inner dipole field’s magnetic pressure. The resulting azimuthal
flows that bend the field lines create earthward FACs at dawn and tailward FACs at
dusk, which are also of region-1 type. These flows contribute to the twisting of the
magnetic field, visualized through the concept of flux ropes. The degree of twist and
thus the strength of the FACs depends on ionospheric boundary conditions and the
ionospheric conductivity, which can influence how the magnetosphere develops due to
its ionosphere connection (Kepko et al., 2015).

While magnetic perturbations observed at different latitudes on the ground and in
geosynchronous orbit supported the classical SCW view, this picture is debatable. Re-
cent propositions suggest the SCW may consist of a double loop system (Gjerloev and
Hoffman, 2014) or a collection of smaller loops, known as ’wedgelets,’ rather than a
singular loop (Liu et al., 2015). Figure 4.3c, following modifications from (Kepko et al.,
2015), includes both region-1 and region-2 type FACs and local loops confined to the
tail, indicating that region-2 type currents may close within the magnetotail through a
westward partial ring current instead of radial currents. Sergeev et al. (2014) affirmed
the need for a second region-2 type current to align with distributed in situ measure-
ments within the dipolarized region. The variability in the relative strengths of region-1
and region-2 type currents from one substorm event to another suggests that current clo-
sure in the magnetotail is variable and contingent on how the total current is partitioned
among various loops.

4.3 Models to Explain Substorms

Two primary theories dominate the discourse on the initiation and evolution of sub-
storms: the Inside-Out theory and the Outside-In theory.

4.3.1 Inside-Out Theory (Current Disruption Model)
The inside-out theory postulates that substorms are initiated by disruptions in the near-
Earth magnetotail, which then propagate earthward to trigger substorm onset. Lui
(1996) proposed that these disruptions initially occur in the near-Earth magnetotail, sit-
uated at 8-10 Earth radii (RE), eventually progressing tailward to induce a phenomenon
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The variability in FAC widths at mid-latitudes, along with the observations from
the geosynchronous orbit, lead us to consider the three-dimensional insights provided
by simulations, which offer a more comprehensive understanding of the structure and
dynamics of the SCW response during substorms. Simulations have provided valu-
able insights into the three-dimensional structure of the SCW, particularly the buildup
of current loops involving both region-1 and region-2 type FACs and localized loops
within the tail, as illustrated by Figure 4.3b. The buildup of the SCW is driven by flow
bursts that transport magnetic flux from the reconnection site to the near-Earth region,
thereby altering the magnetic field from a stretched tail configuration to a more dipo-
lar shape (Kepko et al., 2015). This dipolarization is accompanied by magnetic shear
at the dipolarized region’s boundaries, leading to the formation of region-1 type FACs
that flow into the ionosphere after midnight and exit it before midnight.

Figure 4.3b, adapted from Birn and Hesse (2013) illustrates the scenario closer
to Earth showing that the magnetic field shear intensifies as the flow is decelerated
and deflected by the inner dipole field’s magnetic pressure. The resulting azimuthal
flows that bend the field lines create earthward FACs at dawn and tailward FACs at
dusk, which are also of region-1 type. These flows contribute to the twisting of the
magnetic field, visualized through the concept of flux ropes. The degree of twist and
thus the strength of the FACs depends on ionospheric boundary conditions and the
ionospheric conductivity, which can influence how the magnetosphere develops due to
its ionosphere connection (Kepko et al., 2015).

While magnetic perturbations observed at different latitudes on the ground and in
geosynchronous orbit supported the classical SCW view, this picture is debatable. Re-
cent propositions suggest the SCW may consist of a double loop system (Gjerloev and
Hoffman, 2014) or a collection of smaller loops, known as ’wedgelets,’ rather than a
singular loop (Liu et al., 2015). Figure 4.3c, following modifications from (Kepko et al.,
2015), includes both region-1 and region-2 type FACs and local loops confined to the
tail, indicating that region-2 type currents may close within the magnetotail through a
westward partial ring current instead of radial currents. Sergeev et al. (2014) affirmed
the need for a second region-2 type current to align with distributed in situ measure-
ments within the dipolarized region. The variability in the relative strengths of region-1
and region-2 type currents from one substorm event to another suggests that current clo-
sure in the magnetotail is variable and contingent on how the total current is partitioned
among various loops.

4.3 Models to Explain Substorms

Two primary theories dominate the discourse on the initiation and evolution of sub-
storms: the Inside-Out theory and the Outside-In theory.

4.3.1 Inside-Out Theory (Current Disruption Model)
The inside-out theory postulates that substorms are initiated by disruptions in the near-
Earth magnetotail, which then propagate earthward to trigger substorm onset. Lui
(1996) proposed that these disruptions initially occur in the near-Earth magnetotail, sit-
uated at 8-10 Earth radii (RE), eventually progressing tailward to induce a phenomenon
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burststhattransportmagneticfluxfromthereconnectionsitetothenear-Earthregion,
therebyalteringthemagneticfieldfromastretchedtailconfigurationtoamoredipo-
larshape(Kepkoetal.,2015).Thisdipolarizationisaccompaniedbymagneticshear
atthedipolarizedregion’sboundaries,leadingtotheformationofregion-1typeFACs
thatflowintotheionosphereaftermidnightandexititbeforemidnight.

Figure4.3b,adaptedfromBirnandHesse(2013)illustratesthescenariocloser
toEarthshowingthatthemagneticfieldshearintensifiesastheflowisdecelerated
anddeflectedbytheinnerdipolefield’smagneticpressure.Theresultingazimuthal
flowsthatbendthefieldlinescreateearthwardFACsatdawnandtailwardFACsat
dusk,whicharealsoofregion-1type.Theseflowscontributetothetwistingofthe
magneticfield,visualizedthroughtheconceptoffluxropes.Thedegreeoftwistand
thusthestrengthoftheFACsdependsonionosphericboundaryconditionsandthe
ionosphericconductivity,whichcaninfluencehowthemagnetospheredevelopsdueto
itsionosphereconnection(Kepkoetal.,2015).

Whilemagneticperturbationsobservedatdifferentlatitudesonthegroundandin
geosynchronousorbitsupportedtheclassicalSCWview,thispictureisdebatable.Re-
centpropositionssuggesttheSCWmayconsistofadoubleloopsystem(Gjerloevand
Hoffman,2014)oracollectionofsmallerloops,knownas’wedgelets,’ratherthana
singularloop(Liuetal.,2015).Figure4.3c,followingmodificationsfrom(Kepkoetal.,
2015),includesbothregion-1andregion-2typeFACsandlocalloopsconfinedtothe
tail,indicatingthatregion-2typecurrentsmayclosewithinthemagnetotailthrougha
westwardpartialringcurrentinsteadofradialcurrents.Sergeevetal.(2014)affirmed
theneedforasecondregion-2typecurrenttoalignwithdistributedinsitumeasure-
mentswithinthedipolarizedregion.Thevariabilityintherelativestrengthsofregion-1
andregion-2typecurrentsfromonesubstormeventtoanothersuggeststhatcurrentclo-
sureinthemagnetotailisvariableandcontingentonhowthetotalcurrentispartitioned
amongvariousloops.

4.3ModelstoExplainSubstorms
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Figure 4.3: The Substorm Current Wedge and its components. Panel a. is adopted from the classical
view of McPherron et al. (1973). Panel b. is adopted from Birn and Hesse (2013). Panel c. is adopted
from Kepko et al. (2015).

called mid-tail reconnection. Based on one single event concluded that the disruptions
initiate in the inner magnetosphere (Henderson, 2009). This model, sometimes referred
to as the near-Earth current disruption model, aligns conceptually with the Inside-Out
theory. It extends the understanding of how fast flows are injected and decelerated,
contributing to substorm expansion. While this theory offers a framework for describ-
ing substorm growth phases, it may lack a comprehensive view of onset mechanisms.
In the growth phase, an intense cross-tail current mainly supported by a duskward
anisotropy in thermal ions provides a significant free energy source at ∼10 RE. At sub-
storm onset, a feature known as the current wedge forms, consistent with changes in
current-carrying particle distributions (Mitchell et al., 1990). Several phenomena, such
as magnetic reconnection further downtail, support this theory (Nagai et al., 1998). As
shown in Figure 4.4, the model starts with an intense cross-tail current primarily sup-
ported by a duskward anisotropy in thermal ions. Then a current wedge forms at the
substorm onset. In the end, morphological changes in the magnetic field are consistent
with current-carrying particle distribution changes.

4.3.2 Outside-In Theory (Bursty Bulk Flow Theory)
The outside-in theory asserts that magnetic reconnection events in the mid-tail (20 - 30
RE) is the main driver of the energy release and the substorms in the magnetotail. This
model suggest that instabilities in the thin current sheet drives near Earth reconnection
as the first step of the process which creates the bursty bulk flows to the inner edge of
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Figure4.3:TheSubstormCurrentWedgeanditscomponents.Panela.isadoptedfromtheclassical
viewofMcPherronetal.(1973).Panelb.isadoptedfromBirnandHesse(2013).Panelc.isadopted
fromKepkoetal.(2015).

calledmid-tailreconnection.Basedononesingleeventconcludedthatthedisruptions
initiateintheinnermagnetosphere(Henderson,2009).Thismodel,sometimesreferred
toasthenear-Earthcurrentdisruptionmodel,alignsconceptuallywiththeInside-Out
theory.Itextendstheunderstandingofhowfastflowsareinjectedanddecelerated,
contributingtosubstormexpansion.Whilethistheoryoffersaframeworkfordescrib-
ingsubstormgrowthphases,itmaylackacomprehensiveviewofonsetmechanisms.
Inthegrowthphase,anintensecross-tailcurrentmainlysupportedbyaduskward
anisotropyinthermalionsprovidesasignificantfreeenergysourceat∼10RE.Atsub-
stormonset,afeatureknownasthecurrentwedgeforms,consistentwithchangesin
current-carryingparticledistributions(Mitchelletal.,1990).Severalphenomena,such
asmagneticreconnectionfurtherdowntail,supportthistheory(Nagaietal.,1998).As
showninFigure4.4,themodelstartswithanintensecross-tailcurrentprimarilysup-
portedbyaduskwardanisotropyinthermalions.Thenacurrentwedgeformsatthe
substormonset.Intheend,morphologicalchangesinthemagneticfieldareconsistent
withcurrent-carryingparticledistributionchanges.

4.3.2Outside-InTheory(BurstyBulkFlowTheory)
Theoutside-intheoryassertsthatmagneticreconnectioneventsinthemid-tail(20-30
RE)isthemaindriveroftheenergyreleaseandthesubstormsinthemagnetotail.This
modelsuggestthatinstabilitiesinthethincurrentsheetdrivesnearEarthreconnection
asthefirststepoftheprocesswhichcreatestheburstybulkflowstotheinneredgeof
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called mid-tail reconnection. Based on one single event concluded that the disruptions
initiate in the inner magnetosphere (Henderson, 2009). This model, sometimes referred
to as the near-Earth current disruption model, aligns conceptually with the Inside-Out
theory. It extends the understanding of how fast flows are injected and decelerated,
contributing to substorm expansion. While this theory offers a framework for describ-
ing substorm growth phases, it may lack a comprehensive view of onset mechanisms.
In the growth phase, an intense cross-tail current mainly supported by a duskward
anisotropy in thermal ions provides a significant free energy source at ∼10 RE. At sub-
storm onset, a feature known as the current wedge forms, consistent with changes in
current-carrying particle distributions (Mitchell et al., 1990). Several phenomena, such
as magnetic reconnection further downtail, support this theory (Nagai et al., 1998). As
shown in Figure 4.4, the model starts with an intense cross-tail current primarily sup-
ported by a duskward anisotropy in thermal ions. Then a current wedge forms at the
substorm onset. In the end, morphological changes in the magnetic field are consistent
with current-carrying particle distribution changes.

4.3.2 Outside-In Theory (Bursty Bulk Flow Theory)
The outside-in theory asserts that magnetic reconnection events in the mid-tail (20 - 30
RE) is the main driver of the energy release and the substorms in the magnetotail. This
model suggest that instabilities in the thin current sheet drives near Earth reconnection
as the first step of the process which creates the bursty bulk flows to the inner edge of
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Figure 4.4: A schematic figure shows the sequence where the current wedge formation is in the second
stage of the inside-out (current disruption) model. Adopted from NASA/TM-2001-209985.

the magnetotail and subsequently a reduction of the cross tail current due to the pileup
of the flux and depolarization of the magnetic field and generating earthward flows
that lead to near-Earth substorm onset (Baker et al., 1996). This model emphasizes
the importance of stored energy in the magnetotail and its subsequent release during
substorms.

Notice that the sequence of the outside-in theory is different from the sequence of
the inside-out theory as shown in Figure 4.5. In the outside-in theory magnetic re-
connection initially occurs in the distant tail, creating earthward flow and eventually
causing near-Earth substorm onset, while it comes as the third and last stage of the
inside-out theory. Then, Earthward flows (Bursty Bulk Flows) and localized brighten-
ing in the auroral region support this theory, that is assumed to initiate the instabilities in
the inside-out theory. The Last stage is the generation of the substorm current wedges
and breakup of the aurora which comes in the second stage in the current disruption
model.

Several other models have been proposed to explain the triggering mechanisms of
the substorm onset for example, Kan (1998) proposed the Magnetosphere-Ionosphere
(MI) coupling model. The model suggested that a substorm initiates begins when the
convection of the plasma sheet braking exceeds a specific rate, leading to rapid dipo-
larization of the magnetic field. Then a dipolarization-induced electric field launches
Alfvén wave which is responsible for transporting the disrupted tail current away from
the dipolarization region. shortly after that, the substorm expansion onset occurs in the
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themagnetotailandsubsequentlyareductionofthecrosstailcurrentduetothepileup
ofthefluxanddepolarizationofthemagneticfieldandgeneratingearthwardflows
thatleadtonear-Earthsubstormonset(Bakeretal.,1996).Thismodelemphasizes
theimportanceofstoredenergyinthemagnetotailanditssubsequentreleaseduring
substorms.

Noticethatthesequenceoftheoutside-intheoryisdifferentfromthesequenceof
theinside-outtheoryasshowninFigure4.5.Intheoutside-intheorymagneticre-
connectioninitiallyoccursinthedistanttail,creatingearthwardflowandeventually
causingnear-Earthsubstormonset,whileitcomesasthethirdandlaststageofthe
inside-outtheory.Then,Earthwardflows(BurstyBulkFlows)andlocalizedbrighten-
ingintheauroralregionsupportthistheory,thatisassumedtoinitiatetheinstabilitiesin
theinside-outtheory.TheLaststageisthegenerationofthesubstormcurrentwedges
andbreakupoftheaurorawhichcomesinthesecondstageinthecurrentdisruption
model.

Severalothermodelshavebeenproposedtoexplainthetriggeringmechanismsof
thesubstormonsetforexample,Kan(1998)proposedtheMagnetosphere-Ionosphere
(MI)couplingmodel.Themodelsuggestedthatasubstorminitiatesbeginswhenthe
convectionoftheplasmasheetbrakingexceedsaspecificrate,leadingtorapiddipo-
larizationofthemagneticfield.Thenadipolarization-inducedelectricfieldlaunches
Alfvénwavewhichisresponsiblefortransportingthedisruptedtailcurrentawayfrom
thedipolarizationregion.shortlyafterthat,thesubstormexpansiononsetoccursinthe
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ionosphere, marked by a sudden brightening of the equatorward-most pre-onset auro-
ral arc. During the expansion phase, new tail reconnection is necessary to sustain the
phase. This model aligns with the current disruption scenario in most respects, ex-
cept assuming that Earthward flows originated from mid-tail or distant tail processes.
Machida et al. (2009) proposed another model, the Catapult Current-Sheet Relaxation
Model. This model explained the triggering of the substorm as a process combining
the inside-out and the outside-in theories. It proposed an earthward flow caused by the
relaxation of the stressed current sheet and a duskward flow near Earth intensified due
to the braking of these flows just before substorm onset. This process triggers instabil-
ities, leading to the disruption observed in current systems. The model also suggests
that the relaxation of the current sheet naturally forms a thin current at its edge, sur-
rounded by strong magnetic fields, which help initiate magnetic reconnection. Once
reconnection begins, it significantly contributes to driving the substorm. Another sug-
gestion by Lyons et al. (2022) based on SuperDARN data suggests that substorms start
with plasma in the dayside, that crosses over the polar cap to the open/closed bound-
ary where it triggers localized magnetic reconnections. Then, as this plasma moves
closer to Earth, it triggers substorms expansion. The concept can be seen as a sequence
of event trying to reconciles the inside-out and outside-in models rather than being a
model itself.

Figure 4.5: A schematic figure shows the sequence where the current wedge formation is in the last
stage of the outside-in theory. Adopted from Shiokawa et al. (1998).

Each model can explain certain characteristics of substorms, and they are not nec-
essarily mutually exclusive. Some contemporary research is focused on a synthesis of
these models or considering them under specific solar wind conditions, geometries, or
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ionosphere,markedbyasuddenbrighteningoftheequatorward-mostpre-onsetauro-
ralarc.Duringtheexpansionphase,newtailreconnectionisnecessarytosustainthe
phase.Thismodelalignswiththecurrentdisruptionscenarioinmostrespects,ex-
ceptassumingthatEarthwardflowsoriginatedfrommid-tailordistanttailprocesses.
Machidaetal.(2009)proposedanothermodel,theCatapultCurrent-SheetRelaxation
Model.Thismodelexplainedthetriggeringofthesubstormasaprocesscombining
theinside-outandtheoutside-intheories.Itproposedanearthwardflowcausedbythe
relaxationofthestressedcurrentsheetandaduskwardflownearEarthintensifieddue
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phase. This model aligns with the current disruption scenario in most respects, ex-
cept assuming that Earthward flows originated from mid-tail or distant tail processes.
Machida et al. (2009) proposed another model, the Catapult Current-Sheet Relaxation
Model. This model explained the triggering of the substorm as a process combining
the inside-out and the outside-in theories. It proposed an earthward flow caused by the
relaxation of the stressed current sheet and a duskward flow near Earth intensified due
to the braking of these flows just before substorm onset. This process triggers instabil-
ities, leading to the disruption observed in current systems. The model also suggests
that the relaxation of the current sheet naturally forms a thin current at its edge, sur-
rounded by strong magnetic fields, which help initiate magnetic reconnection. Once
reconnection begins, it significantly contributes to driving the substorm. Another sug-
gestion by Lyons et al. (2022) based on SuperDARN data suggests that substorms start
with plasma in the dayside, that crosses over the polar cap to the open/closed bound-
ary where it triggers localized magnetic reconnections. Then, as this plasma moves
closer to Earth, it triggers substorms expansion. The concept can be seen as a sequence
of event trying to reconciles the inside-out and outside-in models rather than being a
model itself.

Figure 4.5: A schematic figure shows the sequence where the current wedge formation is in the last
stage of the outside-in theory. Adopted from Shiokawa et al. (1998).

Each model can explain certain characteristics of substorms, and they are not nec-
essarily mutually exclusive. Some contemporary research is focused on a synthesis of
these models or considering them under specific solar wind conditions, geometries, or
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types of substorms.
The best approach may be to consider the various models as complementary, with

each providing insights into different aspects of substorms. By combining the strengths
of the different models and continuing to gather observational evidence, scientists can
build a more complete model that can help better understanding of these complex space
weather events.

4.4 Prediction of Substorms

While the dayside dynamics are relatively predictable being influenced by the solar
wind dynamics, substorm onset location and timing remain highly unpredictable. Fig-
ure 4.6 provides a visual summary of these dynamics. The top panel shows the pre-
dictable nature of the dayside reconnection process, while the right side of the figure
illustrates the less predictable nightside reconnection events, marked by bursts of en-
ergy that lead to substorm activity and the dazzling auroras observed near the poles.
While the cumulative effect of dayside and nightside reconnection over time may be
equivalent, the predictability of individual substorm events on the nightside is remark-
ably challenging.

Figure 4.6: Diagram illustrating the magnetospheric dynamics during substorm events. The top panel
shows the predictable nature of dayside magnetic reconnection influenced by solar wind conditions,
adopted from (Milan et al., 2021). The schematic representation of the magnetosphere highlights the
structured dayside reconnection points, adopted from (Eastwood et al., 2017). The right side shows the
nightside of the magnetosphere, where reconnection is less predictable, leading to sporadic substorm
activity and the resulting auroral displays, credit to NASA.
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ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
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activityandtheresultingauroraldisplays,credittoNASA.

28SubstormDynamics:Modeling,Prediction,andInterhemisphericAsymmetries

typesofsubstorms.
Thebestapproachmaybetoconsiderthevariousmodelsascomplementary,with

eachprovidinginsightsintodifferentaspectsofsubstorms.Bycombiningthestrengths
ofthedifferentmodelsandcontinuingtogatherobservationalevidence,scientistscan
buildamorecompletemodelthatcanhelpbetterunderstandingofthesecomplexspace
weatherevents.

4.4PredictionofSubstorms

Whilethedaysidedynamicsarerelativelypredictablebeinginfluencedbythesolar
winddynamics,substormonsetlocationandtimingremainhighlyunpredictable.Fig-
ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
ergythatleadtosubstormactivityandthedazzlingaurorasobservednearthepoles.
Whilethecumulativeeffectofdaysideandnightsidereconnectionovertimemaybe
equivalent,thepredictabilityofindividualsubstormeventsonthenightsideisremark-
ablychallenging.

Figure4.6:Diagramillustratingthemagnetosphericdynamicsduringsubstormevents.Thetoppanel
showsthepredictablenatureofdaysidemagneticreconnectioninfluencedbysolarwindconditions,
adoptedfrom(Milanetal.,2021).Theschematicrepresentationofthemagnetospherehighlightsthe
structureddaysidereconnectionpoints,adoptedfrom(Eastwoodetal.,2017).Therightsideshowsthe
nightsideofthemagnetosphere,wherereconnectionislesspredictable,leadingtosporadicsubstorm
activityandtheresultingauroraldisplays,credittoNASA.

28 Substorm Dynamics: Modeling, Prediction, and Interhemispheric Asymmetries

types of substorms.
The best approach may be to consider the various models as complementary, with

each providing insights into different aspects of substorms. By combining the strengths
of the different models and continuing to gather observational evidence, scientists can
build a more complete model that can help better understanding of these complex space
weather events.

4.4 Prediction of Substorms

While the dayside dynamics are relatively predictable being influenced by the solar
wind dynamics, substorm onset location and timing remain highly unpredictable. Fig-
ure 4.6 provides a visual summary of these dynamics. The top panel shows the pre-
dictable nature of the dayside reconnection process, while the right side of the figure
illustrates the less predictable nightside reconnection events, marked by bursts of en-
ergy that lead to substorm activity and the dazzling auroras observed near the poles.
While the cumulative effect of dayside and nightside reconnection over time may be
equivalent, the predictability of individual substorm events on the nightside is remark-
ably challenging.

Figure 4.6: Diagram illustrating the magnetospheric dynamics during substorm events. The top panel
shows the predictable nature of dayside magnetic reconnection influenced by solar wind conditions,
adopted from (Milan et al., 2021). The schematic representation of the magnetosphere highlights the
structured dayside reconnection points, adopted from (Eastwood et al., 2017). The right side shows the
nightside of the magnetosphere, where reconnection is less predictable, leading to sporadic substorm
activity and the resulting auroral displays, credit to NASA.

28 Substorm Dynamics: Modeling, Prediction, and Interhemispheric Asymmetries

types of substorms.
The best approach may be to consider the various models as complementary, with

each providing insights into different aspects of substorms. By combining the strengths
of the different models and continuing to gather observational evidence, scientists can
build a more complete model that can help better understanding of these complex space
weather events.

4.4 Prediction of Substorms

While the dayside dynamics are relatively predictable being influenced by the solar
wind dynamics, substorm onset location and timing remain highly unpredictable. Fig-
ure 4.6 provides a visual summary of these dynamics. The top panel shows the pre-
dictable nature of the dayside reconnection process, while the right side of the figure
illustrates the less predictable nightside reconnection events, marked by bursts of en-
ergy that lead to substorm activity and the dazzling auroras observed near the poles.
While the cumulative effect of dayside and nightside reconnection over time may be
equivalent, the predictability of individual substorm events on the nightside is remark-
ably challenging.

Figure 4.6: Diagram illustrating the magnetospheric dynamics during substorm events. The top panel
shows the predictable nature of dayside magnetic reconnection influenced by solar wind conditions,
adopted from (Milan et al., 2021). The schematic representation of the magnetosphere highlights the
structured dayside reconnection points, adopted from (Eastwood et al., 2017). The right side shows the
nightside of the magnetosphere, where reconnection is less predictable, leading to sporadic substorm
activity and the resulting auroral displays, credit to NASA.

28SubstormDynamics:Modeling,Prediction,andInterhemisphericAsymmetries

typesofsubstorms.
Thebestapproachmaybetoconsiderthevariousmodelsascomplementary,with

eachprovidinginsightsintodifferentaspectsofsubstorms.Bycombiningthestrengths
ofthedifferentmodelsandcontinuingtogatherobservationalevidence,scientistscan
buildamorecompletemodelthatcanhelpbetterunderstandingofthesecomplexspace
weatherevents.

4.4PredictionofSubstorms

Whilethedaysidedynamicsarerelativelypredictablebeinginfluencedbythesolar
winddynamics,substormonsetlocationandtimingremainhighlyunpredictable.Fig-
ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
ergythatleadtosubstormactivityandthedazzlingaurorasobservednearthepoles.
Whilethecumulativeeffectofdaysideandnightsidereconnectionovertimemaybe
equivalent,thepredictabilityofindividualsubstormeventsonthenightsideisremark-
ablychallenging.

Figure4.6:Diagramillustratingthemagnetosphericdynamicsduringsubstormevents.Thetoppanel
showsthepredictablenatureofdaysidemagneticreconnectioninfluencedbysolarwindconditions,
adoptedfrom(Milanetal.,2021).Theschematicrepresentationofthemagnetospherehighlightsthe
structureddaysidereconnectionpoints,adoptedfrom(Eastwoodetal.,2017).Therightsideshowsthe
nightsideofthemagnetosphere,wherereconnectionislesspredictable,leadingtosporadicsubstorm
activityandtheresultingauroraldisplays,credittoNASA.

28SubstormDynamics:Modeling,Prediction,andInterhemisphericAsymmetries

typesofsubstorms.
Thebestapproachmaybetoconsiderthevariousmodelsascomplementary,with

eachprovidinginsightsintodifferentaspectsofsubstorms.Bycombiningthestrengths
ofthedifferentmodelsandcontinuingtogatherobservationalevidence,scientistscan
buildamorecompletemodelthatcanhelpbetterunderstandingofthesecomplexspace
weatherevents.

4.4PredictionofSubstorms

Whilethedaysidedynamicsarerelativelypredictablebeinginfluencedbythesolar
winddynamics,substormonsetlocationandtimingremainhighlyunpredictable.Fig-
ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
ergythatleadtosubstormactivityandthedazzlingaurorasobservednearthepoles.
Whilethecumulativeeffectofdaysideandnightsidereconnectionovertimemaybe
equivalent,thepredictabilityofindividualsubstormeventsonthenightsideisremark-
ablychallenging.

Figure4.6:Diagramillustratingthemagnetosphericdynamicsduringsubstormevents.Thetoppanel
showsthepredictablenatureofdaysidemagneticreconnectioninfluencedbysolarwindconditions,
adoptedfrom(Milanetal.,2021).Theschematicrepresentationofthemagnetospherehighlightsthe
structureddaysidereconnectionpoints,adoptedfrom(Eastwoodetal.,2017).Therightsideshowsthe
nightsideofthemagnetosphere,wherereconnectionislesspredictable,leadingtosporadicsubstorm
activityandtheresultingauroraldisplays,credittoNASA.

28SubstormDynamics:Modeling,Prediction,andInterhemisphericAsymmetries

typesofsubstorms.
Thebestapproachmaybetoconsiderthevariousmodelsascomplementary,with

eachprovidinginsightsintodifferentaspectsofsubstorms.Bycombiningthestrengths
ofthedifferentmodelsandcontinuingtogatherobservationalevidence,scientistscan
buildamorecompletemodelthatcanhelpbetterunderstandingofthesecomplexspace
weatherevents.

4.4PredictionofSubstorms

Whilethedaysidedynamicsarerelativelypredictablebeinginfluencedbythesolar
winddynamics,substormonsetlocationandtimingremainhighlyunpredictable.Fig-
ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
ergythatleadtosubstormactivityandthedazzlingaurorasobservednearthepoles.
Whilethecumulativeeffectofdaysideandnightsidereconnectionovertimemaybe
equivalent,thepredictabilityofindividualsubstormeventsonthenightsideisremark-
ablychallenging.

Figure4.6:Diagramillustratingthemagnetosphericdynamicsduringsubstormevents.Thetoppanel
showsthepredictablenatureofdaysidemagneticreconnectioninfluencedbysolarwindconditions,
adoptedfrom(Milanetal.,2021).Theschematicrepresentationofthemagnetospherehighlightsthe
structureddaysidereconnectionpoints,adoptedfrom(Eastwoodetal.,2017).Therightsideshowsthe
nightsideofthemagnetosphere,wherereconnectionislesspredictable,leadingtosporadicsubstorm
activityandtheresultingauroraldisplays,credittoNASA.

28SubstormDynamics:Modeling,Prediction,andInterhemisphericAsymmetries

typesofsubstorms.
Thebestapproachmaybetoconsiderthevariousmodelsascomplementary,with

eachprovidinginsightsintodifferentaspectsofsubstorms.Bycombiningthestrengths
ofthedifferentmodelsandcontinuingtogatherobservationalevidence,scientistscan
buildamorecompletemodelthatcanhelpbetterunderstandingofthesecomplexspace
weatherevents.

4.4PredictionofSubstorms

Whilethedaysidedynamicsarerelativelypredictablebeinginfluencedbythesolar
winddynamics,substormonsetlocationandtimingremainhighlyunpredictable.Fig-
ure4.6providesavisualsummaryofthesedynamics.Thetoppanelshowsthepre-
dictablenatureofthedaysidereconnectionprocess,whiletherightsideofthefigure
illustratesthelesspredictablenightsidereconnectionevents,markedbyburstsofen-
ergythatleadtosubstormactivityandthedazzlingaurorasobservednearthepoles.
Whilethecumulativeeffectofdaysideandnightsidereconnectionovertimemaybe
equivalent,thepredictabilityofindividualsubstormeventsonthenightsideisremark-
ablychallenging.

Figure4.6:Diagramillustratingthemagnetosphericdynamicsduringsubstormevents.Thetoppanel
showsthepredictablenatureofdaysidemagneticreconnectioninfluencedbysolarwindconditions,
adoptedfrom(Milanetal.,2021).Theschematicrepresentationofthemagnetospherehighlightsthe
structureddaysidereconnectionpoints,adoptedfrom(Eastwoodetal.,2017).Therightsideshowsthe
nightsideofthemagnetosphere,wherereconnectionislesspredictable,leadingtosporadicsubstorm
activityandtheresultingauroraldisplays,credittoNASA.



4.4 Prediction of Substorms 29

4.4.1 Predicting Substorm Onset Timing
To Predict the timing of when a substorm would occur in the magnetotail, Uritsky
et al. (2001) discussed the substorms as perturbed self-organized critical (SOC) dy-
namics of the magnetosphere. The study suggested that localized current sheet insta-
bilities and subsequent magnetic reconnection in the magnetotail can be modeled as
SOC avalanches. The authors examined how changes in solar wind energy input and
critical current density in the magnetotail influence large-scale perturbations compara-
ble to substorms. The results revealed that the large-scale disturbances generated by the
model, which mimic magnetospheric substorms, depend on the energy accumulated in
the system and how this energy dissipates internally. Also, Valliéres-Nollet et al. (2010)
presented substorms as a self-organized critical phenomenon. The study focused on the
central plasma sheet of the magnetotail, where substorms originate. It examined the be-
havior of this region as a (SOC) system under the influence of solar wind energy input.
The research utilized a 2-D SOC model to reproduce observed dual scaling regimes
of substorms, revealing that small and large events follow different power laws. The
results of both researches led to the conclusion that it is a challenge to be able to pre-
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ative IMF Bz conditions (Liou et al., 2001). Gérard et al. (2004) investigated auroral
substorm onset locations using IMAGE-FUV imagers, analyzing the influence of solar
wind conditions. They showed that substorm onsets are primarily concentrated be-
tween 2000 and 0200 MLT, occurring in regions of preexisting proton precipitation,
which suggests initiation in areas with stretched but dipole-like magnetic field lines
near Earth. The study found a correlation between substorm onset latitudes and the
solar wind dynamic pressure. This correlation possibly indicates an equatorward shift
of the auroral oval due to increased open magnetic flux in the magnetosphere (Milan
et al., 2009). Østgaard et al. (2011) analyzed over 6600 substorms to investigate the in-
terhemispheric asymmetry of substorm onset locations in relation to the interplanetary
magnetic field (IMF). It confirms that the IMF clock angle significantly organizes av-
erage substorm onset locations in both hemispheres, suggesting that the onset location
can be affected by the dayside and lobe reconnection geometries, along with magnetic
tension on open field lines before tail reconnection. They also show that the IMF By
has a non-linear correlation with the onset local time.

Elhawary et al. (2022) reveals that substorm onsets tend to manifest at earlier local
times during geomagnetically active periods compared to quieter intervals. Through re-
gression analyses, we showed that the correlation between the AL index and onset MLT
is comparable to that of the IMF By, which was previously reported in studies conducted
by Liou and Newell (2010); Østgaard et al. (2011); Wang et al. (2007). The influence
of the AL index on onset MLT is the same in both hemispheres, unlike the hemisphere-
specific effects of IMF By. The small and hemisphere-specific effect suggests that By
alters the magnetospheric projection of substorm onsets on the ionosphere, without af-
fecting the onset location in the magnetotail locations. Gabrielse et al. (2014) revealed
a dawn-dusk asymmetry in injection occurrence rates, favoring the pre-midnight sec-
tor. These rates increase with geomagnetic activity, which might be related to substorm
occurrence, however not every injection is followed by a substorm. In paper I, we dis-
cuss the ionospheric feedback on magnetotail reconnection sites, potentially guiding
the placement of substorm onsets.

Despite this progress, the predictability of substorm onset locations remains limited.
We performed a linear regression model integrating IMF By, the AL index, aberration
angles, and dipole tilt. Our comprehensive model explains merely 11% of the observed
MLT variation in substorm onsets. This highlights the high unpredictability of substorm
onset locations, emphasizing the need for further exploration into this phenomenon.

4.5 Substorms During Northward IMF

Though substorms are known to occur more frequently under southward IMF Bz con-
ditions, they can also occur under northward IMF Bz (Lee et al., 2010a,b; Miyashita
et al., 2011; Peng et al., 2013). Crooker (1992); Song et al. (2000) discussed the possi-
bility of the nightside reconnection under northward IMF Bz. Wu et al. (2002) identified
two substorms occurring after more than 15 hours of continuous northward IMF. Lee
et al. (2010a,b) found several substorms under northward IMF conditions during the
recovery stages of intense storms, with these substorms being as strong as typical ones
seen with moderately southward IMF. Miyashita et al. (2011) reported a sequence of
11 substorms, from very weak to moderate intensity, happening during a prolonged pe-
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ativeIMFBzconditions(Liouetal.,2001).Gérardetal.(2004)investigatedauroral
substormonsetlocationsusingIMAGE-FUVimagers,analyzingtheinfluenceofsolar
windconditions.Theyshowedthatsubstormonsetsareprimarilyconcentratedbe-
tween2000and0200MLT,occurringinregionsofpreexistingprotonprecipitation,
whichsuggestsinitiationinareaswithstretchedbutdipole-likemagneticfieldlines
nearEarth.Thestudyfoundacorrelationbetweensubstormonsetlatitudesandthe
solarwinddynamicpressure.Thiscorrelationpossiblyindicatesanequatorwardshift
oftheauroralovalduetoincreasedopenmagneticfluxinthemagnetosphere(Milan
etal.,2009).Østgaardetal.(2011)analyzedover6600substormstoinvestigatethein-
terhemisphericasymmetryofsubstormonsetlocationsinrelationtotheinterplanetary
magneticfield(IMF).ItconfirmsthattheIMFclockanglesignificantlyorganizesav-
eragesubstormonsetlocationsinbothhemispheres,suggestingthattheonsetlocation
canbeaffectedbythedaysideandlobereconnectiongeometries,alongwithmagnetic
tensiononopenfieldlinesbeforetailreconnection.TheyalsoshowthattheIMFBy
hasanon-linearcorrelationwiththeonsetlocaltime.

Elhawaryetal.(2022)revealsthatsubstormonsetstendtomanifestatearlierlocal
timesduringgeomagneticallyactiveperiodscomparedtoquieterintervals.Throughre-
gressionanalyses,weshowedthatthecorrelationbetweentheALindexandonsetMLT
iscomparabletothatoftheIMFBy,whichwaspreviouslyreportedinstudiesconducted
byLiouandNewell(2010);Østgaardetal.(2011);Wangetal.(2007).Theinfluence
oftheALindexononsetMLTisthesameinbothhemispheres,unlikethehemisphere-
specificeffectsofIMFBy.Thesmallandhemisphere-specificeffectsuggeststhatBy
altersthemagnetosphericprojectionofsubstormonsetsontheionosphere,withoutaf-
fectingtheonsetlocationinthemagnetotaillocations.Gabrielseetal.(2014)revealed
adawn-duskasymmetryininjectionoccurrencerates,favoringthepre-midnightsec-
tor.Theseratesincreasewithgeomagneticactivity,whichmightberelatedtosubstorm
occurrence,howevernoteveryinjectionisfollowedbyasubstorm.InpaperI,wedis-
cusstheionosphericfeedbackonmagnetotailreconnectionsites,potentiallyguiding
theplacementofsubstormonsets.

Despitethisprogress,thepredictabilityofsubstormonsetlocationsremainslimited.
WeperformedalinearregressionmodelintegratingIMFBy,theALindex,aberration
angles,anddipoletilt.Ourcomprehensivemodelexplainsmerely11%oftheobserved
MLTvariationinsubstormonsets.Thishighlightsthehighunpredictabilityofsubstorm
onsetlocations,emphasizingtheneedforfurtherexplorationintothisphenomenon.

4.5SubstormsDuringNorthwardIMF

ThoughsubstormsareknowntooccurmorefrequentlyundersouthwardIMFBzcon-
ditions,theycanalsooccurundernorthwardIMFBz(Leeetal.,2010a,b;Miyashita
etal.,2011;Pengetal.,2013).Crooker(1992);Songetal.(2000)discussedthepossi-
bilityofthenightsidereconnectionundernorthwardIMFBz.Wuetal.(2002)identified
twosubstormsoccurringaftermorethan15hoursofcontinuousnorthwardIMF.Lee
etal.(2010a,b)foundseveralsubstormsundernorthwardIMFconditionsduringthe
recoverystagesofintensestorms,withthesesubstormsbeingasstrongastypicalones
seenwithmoderatelysouthwardIMF.Miyashitaetal.(2011)reportedasequenceof
11substorms,fromveryweaktomoderateintensity,happeningduringaprolongedpe-
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ative IMF Bz conditions (Liou et al., 2001). Gérard et al. (2004) investigated auroral
substorm onset locations using IMAGE-FUV imagers, analyzing the influence of solar
wind conditions. They showed that substorm onsets are primarily concentrated be-
tween 2000 and 0200 MLT, occurring in regions of preexisting proton precipitation,
which suggests initiation in areas with stretched but dipole-like magnetic field lines
near Earth. The study found a correlation between substorm onset latitudes and the
solar wind dynamic pressure. This correlation possibly indicates an equatorward shift
of the auroral oval due to increased open magnetic flux in the magnetosphere (Milan
et al., 2009). Østgaard et al. (2011) analyzed over 6600 substorms to investigate the in-
terhemispheric asymmetry of substorm onset locations in relation to the interplanetary
magnetic field (IMF). It confirms that the IMF clock angle significantly organizes av-
erage substorm onset locations in both hemispheres, suggesting that the onset location
can be affected by the dayside and lobe reconnection geometries, along with magnetic
tension on open field lines before tail reconnection. They also show that the IMF By
has a non-linear correlation with the onset local time.

Elhawary et al. (2022) reveals that substorm onsets tend to manifest at earlier local
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alters the magnetospheric projection of substorm onsets on the ionosphere, without af-
fecting the onset location in the magnetotail locations. Gabrielse et al. (2014) revealed
a dawn-dusk asymmetry in injection occurrence rates, favoring the pre-midnight sec-
tor. These rates increase with geomagnetic activity, which might be related to substorm
occurrence, however not every injection is followed by a substorm. In paper I, we dis-
cuss the ionospheric feedback on magnetotail reconnection sites, potentially guiding
the placement of substorm onsets.

Despite this progress, the predictability of substorm onset locations remains limited.
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ativeIMFBzconditions(Liouetal.,2001).Gérardetal.(2004)investigatedauroral
substormonsetlocationsusingIMAGE-FUVimagers,analyzingtheinfluenceofsolar
windconditions.Theyshowedthatsubstormonsetsareprimarilyconcentratedbe-
tween2000and0200MLT,occurringinregionsofpreexistingprotonprecipitation,
whichsuggestsinitiationinareaswithstretchedbutdipole-likemagneticfieldlines
nearEarth.Thestudyfoundacorrelationbetweensubstormonsetlatitudesandthe
solarwinddynamicpressure.Thiscorrelationpossiblyindicatesanequatorwardshift
oftheauroralovalduetoincreasedopenmagneticfluxinthemagnetosphere(Milan
etal.,2009).Østgaardetal.(2011)analyzedover6600substormstoinvestigatethein-
terhemisphericasymmetryofsubstormonsetlocationsinrelationtotheinterplanetary
magneticfield(IMF).ItconfirmsthattheIMFclockanglesignificantlyorganizesav-
eragesubstormonsetlocationsinbothhemispheres,suggestingthattheonsetlocation
canbeaffectedbythedaysideandlobereconnectiongeometries,alongwithmagnetic
tensiononopenfieldlinesbeforetailreconnection.TheyalsoshowthattheIMFBy
hasanon-linearcorrelationwiththeonsetlocaltime.

Elhawaryetal.(2022)revealsthatsubstormonsetstendtomanifestatearlierlocal
timesduringgeomagneticallyactiveperiodscomparedtoquieterintervals.Throughre-
gressionanalyses,weshowedthatthecorrelationbetweentheALindexandonsetMLT
iscomparabletothatoftheIMFBy,whichwaspreviouslyreportedinstudiesconducted
byLiouandNewell(2010);Østgaardetal.(2011);Wangetal.(2007).Theinfluence
oftheALindexononsetMLTisthesameinbothhemispheres,unlikethehemisphere-
specificeffectsofIMFBy.Thesmallandhemisphere-specificeffectsuggeststhatBy
altersthemagnetosphericprojectionofsubstormonsetsontheionosphere,withoutaf-
fectingtheonsetlocationinthemagnetotaillocations.Gabrielseetal.(2014)revealed
adawn-duskasymmetryininjectionoccurrencerates,favoringthepre-midnightsec-
tor.Theseratesincreasewithgeomagneticactivity,whichmightberelatedtosubstorm
occurrence,howevernoteveryinjectionisfollowedbyasubstorm.InpaperI,wedis-
cusstheionosphericfeedbackonmagnetotailreconnectionsites,potentiallyguiding
theplacementofsubstormonsets.

Despitethisprogress,thepredictabilityofsubstormonsetlocationsremainslimited.
WeperformedalinearregressionmodelintegratingIMFBy,theALindex,aberration
angles,anddipoletilt.Ourcomprehensivemodelexplainsmerely11%oftheobserved
MLTvariationinsubstormonsets.Thishighlightsthehighunpredictabilityofsubstorm
onsetlocations,emphasizingtheneedforfurtherexplorationintothisphenomenon.

4.5SubstormsDuringNorthwardIMF

ThoughsubstormsareknowntooccurmorefrequentlyundersouthwardIMFBzcon-
ditions,theycanalsooccurundernorthwardIMFBz(Leeetal.,2010a,b;Miyashita
etal.,2011;Pengetal.,2013).Crooker(1992);Songetal.(2000)discussedthepossi-
bilityofthenightsidereconnectionundernorthwardIMFBz.Wuetal.(2002)identified
twosubstormsoccurringaftermorethan15hoursofcontinuousnorthwardIMF.Lee
etal.(2010a,b)foundseveralsubstormsundernorthwardIMFconditionsduringthe
recoverystagesofintensestorms,withthesesubstormsbeingasstrongastypicalones
seenwithmoderatelysouthwardIMF.Miyashitaetal.(2011)reportedasequenceof
11substorms,fromveryweaktomoderateintensity,happeningduringaprolongedpe-
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riod of northward IMF, lasting about 19 hours. Tanaka et al. (2010) showed through
global MHD simulation that a sudden collapse of the plasma sheet as a high-pressure
region in the inner magnetosphere could trigger substorm onset under northward IMF
Bz. Although the energy source for the northward IMF Bz substorms is still ambigu-
ous, Akasofu (1975) suggested that the energy –in the magnetotail during northward
IMF Bz– might be stored from former southward IMF Bz conditions. Also, Peng et al.
(2013) suggested that the main source for the northward IMF Bz substorms is the en-
ergy stored in the magnetotail during an earlier interval of southward IMF Bz. Peng
et al. (2013) implied that the energy released in the magnetotail during substorms oc-
curs during northward or southward IMF conditions. On the other hand, for the pro-
longed intervals of northward IMF conditions, Miyashita et al. (2011) suggested that
the presence of large IMF By might play an important role in the dayside reconnection
that leads to energy piling in the magnetotail. While during storm time, Li et al. (2012)
suggested that the energy stored in the magnetotail is not fully released during intense
storms.

Northward IMF substorms experience the minimum dayside reconnection effect al-
lowing us to distinguish between the influence of the nightside dynamics on the dayside
dynamics. Under conditions of northward IMF, an intense and localized current system
forms within the dayside polar cap, as identified in studies by Iijima (1984); Laundal
et al. (2018); Milan (2015). This current system, known as the northward-directed Bz
(NBZ) or lobe cells, arises from lobe reconnection processes. The NBZ current system
consists of a pair of convection cells: a positive, upward-flowing current in the pre-noon
sector and a negative, downward-flowing current in the post-noon sector, both situated
poleward of the region-1 currents on the dayside. These lobe cells indicates a reversed
convection pattern on the dayside, influenced by variations in ionospheric conductance,
as described by Reistad et al. (2019). Elhawary et al. (2023) demonstrated that during
northward IMF substorms, these lobe cells are modulated by nightside magnetospheric
dynamics, exhibiting reduced strength in the growth phase compared to the expansion
phase. We discuss in paper II three possible mechanisms that could be the reason be-
hind this behavior. Substorms occurring during northward conditions should attract
more attention to untie the dayside and nightside dynamics to identify the important
nightside factors influencing the ionospheric current systems.

4.6 Substorm Influence on Interhemispheric Asymmetries

The orientation of IMF By influences the tension forces that act on magnetic flux in
the magnetosphere. The effects of IMF By are not limited to the magnetosphere but
extend to the ionosphere, introducing asymmetries to the coupled system. In the pre-
vious chapter 3, we have discussed how this asymmetry influenced the convection and
ionospheric current system. In this section, we will discuss how it is added to the mag-
netosphere and how the substorms have a role in reducing these asymmetries. Cowley
(1981) originally described the impact of the IMF By component causing asymmetric
addition of field lines to the magnetotail. When By is positive, the tension in the recon-
nected field lines draws them toward dawn in the northern hemisphere and dusk in the
southern hemisphere, leading to magnetic flux accumulation and increased pressure in
these areas. This accumulation could also be influenced by lobe reconnection, where

4.6SubstormInfluenceonInterhemisphericAsymmetries31

riodofnorthwardIMF,lastingabout19hours.Tanakaetal.(2010)showedthrough
globalMHDsimulationthatasuddencollapseoftheplasmasheetasahigh-pressure
regionintheinnermagnetospherecouldtriggersubstormonsetundernorthwardIMF
Bz.AlthoughtheenergysourceforthenorthwardIMFBzsubstormsisstillambigu-
ous,Akasofu(1975)suggestedthattheenergy–inthemagnetotailduringnorthward
IMFBz–mightbestoredfromformersouthwardIMFBzconditions.Also,Pengetal.
(2013)suggestedthatthemainsourceforthenorthwardIMFBzsubstormsistheen-
ergystoredinthemagnetotailduringanearlierintervalofsouthwardIMFBz.Peng
etal.(2013)impliedthattheenergyreleasedinthemagnetotailduringsubstormsoc-
cursduringnorthwardorsouthwardIMFconditions.Ontheotherhand,forthepro-
longedintervalsofnorthwardIMFconditions,Miyashitaetal.(2011)suggestedthat
thepresenceoflargeIMFBymightplayanimportantroleinthedaysidereconnection
thatleadstoenergypilinginthemagnetotail.Whileduringstormtime,Lietal.(2012)
suggestedthattheenergystoredinthemagnetotailisnotfullyreleasedduringintense
storms.

NorthwardIMFsubstormsexperiencetheminimumdaysidereconnectioneffectal-
lowingustodistinguishbetweentheinfluenceofthenightsidedynamicsonthedayside
dynamics.UnderconditionsofnorthwardIMF,anintenseandlocalizedcurrentsystem
formswithinthedaysidepolarcap,asidentifiedinstudiesbyIijima(1984);Laundal
etal.(2018);Milan(2015).Thiscurrentsystem,knownasthenorthward-directedBz
(NBZ)orlobecells,arisesfromlobereconnectionprocesses.TheNBZcurrentsystem
consistsofapairofconvectioncells:apositive,upward-flowingcurrentinthepre-noon
sectorandanegative,downward-flowingcurrentinthepost-noonsector,bothsituated
polewardoftheregion-1currentsonthedayside.Theselobecellsindicatesareversed
convectionpatternonthedayside,influencedbyvariationsinionosphericconductance,
asdescribedbyReistadetal.(2019).Elhawaryetal.(2023)demonstratedthatduring
northwardIMFsubstorms,theselobecellsaremodulatedbynightsidemagnetospheric
dynamics,exhibitingreducedstrengthinthegrowthphasecomparedtotheexpansion
phase.WediscussinpaperIIthreepossiblemechanismsthatcouldbethereasonbe-
hindthisbehavior.Substormsoccurringduringnorthwardconditionsshouldattract
moreattentiontountiethedaysideandnightsidedynamicstoidentifytheimportant
nightsidefactorsinfluencingtheionosphericcurrentsystems.

4.6SubstormInfluenceonInterhemisphericAsymmetries

TheorientationofIMFByinfluencesthetensionforcesthatactonmagneticfluxin
themagnetosphere.TheeffectsofIMFByarenotlimitedtothemagnetospherebut
extendtotheionosphere,introducingasymmetriestothecoupledsystem.Inthepre-
viouschapter3,wehavediscussedhowthisasymmetryinfluencedtheconvectionand
ionosphericcurrentsystem.Inthissection,wewilldiscusshowitisaddedtothemag-
netosphereandhowthesubstormshavearoleinreducingtheseasymmetries.Cowley
(1981)originallydescribedtheimpactoftheIMFBycomponentcausingasymmetric
additionoffieldlinestothemagnetotail.WhenByispositive,thetensionintherecon-
nectedfieldlinesdrawsthemtowarddawninthenorthernhemisphereandduskinthe
southernhemisphere,leadingtomagneticfluxaccumulationandincreasedpressurein
theseareas.Thisaccumulationcouldalsobeinfluencedbylobereconnection,where
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longed intervals of northward IMF conditions, Miyashita et al. (2011) suggested that
the presence of large IMF By might play an important role in the dayside reconnection
that leads to energy piling in the magnetotail. While during storm time, Li et al. (2012)
suggested that the energy stored in the magnetotail is not fully released during intense
storms.
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convection pattern on the dayside, influenced by variations in ionospheric conductance,
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dynamics, exhibiting reduced strength in the growth phase compared to the expansion
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asdescribedbyReistadetal.(2019).Elhawaryetal.(2023)demonstratedthatduring
northwardIMFsubstorms,theselobecellsaremodulatedbynightsidemagnetospheric
dynamics,exhibitingreducedstrengthinthegrowthphasecomparedtotheexpansion
phase.WediscussinpaperIIthreepossiblemechanismsthatcouldbethereasonbe-
hindthisbehavior.Substormsoccurringduringnorthwardconditionsshouldattract
moreattentiontountiethedaysideandnightsidedynamicstoidentifytheimportant
nightsidefactorsinfluencingtheionosphericcurrentsystems.
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the IMF tension supports the flux buildup. The resulting higher pressure drives plasma
and field line convection, shifting the plasma in the northern hemisphere toward dusk
and dawn in the southern hemisphere, thereby adjusting the footpoints of the field lines
accordingly. Cowley (1981) suggested this asymmetry extends into the magnetosphere
upon these field lines’ reconnection in the magnetotail. Khurana et al. (1996) offered
an alternative view, attributing the asymmetric pressure distribution from uneven flux
loading to directly influence magnetospheric behavior via fast-mode MHD pressure
waves. This mechanism induces duskward flows in both hemispheres, contributing to
the By component observed in the magnetotail. They highlight the significance of the
timescale on which the magnetosphere can adapt to IMF changes, suggesting rapid
reconfiguration is possible through pressure wave propagation. One major contrast be-
tween the description presented by Khurana et al. (1996) and the one proposed by Cow-
ley (1981) lies in the time frames over which the magnetospheric system can react and
adjust to the conditions of the IMF because the travel time of pressure waves is longer
than the convection velocity. Tenfjord et al. (2018) corroborated this rapid magneto-
spheric response to IMF By shifts through Lyon-Fedder-Mobarry (LFM) global MHD
simulations, finding immediate adjustments that suggest lobe pressure as a key factor
in asymmetry induction. Studies by Petrukovich (2011) and Tenfjord et al. (2015) high-
lighted a correlation between magnetospheric By amplitude and polarity with IMF By,
affecting magnetic field line footpoint displacement across hemispheres. Can nightside
dynamics impact this asymmetry?

Substorms can modify nightside convection, affecting the overall adjustment of
IMF- and dipole tilt-induced asymmetries in the magnetosphere-ionosphere system.
They tend to diminish asymmetries in nightside magnetic field mapping across hemi-
spheres. Ohma et al. (2018, 2022) observed that substorms lessen the longitudinal dis-
placement asymmetry of magnetic field line footpoints during their expansion phase,
using conjugate auroral features and geosynchronous magnetic field data. Grocott et al.
(2010) found through superposed epoch analysis that substorms eliminate IMF By’s
control over nightside ionospheric convection, suggesting substorms modulate the im-
pact of IMF By on interhemispheric asymmetries.
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simulations,findingimmediateadjustmentsthatsuggestlobepressureasakeyfactor
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dynamicsimpactthisasymmetry?

Substormscanmodifynightsideconvection,affectingtheoveralladjustmentof
IMF-anddipoletilt-inducedasymmetriesinthemagnetosphere-ionospheresystem.
Theytendtodiminishasymmetriesinnightsidemagneticfieldmappingacrosshemi-
spheres.Ohmaetal.(2018,2022)observedthatsubstormslessenthelongitudinaldis-
placementasymmetryofmagneticfieldlinefootpointsduringtheirexpansionphase,
usingconjugateauroralfeaturesandgeosynchronousmagneticfielddata.Grocottetal.
(2010)foundthroughsuperposedepochanalysisthatsubstormseliminateIMFBy’s
controlovernightsideionosphericconvection,suggestingsubstormsmodulatetheim-
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Chapter 5

Data and Method

5.1 Data

5.1.1 Ground-based Magnetometer Data

The research in this thesis is based on analyzing the magnetic field perturbations
measured by the extensive network of ground magnetometers within the SuperMAG
collaboration. SuperMAG collects data from over 600 stations globally. These sta-
tions could belong to different institutes or organizations, for example, MAGDAS
http://magdas2.serc.kyushu-u.ac.jp/. They could also overlap with other ob-
servational networks such as INTERMAGNET https://intermagnet.org/. Super-
MAG offers magnetic field data in both 1-minute and 1-second resolution. For our
study, the 1-minute resolution proved adequate. Gjerloev (2009, 2012) use a technique
to make a standard version of the data from all the different projects to ensure uni-
formity in units and coordinates. The data we have incorporated into our thesis is the
version with baseline subtraction to eliminate long-term trends and any residual offsets.

We use stations located above 50◦ in magnetic latitude within the northern hemi-
sphere. Figure 5.1 illustrates their geographical distribution on a polar projection. The
number of stations with data availability fluctuates from time to time. We verify the
presence of a sufficient number of stations available at the time of analysis. Our inves-
tigation spanned data collected from 1990 to 2019.

Our initial plan was to analyze data from both the northern and southern hemi-
spheres. However, the sparse coverage of magnetometer data in the southern hemi-
sphere presents significant challenges for examining the ionospheric equivalent current
in that region. Later in this chapter, we will discuss how we derived the equivalent
ionospheric currents from the magnetic field perturbations.

5.1.2 Geomagnetic Indices

Geomagnetic indices based on ground magnetometer data represent global geomag-
netic activity. In our analysis, we rely on indices such as the AL index and SML index,
which are defined below.
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tions could belong to different institutes or organizations, for example, MAGDAS
http://magdas2.serc.kyushu-u.ac.jp/. They could also overlap with other ob-
servational networks such as INTERMAGNET https://intermagnet.org/. Super-
MAG offers magnetic field data in both 1-minute and 1-second resolution. For our
study, the 1-minute resolution proved adequate. Gjerloev (2009, 2012) use a technique
to make a standard version of the data from all the different projects to ensure uni-
formity in units and coordinates. The data we have incorporated into our thesis is the
version with baseline subtraction to eliminate long-term trends and any residual offsets.

We use stations located above 50◦ in magnetic latitude within the northern hemi-
sphere. Figure 5.1 illustrates their geographical distribution on a polar projection. The
number of stations with data availability fluctuates from time to time. We verify the
presence of a sufficient number of stations available at the time of analysis. Our inves-
tigation spanned data collected from 1990 to 2019.

Our initial plan was to analyze data from both the northern and southern hemi-
spheres. However, the sparse coverage of magnetometer data in the southern hemi-
sphere presents significant challenges for examining the ionospheric equivalent current
in that region. Later in this chapter, we will discuss how we derived the equivalent
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Figure 5.1: Map of the northern hemisphere stations with geomagnetic latitude ≥ 50◦ listed in Super-
MAG, we used in our study the stations based on the data availability.
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AL Index

The Auroral Electrojet indices AE, AL, AU, and AO were introduced by Davis and
Sugiura (1966). These indices quantify the electric currents flowing in the ionospheric
auroral region. To capture the latitudinal extent of these auroral electrojets, a series
of magnetometers are positioned within the band of the auroral oval in the northern
hemisphere. This distribution ensures that at least one station is near the peak activity
of both the westward and eastward auroral electrojets at all times. There is a lack of a
complete and evenly spaced longitudinal network in the southern hemisphere.

The World Data Centre for Geomagnetism in Kyoto provides these indices today,
known as AE(12), reflecting data from 12 magnetometers. Recorded at 1-minute in-
tervals, the AU and AL indices are determined by the highest and lowest background-
adjusted horizontal field components from these stations. AU is typically associated
with the directly driven current system linked to the dayside reconnection events and
shows an increase during the substorm growth phase. Conversely, the AL index is
closely related to the auroral electrojet within the substorm current wedge, displaying
more negative values during the substorm expansion phase.

SML Index

Newell and Gjerloev (2011) proposed a new generalized SuperMAG AL index (SML).
The new index is defined through the perturbations of 100 stations on average, while
AL is defined through 12 stations only. The aim of this new index is to ensure that the
observed enhancement is on a global scale and, therefore, to better define the timing of
events such as substorm onsets.

Midlatitude Positive Bay

The midlatitude positive bay (MPB) is a high positive pulse in the northward com-
ponent of the magnetic field perturbations observed at mid-latitude stations near mid-
night. It generally rises in about 20 min and decays more slowly, the same behavior
as the expansion and recovery phases of substorms. The MPB index is a measure used
to quantify the impact of these perturbations caused by the SCW at mid-latitudes. It is
calculated as X2 +Y 2, where X is the northward and Y is the eastward components of
the magnetic field, respectively (Chu, 2015; McPherron and Chu, 2016). The data is
collected from stations between 20◦ and 50◦ in magnetic latitude. Since X and Y are
measured in nT, the MPB index is in nT2.

5.1.3 Substorm Onset Detection
Substorm onsets can be detected using geomagnetic indices, and several substorm lists
exist based on this approach. Newell and Gjerloev (2011) and Forsyth et al. (2015)
identify substorms using indices derived from ground magnetometer data in the auroral
zone, while McPherron and Chu (2018) use the magnetic response of the influence of
substorms on mid-latitude perturbations. In the case of the substorm lists identified at
high latitude, the drop of the SML index should be more than 100 nT below the initial
level before the substorm according to the definition by Newell and Gjerloev (2011).
It is characterized by a sharp decrease of about 45 nT in less than 3 minutes. Then
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Sugiura(1966).Theseindicesquantifytheelectriccurrentsflowingintheionospheric
auroralregion.Tocapturethelatitudinalextentoftheseauroralelectrojets,aseries
ofmagnetometersarepositionedwithinthebandoftheauroralovalinthenorthern
hemisphere.Thisdistributionensuresthatatleastonestationisnearthepeakactivity
ofboththewestwardandeastwardauroralelectrojetsatalltimes.Thereisalackofa
completeandevenlyspacedlongitudinalnetworkinthesouthernhemisphere.

TheWorldDataCentreforGeomagnetisminKyotoprovidestheseindicestoday,
knownasAE(12),reflectingdatafrom12magnetometers.Recordedat1-minutein-
tervals,theAUandALindicesaredeterminedbythehighestandlowestbackground-
adjustedhorizontalfieldcomponentsfromthesestations.AUistypicallyassociated
withthedirectlydrivencurrentsystemlinkedtothedaysidereconnectioneventsand
showsanincreaseduringthesubstormgrowthphase.Conversely,theALindexis
closelyrelatedtotheauroralelectrojetwithinthesubstormcurrentwedge,displaying
morenegativevaluesduringthesubstormexpansionphase.
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Thenewindexisdefinedthroughtheperturbationsof100stationsonaverage,while
ALisdefinedthrough12stationsonly.Theaimofthisnewindexistoensurethatthe
observedenhancementisonaglobalscaleand,therefore,tobetterdefinethetimingof
eventssuchassubstormonsets.

MidlatitudePositiveBay

Themidlatitudepositivebay(MPB)isahighpositivepulseinthenorthwardcom-
ponentofthemagneticfieldperturbationsobservedatmid-latitudestationsnearmid-
night.Itgenerallyrisesinabout20minanddecaysmoreslowly,thesamebehavior
astheexpansionandrecoveryphasesofsubstorms.TheMPBindexisameasureused
toquantifytheimpactoftheseperturbationscausedbytheSCWatmid-latitudes.Itis
calculatedasX2+Y2,whereXisthenorthwardandYistheeastwardcomponentsof
themagneticfield,respectively(Chu,2015;McPherronandChu,2016).Thedatais
collectedfromstationsbetween20◦and50◦inmagneticlatitude.SinceXandYare
measuredinnT,theMPBindexisinnT2.

5.1.3SubstormOnsetDetection
Substormonsetscanbedetectedusinggeomagneticindices,andseveralsubstormlists
existbasedonthisapproach.NewellandGjerloev(2011)andForsythetal.(2015)
identifysubstormsusingindicesderivedfromgroundmagnetometerdataintheauroral
zone,whileMcPherronandChu(2018)usethemagneticresponseoftheinfluenceof
substormsonmid-latitudeperturbations.Inthecaseofthesubstormlistsidentifiedat
highlatitude,thedropoftheSMLindexshouldbemorethan100nTbelowtheinitial
levelbeforethesubstormaccordingtothedefinitionbyNewellandGjerloev(2011).
Itischaracterizedbyasharpdecreaseofabout45nTinlessthan3minutes.Then
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this decrease should last around 30 minutes and reach at least 100 nT as shown in
Figure 4.2. On the other hand, the mid-latitude substorm list requires the MPB index to
rise more than 25 nT2, and an interval of 30 minutes should separate the MPB identified
onsets.

Although the geomagnetic indices are useful in identifying substorm onsets, we be-
lieve that the identification through the examination of a sequence of ultraviolet (FUV
or UVI) images taken from satellites is a better method to identify substorms as detailed
in Frey et al. (2004); Liou and Newell (2010). Substorm onsets identified through the
FUV and UVI images must first show a distinct local brightening of the aurora, fol-
lowed by a poleward and azimuthal expansion. A candidate onset is discarded if it hap-
pens less than 30 minutes after the previously defined onset. Images associated with
substorm events are transformed into the geomagnetic coordinate system to determine
the onset MLT and MLat. We refer to this list as the FL list.

5.2 Method

5.2.1 Spherical Harmonic Analysis
Considering that the atmosphere is a non-conductive layer, j = 0, leading to ∇×B = 0
based on Ampere’s law. Consequently, the magnetic field detected at ground level can
be represented using a scalar potential, expressed as B = −∇V , a concept introduced
by Gauss (1877) as detailed in (Glassmeier and Tsurutani, 2014). Furthermore, since
∇ ·B = 0, V obeys the Laplace equation ∇2V = 0 (Chapman and Bartels, 1940).

In spherical coordinates, the Laplace equation is
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where a = 6371.2 km is the radius of the Earth. gm
n and hm

n are the coefficients of
the spherical harmonics of the internal sources, called Gauss coefficients, while qm

n
and sm

n describe external sources. Pm
n are Schmidt semi-normalized Legendre functions

dependent only on the colatitude (θ ). The integers n and m are the degree and order,
respectively. It should be noted that m can only be less than or equal to n. By calculating
the gradient of V , we find relationships between the spherical harmonic coefficients and
the observed magnetic field components.

The main magnetic field is modeled mathematically using a set of spherical har-
monic coefficients. A commonly used model is The International Geomagnetic Refer-
ence Field (IGRF) (Alken et al., 2021). The Earth’s core magnetic field is in a state of
continuous and unpredictable change, with variations occurring over long time scales
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(years). To accurately reflect these temporal changes, particularly those occurring over
relatively few years, the International Geomagnetic Reference Field (IGRF) is regu-
larly revised. These revisions are typically made every five years to ensure the model
remains up-to-date with the current state of the Earth’s magnetic field. IGRF uses a
maximum degree n of 13 for epochs after 1995.

In the following we discuss how we use spherical harmonic analysis to analyze
magnetic field perturbations from ground magnetometer data. We start by transform-
ing SuperMAG data to the quasi-dipole (QD) coordinate system, adopting the method
explained in (Laundal and Richmond, 2017; Laundal et al., 2016). We treat this system
as an orthogonal spherical coordinate system, using the QD components to solve for
the spherical harmonic coefficients qm

n and sm
n . We also estimate the coefficients gm

n and
hm

n , which in our case represent induced currents, given that the main magnetic field
has been subtracted in the SuperMAG pre-processing. The coefficients are estimated
using the linear set of equations that appear by calculating the gradient of V and relat-
ing it to the observed coefficients. The inversion of this set of equations is explained in
the next section. In this procedure, θ is the magnetic colatitude, and φ is the magnetic
local time in radians.

Following Laundal et al. (2016), we represent the equivalent horizontal ionospheric
current (EHIC) measured from the ground as a scalar potential in terms of the external
coefficients of the magnetic field qm

n and sm
n :

Ψ =
a
µ0

∞

∑
n=1

n

∑
m=0

(
2n+1
n+1

)(
a+h

a

)n

[qm
n cos(mφ)+ sm

n sin(mφ)]Pm
n (cos(θ)). (5.3)

Here h is the height with respect to the reference radius a. We choose h = 110 km.
µ0 is the permeability. Figure 3.7 shows the contours of the EHIC during northward
conditions derived utilizing spherical harmonics. We also derived the JEFAC applying
the spherical harmonics as shown in Figure 3.7. To express JEFAC in terms of the
spherical harmonics we recall that JEFAC = 1

α
[∇× j⊥]r. Then, replacing [∇× j⊥]r with

∇Ψ, we obtain an equation containing ∇2Ψ. Utilizing spherical harmonics allows for
the computation of this term, as demonstrated in (Sabaka et al., 2010) and allows us to
express the equivalent field-aligned current as:
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5.2.2 The Inverse Problem
With the spherical harmonic representation of the magnetic field, we obtain a linear
system of equations d = Gm where d is the magnetic field measurements in a column
vector form, m is the spherical harmonic coefficients, and G is the matrix that charac-
terizes the linear relation between the observations and the parameters given by taking
the gradient of equation 5.2.

To find m we used a technique called regularized iteratively re-weighted least
squares. Most real inverse problems are ill-posed problems without a unique solu-
tion, and minor measurement errors may lead to significant changes to the solution.
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remainsup-to-datewiththecurrentstateoftheEarth’smagneticfield.IGRFusesa
maximumdegreenof13forepochsafter1995.
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hasbeensubtractedintheSuperMAGpre-processing.Thecoefficientsareestimated
usingthelinearsetofequationsthatappearbycalculatingthegradientofVandrelat-
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Withthesphericalharmonicrepresentationofthemagneticfield,weobtainalinear
systemofequationsd=Gmwheredisthemagneticfieldmeasurementsinacolumn
vectorform,misthesphericalharmoniccoefficients,andGisthematrixthatcharac-
terizesthelinearrelationbetweentheobservationsandtheparametersgivenbytaking
thegradientofequation5.2.
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To overcome this problem, we use techniques to "smooth out" the solutions. This pro-
cess is known as regularization. It helps make the solution more stable and physically
meaningful by incorporating additional information or assumptions about what the so-
lution should be. We use the technique of Madelaire et al. (2022), which is based on
zeroth-order Tikhonov regularization (Tikhonov et al., 1998). Our regularization, or
smoothing, limits the total magnetic energy in the model magnetic field integrated over
the surface of the ionosphere. The extent to which this is prioritized over model-data
fit is determined by a regularization parameter λ . Choosing λ is equivalent to finding
the right balance between goodness of fit and minimum magnetic energy (smoothness).
We use the method of Madelaire et al. (2022) to find λ based on Generalized Cross-
Validation. In our study, we also applied iterative re-weighted least-squares with Huber
weights (also following the method of Madelaire et al. (2022)) to reduce the influence
of outliers on the final solution. Huber weights are beneficial when the data contains a
few extreme values that would skew the results Huber (1964), reducing the impact of
these outliers. Huber weights help ensure that the model’s parameters are more repre-
sentative of typical data. In our analysis, more constraints were applied to the method to
find the simplest model to explain the data. We enforced hemispheric symmetry using
only the n−m odd terms, since we anyway only use data from the northern hemisphere.
The spherical harmonic series is truncated at n = 35 and m = 3. The low truncation for
m is based on the assumption that the gradient of the east/west is smoother than the
north/south as explained in (Laundal et al., 2016) and used in several empirical models
of ionospheric electrodynamics.

5.3 Uncertainties

There are sources of uncertainty in this study that could be related to the collected
data or the methodology applied. It is almost impossible to avoid or quantify all the
uncertainties, but in this section, we will discuss the uncertainties we are aware of and
how we dealt with them.

Magnetometer data is the primary data source on which we base our results. The
uncertainty in the measurements is very low, ranging between 1 and 5 nT (Curto, 2019).
However, the error may effectively be larger since, as discussed earlier in this chapter,
the data obtained from SuperMAG are baseline subtracted . The subtraction technique,
described in Gjerloev (2012), has assumptions that may lead to potential systematic
measurement errors. For example, in determining the slowly varying component and
the diurnal component, the approach relies on a choice of a window size, which may
lead to either over-smoothing or under-smoothing the data. Another source of error in
the baseline subtraction can be related to the cubic convolution interpolation used to
resample the data. This interpolation technique has assumptions related to the smooth-
ing and continuity of the data. If these assumptions are unsatisfied, the baseline can
be wrong (Gjerloev, 2012). Assuming the typical value is zero during quiet days can
also be a source of error, and it needs to be modified as it can neglect unrecognized
currents present during these quiet times. Subtracted baselines should be accurately
determined; otherwise, it can lead to underestimating or overestimating the magnetic
field perturbations used to create our ionospheric current maps.

Another source of data uncertainties is related to defining substorm onsets using
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resamplethedata.Thisinterpolationtechniquehasassumptionsrelatedtothesmooth-
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magnetometer data. Some substorm lists based on geomagnetic indices identify sub-
storm onsets at unrealistic MLTs. For example, we found that more than 18 % of the
substorms defined in the Forsyth et al. (2015) SOPHIE list are detected by magne-
tometers on the dayside. Figure 5.2 shows a histogram of the number of events in the
SOPHIE list as a function of MLT in hours. 10% of the Newell and Gjerloev (2011)
NG events were identified on the dayside. In our papers we include substorms only if
the onset MLT is between 18 and 6. We also analyzed different substorm lists to en-
sure that the results does not strongly rely on the substorm definition used in a single
list, since this is debatable.

Defining the substorm onsets between 18 and 6 MLT is subjective and it is inter-
esting to investigate how the choice impacts the results. In paper II, we analyzed sub-
storms during northward conditions. In that paper, we plot the maximum value of the
NBZ current positive cells (called P-cell) and the minimum value negative cell (called
N-cell) to represent the intensity of the NBZ current. Based on the SOPHIE list, we
chose the substorm onsets to be defined only on the night side and our results show that
the magnitude of the cells increases around substorm onset. Using the complete list
without filtering the substorms detected on the dayside leads to different conclusions,
as shown in Figure 5.3. In the top panel of this figure, the magnitude of the P-cell for
the whole list decreases after substorm onset, while the nightside onset list shows the
opposite behavior. In the bottom panel, the behavior of the N-cell for the nightside on-
sets list follows that of the substorm, with changing magnitude during the expansion
and recovery phases. The curve based on the whole list does not follow the same trend.
The results of the nightside SOPHIE and NG lists agree well with the results of the
FL list. From our point of view, selecting the nightside substorms in the other lists is,
therefore, the correct choice.

Another issue is that the distribution of the magnetometers is not uniform, as shown
in figure 5.1. Also, the data availability from the magnetometers varies over time, in-
troducing high uncertainties in the spatial resolution of the ionospheric current maps.
With such datasets, studying single substorm events is challenging since obtaining reli-
able global maps of the current becomes problematic. Consequently, we have adopted
a statistical approach to analyze substorm events, utilizing a superposed epoch analysis
merging different substorms. Due to the variation of the magnitude of substorms, some
events may lead to outliers. To reduce the influence of these outliers, we employed Hu-
ber weights, as discussed in the previous section, which help reduce the impact of these
extreme events and facilitate generating average maps of the current systems. To quan-
tify the uncertainty related to variations between events, we employed the bootstrap
technique.
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chosethesubstormonsetstobedefinedonlyonthenightsideandourresultsshowthat
themagnitudeofthecellsincreasesaroundsubstormonset.Usingthecompletelist
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asshowninFigure5.3.Inthetoppanelofthisfigure,themagnitudeoftheP-cellfor
thewholelistdecreasesaftersubstormonset,whilethenightsideonsetlistshowsthe
oppositebehavior.Inthebottompanel,thebehavioroftheN-cellforthenightsideon-
setslistfollowsthatofthesubstorm,withchangingmagnitudeduringtheexpansion
andrecoveryphases.Thecurvebasedonthewholelistdoesnotfollowthesametrend.
TheresultsofthenightsideSOPHIEandNGlistsagreewellwiththeresultsofthe
FLlist.Fromourpointofview,selectingthenightsidesubstormsintheotherlistsis,
therefore,thecorrectchoice.

Anotherissueisthatthedistributionofthemagnetometersisnotuniform,asshown
infigure5.1.Also,thedataavailabilityfromthemagnetometersvariesovertime,in-
troducinghighuncertaintiesinthespatialresolutionoftheionosphericcurrentmaps.
Withsuchdatasets,studyingsinglesubstormeventsischallengingsinceobtainingreli-
ableglobalmapsofthecurrentbecomesproblematic.Consequently,wehaveadopted
astatisticalapproachtoanalyzesubstormevents,utilizingasuperposedepochanalysis
mergingdifferentsubstorms.Duetothevariationofthemagnitudeofsubstorms,some
eventsmayleadtooutliers.Toreducetheinfluenceoftheseoutliers,weemployedHu-
berweights,asdiscussedintheprevioussection,whichhelpreducetheimpactofthese
extremeeventsandfacilitategeneratingaveragemapsofthecurrentsystems.Toquan-
tifytheuncertaintyrelatedtovariationsbetweenevents,weemployedthebootstrap
technique.
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Figure 5.2: Histogram of the number of events in the SOPHIE list between 1995 and 2018 versus the
magnetic local time provided with this events list.
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Figure 5.3: Comparison of the P-cell between the whole SOPHIE list (red color) and the night side
selected SOPHIE list (blue color) in the top panel. Furthermore, the N-cell comparison is shown in the
bottom panel with the same color scheme.
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Chapter 6

Summary of the papers

In this chapter, we will discuss the results of the three papers that comprise the essence
of this thesis.

Paper I: Possible Ionospheric Influence on Substorm Onset
Location

Keypoints

• Prior to the onset of a substorm, the ionospheric state differs based on whether
the substorm initiates early or late in local time.

• During high geomagnetic activity periods, substorm onsets typically shift to ear-
lier local times.

• We propose that duskward shift in magnetospheric substorm activity may be
caused by a higher ionospheric conductance.

In paper I, we analyzed 6192 substorm events from 1996 to 2005. We investigated
how different factors can be used to predict the substorm onset location. We showed
that the level of geomagnetic activity before substorm onset, represented by the AL
index, explains ∼5% of the variation in onset MLT. Previous studies show that about
∼5% of the variation in onset MLT can be explained by variations in the interplanetary
magnetic field By component. If IMF By is negative (positive), the substorm onsets tend
to be observed at later (earlier) local times in the northern (southern) hemisphere. Our
paper shows that during geomagnetically active (quiet) times, substorms tend to begin
at earlier (later) local times. A critical difference between the effect of IMF By and the
effect of the geomagnetic activity is that the onset MLT dependence is the same in the
two hemispheres with respect to the AL index.

We refer to this similar MLT dependence in both hemispheres as a real shift, and the
inter-hemispheric asymmetry with respect to IMF By as a mapping effect. We employed
a linear regression model that combines IMF By, the AL index, the aberration angle,
and the dipole tilt angle. This model explained about ∼11% of the observed variation
in substorm onset MLT.
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44 Summary of the papers

The aim of this paper was to address the second objective of the thesis. Our results
show how unpredictable the substorm onset location is and that further investigation is
needed.

Paper II: Substorm impact on dayside ionospheric currents

Keypoints

• Substorms occur during northward conditions may impact the NBZ dayside iono-
spheric currents.

• Before the onset of northward IMF substorms, lobe cells exhibit unusual weak-
ness, becoming more pronounced after onset.

• We propose three possible mechanisms to understand how magnetotail activities
may affect ionospheric currents on the dayside during northward conditions.

In paper II, we investigate the dayside and nightside ionospheric currents response
influenced by substorm activities. In this paper, we explore the first objective of the
thesis. We performed superposed epoch analyses of ground magnetic field data during
substorms under northward IMF conditions. To ensure a precise analysis, we selected
substorms that maintained a northward IMF orientation from 45 minutes before to 20
minutes after onset. Given the ambiguity of defining a substorm onset, the study exam-
ined responses across three different substorm lists derived from various observation
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• Substorms can reduce interhemispheric asymmetries induced by IMF By and
dipole tilt in the nightside ionospheric currents.

• The IMF and dipole tilt has little impact on substorm currents, while Substorms
have no impact on dayside currents.

• This study provides insights into the development of future climatological models
of ionospheric currents that currently depend solely on upstream parameters.

Paper III shows how substorms influence ionospheric currents, with a specific focus
on the differential impacts on the dayside and nightside currents and the roles of dipole
tilt and IMF By. We show that the seasonal variations and IMF By orientations have
minimal impact on the enhancement in current associated with the substorms (the DP1
current). We show that substorms can diminish inter-hemispheric asymmetries in the
nightside equivalent current caused by variations in the Interplanetary Magnetic Field
(IMF) By component and Earth’s dipole tilt. However, the substorm dynamics have
minimal impact on the dayside currents. Our results highlight the need for the existing
climatological models to include parameters that can account for nightside dynamics.
Through our investigation, we have observed that during substorms, the equivalent cur-
rent predominantly forms a single cell in the post-midnight sector. This phenomenon
occurs irrespective of the IMF By orientation and dipole tilt, emphasizing that the night-
side dynamics is independent of these variables. The aim of this paper was to meet the
first objective of the thesis that we started working on in paper II. In this paper, we
expand on exploring the influence of substorms on the current system under various
conditions.

The results of papers II and III cover the first objective of the thesis, which shows
a difference in the dayside current response to substorms occurring during northward
conditions and all the other different orientations. The results of both papers show that
the substorm influences on the nightside dynamics is the same regardless of the IMF
orientation or seasonal variation.
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occursirrespectiveoftheIMFByorientationanddipoletilt,emphasizingthatthenight-
sidedynamicsisindependentofthesevariables.Theaimofthispaperwastomeetthe
firstobjectiveofthethesisthatwestartedworkingoninpaperII.Inthispaper,we
expandonexploringtheinfluenceofsubstormsonthecurrentsystemundervarious
conditions.

TheresultsofpapersIIandIIIcoverthefirstobjectiveofthethesis,whichshows
adifferenceinthedaysidecurrentresponsetosubstormsoccurringduringnorthward
conditionsandalltheotherdifferentorientations.Theresultsofbothpapersshowthat
thesubstorminfluencesonthenightsidedynamicsisthesameregardlessoftheIMF
orientationorseasonalvariation.
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Chapter 7

Conclusions

7.1 Conclusions

In this thesis, we aim to investigate the impact of substorms on the ionospheric currents
under different conditions. Additionally, we have assessed the impact of pre-substorm
ionospheric conditions on predicting the location of substorm onsets.

In Paper II, we investigated substorms under special conditions of northward IMF.
We discovered that these substorms had an impact on both the dayside and nightside
ionospheric equivalent current. These results led us to investigate the influence of sub-
storms on currents during other IMF orientations and seasons in Paper III. We found
that these substorms have limited impact on the dayside current. Interestingly, we ob-
served no IMF or dipole tilt influence on the nightside currents after the substorm on-
sets, which implies a reduction in interhemispheric asymmetries there. Both studies
emphasize the significant impact of substorms on nightside currents. The current pat-
terns estimated in Papers II and III can be used to inform choices of parameterization
in future empirical models of ionospheric currents that aim to include substorm dy-
namics. The research conducted in these two papers aimed to fulfill the first objective
of the thesis: Investigate the influence of substorms on ionospheric current systems,
emphasizing the difference in response between the dayside and nightside.

Papers II and III illustrate the great impact of substorms on ionospheric currents.
Despite their importance, the timing and location of substorm onsets remain highly
unpredictable. This motivated us to investigate the onset location of the substorms,
in Paper I. We found that geomagnetic activity is as important as IMF conditions in
predicting the substorm onset location, and it suggests that ionospheric feedback plays
a role in modifying magnetospheric dynamics.

Despite our efforts to enhance the prediction of substorm onset locations, the addi-
tional variables considered in Paper I only explain an additional 5 to 6 % in substorm
onset location variation compared to earlier studies. In total, we explain about 11%.
These small numbers emphasize the current limitations in our understanding of the
factors influencing substorm onset locations. This research, therefore, should not be
viewed merely in the context of its immediate outcomes but as a step toward better ex-
ploring the factors affecting the substorm onsets. The results of Paper I addressed the
second objective of this thesis: Examine to what extent substorm onset location can be
predicted.
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ionosphericconditionsonpredictingthelocationofsubstormonsets.

InPaperII,weinvestigatedsubstormsunderspecialconditionsofnorthwardIMF.
Wediscoveredthatthesesubstormshadanimpactonboththedaysideandnightside
ionosphericequivalentcurrent.Theseresultsledustoinvestigatetheinfluenceofsub-
stormsoncurrentsduringotherIMForientationsandseasonsinPaperIII.Wefound
thatthesesubstormshavelimitedimpactonthedaysidecurrent.Interestingly,weob-
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sets,whichimpliesareductionininterhemisphericasymmetriesthere.Bothstudies
emphasizethesignificantimpactofsubstormsonnightsidecurrents.Thecurrentpat-
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infutureempiricalmodelsofionosphericcurrentsthataimtoincludesubstormdy-
namics.Theresearchconductedinthesetwopapersaimedtofulfillthefirstobjective
ofthethesis:Investigatetheinfluenceofsubstormsonionosphericcurrentsystems,
emphasizingthedifferenceinresponsebetweenthedaysideandnightside.

PapersIIandIIIillustratethegreatimpactofsubstormsonionosphericcurrents.
Despitetheirimportance,thetimingandlocationofsubstormonsetsremainhighly
unpredictable.Thismotivatedustoinvestigatetheonsetlocationofthesubstorms,
inPaperI.WefoundthatgeomagneticactivityisasimportantasIMFconditionsin
predictingthesubstormonsetlocation,anditsuggeststhationosphericfeedbackplays
aroleinmodifyingmagnetosphericdynamics.

Despiteoureffortstoenhancethepredictionofsubstormonsetlocations,theaddi-
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Thesesmallnumbersemphasizethecurrentlimitationsinourunderstandingofthe
factorsinfluencingsubstormonsetlocations.Thisresearch,therefore,shouldnotbe
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ploringthefactorsaffectingthesubstormonsets.TheresultsofPaperIaddressedthe
secondobjectiveofthisthesis:Examinetowhatextentsubstormonsetlocationcanbe
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Vasyliūnas,V.M.(2005b),Timeevolutionofelectricfieldsandcurrentsandthe
generalizedohm’slaw,AnnalesGeophysicae,23(4),1347–1354,doi:10.5194/
angeo-23-1347-2005.3.1

58BIBLIOGRAPHY

Svalgaard,L.(1973),Polarcapmagneticvariationsandtheirrelationshipwiththeinter-
planetarymagneticsectorstructure,JournalofGeophysicalResearch(1896-1977),
78(13),2064–2078,doi:https://doi.org/10.1029/JA078i013p02064.3.3

Tanaka,T.,A.Nakamizo,A.Yoshikawa,S.Fujita,H.Shinagawa,H.Shimazu,
T.Kikuchi,andK.K.Hashimoto(2010),Substormconvectionandcurrentsys-
temdeducedfromtheglobalsimulation,JournalofGeophysicalResearch:Space
Physics,115(A5),doi:https://doi.org/10.1029/2009JA014676.4.5

Tenfjord,P.,N.Østgaard,K.Snekvik,K.M.Laundal,J.P.Reistad,S.Haaland,and
S.E.Milan(2015),Howtheimfbyinducesabycomponentintheclosedmagne-
tosphereandhowitleadstoasymmetriccurrentsandconvectionpatternsinthetwo
hemispheres,JournalofGeophysicalResearch:SpacePhysics,120(11),9368–9384,
doi:https://doi.org/10.1002/2015JA021579.3.3,3.2.2,4.6

Tenfjord,P.,N.Østgaard,S.Haaland,K.Snekvik,K.M.Laundal,J.P.Reistad,
R.Strangeway,S.E.Milan,M.Hesse,andA.Ohma(2018),Howtheimfbyin-
ducesalocalbycomponentduringnorthwardimfbzandcharacteristictimescales,
JournalofGeophysicalResearch:SpacePhysics,123(5),3333–3348,doi:https:
//doi.org/10.1002/2018JA025186.4.6

Thomas,E.G.,andS.G.Shepherd(2018),Statisticalpatternsofionosphericcon-
vectionderivedfrommid-latitude,high-latitude,andpolarsuperdarnhfradarob-
servations,JournalofGeophysicalResearch:SpacePhysics,123(4),3196–3216,
doi:https://doi.org/10.1002/2018JA025280.3.4,3.2.2

Tikhonov,A.,A.Leonov,andA.IAgola(1998),NonlinearIll-posedProblems,no.v.
2inAppliedmathematicsandmathematicalcomputation,Chapman&Hall.5.2.2

Uritsky,V.,M.Pudovkin,andA.Steen(2001),Geomagneticsubstormsasper-
turbedself-organizedcriticaldynamicsofthemagnetosphere,JournalofAtmo-
sphericandSolar-TerrestrialPhysics,63(13),1415–1424,doi:https://doi.org/10.
1016/S1364-6826(00)00243-1,forcedand/orSelf-OrganizedCriticality(FSOC)in
SpacePlasmas.4.4.1

Valliéres-Nollet,M.-A.,P.Charbonneau,V.Uritsky,E.Donovan,andW.Liu(2010),
Dualscalingforself-organizedcriticalmodelsofthemagnetosphere,Journal
ofGeophysicalResearch:SpacePhysics,115(A12),doi:https://doi.org/10.1029/
2010JA015641.4.4.1
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Vasyliūnas,V.M.(2005b),Timeevolutionofelectricfieldsandcurrentsandthe
generalizedohm’slaw,AnnalesGeophysicae,23(4),1347–1354,doi:10.5194/
angeo-23-1347-2005.3.1

58BIBLIOGRAPHY

Svalgaard,L.(1973),Polarcapmagneticvariationsandtheirrelationshipwiththeinter-
planetarymagneticsectorstructure,JournalofGeophysicalResearch(1896-1977),
78(13),2064–2078,doi:https://doi.org/10.1029/JA078i013p02064.3.3

Tanaka,T.,A.Nakamizo,A.Yoshikawa,S.Fujita,H.Shinagawa,H.Shimazu,
T.Kikuchi,andK.K.Hashimoto(2010),Substormconvectionandcurrentsys-
temdeducedfromtheglobalsimulation,JournalofGeophysicalResearch:Space
Physics,115(A5),doi:https://doi.org/10.1029/2009JA014676.4.5

Tenfjord,P.,N.Østgaard,K.Snekvik,K.M.Laundal,J.P.Reistad,S.Haaland,and
S.E.Milan(2015),Howtheimfbyinducesabycomponentintheclosedmagne-
tosphereandhowitleadstoasymmetriccurrentsandconvectionpatternsinthetwo
hemispheres,JournalofGeophysicalResearch:SpacePhysics,120(11),9368–9384,
doi:https://doi.org/10.1002/2015JA021579.3.3,3.2.2,4.6

Tenfjord,P.,N.Østgaard,S.Haaland,K.Snekvik,K.M.Laundal,J.P.Reistad,
R.Strangeway,S.E.Milan,M.Hesse,andA.Ohma(2018),Howtheimfbyin-
ducesalocalbycomponentduringnorthwardimfbzandcharacteristictimescales,
JournalofGeophysicalResearch:SpacePhysics,123(5),3333–3348,doi:https:
//doi.org/10.1002/2018JA025186.4.6

Thomas,E.G.,andS.G.Shepherd(2018),Statisticalpatternsofionosphericcon-
vectionderivedfrommid-latitude,high-latitude,andpolarsuperdarnhfradarob-
servations,JournalofGeophysicalResearch:SpacePhysics,123(4),3196–3216,
doi:https://doi.org/10.1002/2018JA025280.3.4,3.2.2

Tikhonov,A.,A.Leonov,andA.IAgola(1998),NonlinearIll-posedProblems,no.v.
2inAppliedmathematicsandmathematicalcomputation,Chapman&Hall.5.2.2

Uritsky,V.,M.Pudovkin,andA.Steen(2001),Geomagneticsubstormsasper-
turbedself-organizedcriticaldynamicsofthemagnetosphere,JournalofAtmo-
sphericandSolar-TerrestrialPhysics,63(13),1415–1424,doi:https://doi.org/10.
1016/S1364-6826(00)00243-1,forcedand/orSelf-OrganizedCriticality(FSOC)in
SpacePlasmas.4.4.1

Valliéres-Nollet,M.-A.,P.Charbonneau,V.Uritsky,E.Donovan,andW.Liu(2010),
Dualscalingforself-organizedcriticalmodelsofthemagnetosphere,Journal
ofGeophysicalResearch:SpacePhysics,115(A12),doi:https://doi.org/10.1029/
2010JA015641.4.4.1
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Vasyliūnas, V. M. (2012), The physical basis of ionospheric electrodynamics, Ann.
Geophys., 30, doi:10.5194/angeo-30-357-2012. 3.1, 3.2.3

Walker, S. J., K. M. Laundal, J. P. Reistad, S. M. Hatch, A. Ohma, and J. Gjer-
loev (2024), The ionospheric leg of the substorm current wedge: Combining irid-
ium and ground magnetometers, ESS Open Archive, doi:10.22541/essoar.170542196.
62700911/v1. 3.2.3

Walsh, A. P., S. Haaland, C. Forsyth, A. M. Keesee, J. Kissinger, K. Li, A. Runov,
J. Soucek, B. M. Walsh, S. Wing, et al. (2014), Dawn–dusk asymmetries in the cou-
pled solar wind–magnetosphere–ionosphere system: A review, in Annales Geophys-
icae, pp. 705–737, Copernicus GmbH. 3.2.2

Wang, H., H. Lühr, S. Y. Ma, and H. U. Frey (2007), Interhemispheric comparison of
average substorm onset locations: Evidence for deviation from conjugacy, Annales
Geophysicae, 25(4), 989–999, doi:10.5194/angeo-25-989-2007. 4.4.2

Wilder, F. D., C. R. Clauer, and J. B. H. Baker (2009), Reverse convection potential sat-
uration during northward imf under various driving conditions, Journal of Geophys-
ical Research: Space Physics, 114(A8), doi:https://doi.org/10.1029/2009JA014266.
3.2.2

Wu, C., K. Liou, R. Lepping, and C. Meng (2002), Observations of substorms dur-
ing prolonged northward imf conditions, in Sixth International Conference on Sub-
storms, vol. 10, Univ of Wash Press, Seattle. 4.5

BIBLIOGRAPHY59
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Vasyliūnas, V. M. (2012), The physical basis of ionospheric electrodynamics, Ann.
Geophys., 30, doi:10.5194/angeo-30-357-2012. 3.1, 3.2.3

Walker, S. J., K. M. Laundal, J. P. Reistad, S. M. Hatch, A. Ohma, and J. Gjer-
loev (2024), The ionospheric leg of the substorm current wedge: Combining irid-
ium and ground magnetometers, ESS Open Archive, doi:10.22541/essoar.170542196.
62700911/v1. 3.2.3

Walsh, A. P., S. Haaland, C. Forsyth, A. M. Keesee, J. Kissinger, K. Li, A. Runov,
J. Soucek, B. M. Walsh, S. Wing, et al. (2014), Dawn–dusk asymmetries in the cou-
pled solar wind–magnetosphere–ionosphere system: A review, in Annales Geophys-
icae, pp. 705–737, Copernicus GmbH. 3.2.2

Wang, H., H. Lühr, S. Y. Ma, and H. U. Frey (2007), Interhemispheric comparison of
average substorm onset locations: Evidence for deviation from conjugacy, Annales
Geophysicae, 25(4), 989–999, doi:10.5194/angeo-25-989-2007. 4.4.2

Wilder, F. D., C. R. Clauer, and J. B. H. Baker (2009), Reverse convection potential sat-
uration during northward imf under various driving conditions, Journal of Geophys-
ical Research: Space Physics, 114(A8), doi:https://doi.org/10.1029/2009JA014266.
3.2.2

Wu, C., K. Liou, R. Lepping, and C. Meng (2002), Observations of substorms dur-
ing prolonged northward imf conditions, in Sixth International Conference on Sub-
storms, vol. 10, Univ of Wash Press, Seattle. 4.5

BIBLIOGRAPHY59
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al.  (2004); Liou (2010) occur before the SCW is 
developed (Kepko et  al.,  2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.

ELHAWARY ET AL.

© 2022 The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided the 
original work is properly cited and is not 
used for commercial purposes.

Possible Ionospheric Influence on Substorm Onset Location
R. Elhawary1 , K. M. Laundal1 , J. P. Reistad1 , and S. M. Hatch1 

1Birkeland Centre for Space Science, University of Bergen, Bergen, Norway Key Points:
•  Ionospheric conditions before 

substorm onset are different for 
substorms with an early local time 
onset versus late local time onset

•  Substorm onsets tend to move to 
earlier local times with increasing 
geomagnetic activity

•  We suggest that higher ionospheric 
conductance leads to a duskward shift 
in magnetospheric substorm activity

Correspondence to:
R. Elhawary,
reham.elhawary@uib.no

Citation:
Elhawary, R., Laundal, K. M., Reistad, 
J. P., & Hatch, S. M. (2022). Possible 
ionospheric influence on substorm 
onset location. Geophysical Research 
Letters, 49, e2021GL096691. https://doi.
org/10.1029/2021GL096691

Received 22 OCT 2021
Accepted 9 FEB 2022

Author Contributions:
Supervision: K. M. Laundal, J. P. Reistad
Writing – review & editing: K. M. 
Laundal, J. P. Reistad, S. M. Hatch

10.1029/2021GL096691
RESEARCH LETTER

1 of 9

 19448007, 2022, 4, D
ow
nloaded from
 https://agupubs.onlinelibrary.w
iley.com
/doi/10.1029/2021G
L
096691 by U
niversitetsbiblioteket I, W
iley O
nline L
ibrary on [02/12/2022]. 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

1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al.  (2004); Liou (2010) occur before the SCW is 
developed (Kepko et  al.,  2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al.  (2004); Liou (2010) occur before the SCW is 
developed (Kepko et  al.,  2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.

ELHAWARY ET AL.

© 2022 The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided the 
original work is properly cited and is not 
used for commercial purposes.

Possible Ionospheric Influence on Substorm Onset Location
R. Elhawary1 , K. M. Laundal1 , J. P. Reistad1 , and S. M. Hatch1 

1Birkeland Centre for Space Science, University of Bergen, Bergen, Norway
Key Points:
•  Ionospheric conditions before 

substorm onset are different for 
substorms with an early local time 
onset versus late local time onset

•  Substorm onsets tend to move to 
earlier local times with increasing 
geomagnetic activity

•  We suggest that higher ionospheric 
conductance leads to a duskward shift 
in magnetospheric substorm activity

Correspondence to:
R. Elhawary,
reham.elhawary@uib.no

Citation:
Elhawary, R., Laundal, K. M., Reistad, 
J. P., & Hatch, S. M. (2022). Possible 
ionospheric influence on substorm 
onset location. Geophysical Research 
Letters, 49, e2021GL096691. https://doi.
org/10.1029/2021GL096691

Received 22 OCT 2021
Accepted 9 FEB 2022

Author Contributions:
Supervision: K. M. Laundal, J. P. Reistad
Writing – review & editing: K. M. 
Laundal, J. P. Reistad, S. M. Hatch

10.1029/2021GL096691
RESEARCH LETTER

1 of 9

 1
94

48
00

7,
 2

02
2,

 4
, 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

1G
L

09
66

91
 b

y 
U

ni
ve

rs
ite

ts
bi

bl
io

te
ke

t I
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
2/

12
/2

02
2]

. 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

1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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1. Introduction
Substorms are abrupt global-scale changes in the magnetotail that release the energy stored in the nightside 
magnetosphere into the two nightside polar ionospheres via field-aligned currents and particle precipitation. 
Akasofu (1964) defined the substorm in terms of two phases, the expansion phase, and the recovery phase. Later 
McPherron (1970) defined a third phase of the substorm, the growth phase. The growth phase of the substorm 
is the period before the onset of the expansion phase, typically lasting for 30–60 min (Lui, 1991), when kinetic 
energy in the solar wind is transferred to magnetic energy in the magnetotail and then thermal energy in the 
plasma sheet. During the expansion phase, the aurora suddenly becomes bright and evolves into a global distri-
bution in typically 10–30 min. Finally, a recovery phase can last for more than 2 hr. See, for example, McPherron 
and Chu (2016) for a detailed review about the development of the definition of substorms.

The substorm cycle is an integral component of solar wind-magnetosphere-ionosphere coupling: Substorms are 
the central process by which the magnetosphere releases magnetic flux opened on the dayside back into the solar 
wind through reconnection in the neutral sheet of the magnetotail (Milan et al., 2010). Substorms also release 
energy in the magnetotail that reorganizes ionospheric flows (Grocott et al., 2017).

Global UV images of the aurora have shown that 80% of substorm onsets (i.e., between the 10th and 90th percen-
tile) happen in a ∼3.2 hr wide range of magnetic local time (MLT), centered pre-midnight (Frey et al., 2004; 
Liou, 2010). It may not be surprising that substorm auroras take place at pre-midnight, given that the upward 
current at the duskward edge of the substorm current wedge (SCW) should be associated with downward elec-
trons. However, we believe that the onsets listed by Frey et al. (2004); Liou (2010) occur before the SCW is 
developed (Kepko et al., 2015) and the structure of the SCW probably does not explain the duskward shift. 
Furthermore, the onset aurora may not be closely associated with FACs at all (Mende et al., 2003), but instead, 
map to the transition between the dipolar and the stretched field lines. Beyond this statistical distribution, the 
location of substorm onsets remains largely unpredictable. Previous studies have attempted to predict the location 
of the substorm onset by correlating the MLT and magnetic latitude (MLat) of the substorm onset with different 
parameters. For instance, Liou et al. (2001) found that substorms occur at lower latitudes when the interplanetary 
magnetic field (IMF) Bz component is negative, compared to positive. Gérard et al. (2004) also found a corre-
lation between MLat of the substorm onset and solar wind dynamic pressure. Both effects may be the result of 
relatively more open flux in the magnetosphere, which moves the auroral oval equatorward (Milan et al., 2009).

Abstract Auroral substorm onset locations are highly unpredictable. Previous studies have shown that the 
By component of the interplanetary magnetic field (IMF) explains ∼5% of the variation in onset magnetic local 
time (MLT), while solar wind conditions and the other IMF components have even less explanatory power. 
In this study, we show that the level of geomagnetic activity before substorm onset, as indicated by the AL 
index, explains an additional ∼5% of the variation in onset MLT. We discuss our results with regard to recent 
modeling studies, which show that gradients in the ionospheric Hall conductance can lead to a duskward shift 
of the magnetotail dynamics. Our findings suggest that this magnetosphere-ionosphere coupling effect may also 
influence the location of substorm onsets.

Plain Language Summary Substorms are explosive disturbances in our magnetotail that impact the 
earth's ionosphere. They happen on average several times per day and as a result of this phenomenon, we can 
see the marvelous aurora. Substorms happen on the nightside of the earth and can take place over a wide range 
of latitudes and longitudes. In this study, we show that substorms tend to begin at earlier local times during 
geomagnetically active times than during quiet times. We interpret this tendency as a sign that ionospheric 
conditions may play a role in determining where substorms occur.
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et  al.,  2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) = 𝐴𝐴

√

< 𝐸𝐸2

𝑞𝑞𝑞𝑞
+𝑁𝑁2

𝑞𝑞𝑞𝑞
> 

where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸2

𝑞𝑞𝑞𝑞
+𝑁𝑁2

𝑞𝑞𝑞𝑞
> 

where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸2

𝑞𝑞𝑞𝑞
+𝑁𝑁2

𝑞𝑞𝑞𝑞
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where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et  al.,  2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) = 𝐴𝐴

√

< 𝐸𝐸
2

𝑞𝑞𝑞𝑞 +𝑁𝑁
2

𝑞𝑞𝑞𝑞 > 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et  al.,  2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) = 𝐴𝐴

√

< 𝐸𝐸
2

𝑞𝑞𝑞𝑞 +𝑁𝑁
2

𝑞𝑞𝑞𝑞 > 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸
2

𝑞𝑞𝑞𝑞+𝑁𝑁
2

𝑞𝑞𝑞𝑞> 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸
2

𝑞𝑞𝑞𝑞+𝑁𝑁
2

𝑞𝑞𝑞𝑞> 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸
2

𝑞𝑞𝑞𝑞+𝑁𝑁
2

𝑞𝑞𝑞𝑞> 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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Many other studies have shown that the substorm onset MLT depends on the polarity of IMF By rather than IMF 
Bz (Liou & Newell, 2010; Østgaard et al., 2004, 2005, 2011; Wang et al., 2007). Using the lists of substorm 
onsets based on global UV imaging by Frey et al. (2004) and Liou (2010), Østgaard et al. (2011) showed that the 
substorm onset MLT and IMF By are correlated. Though the relationship between IMF By and substorm onset 
MLT is statistically significant, IMF By only explains 5% of the variation of the substorm onset MLT. Tenfjord 
et al. (2015) argued that the asymmetric addition of open flux during IMF By periods leads to an induced By in 
the magnetosphere, which in turn can lead to changes in the observed projection of the substorm onset on the 
ionosphere. This projection effect may explain the observed variation of onset location versus IMF By. Further-
more, simultaneous observations of substorm onsets in the two hemispheres show that the correlation of the 
relative shift in MLT with IMF By is much higher (Østgaard et al., 2005), consistent with our interpretation 
that the IMF By effect is due to a relative shift of the onset MLT in each hemisphere (i.e., an effect of field line 
mapping), and not a real shift of the onset location in the magnetosphere. In addition to IMF By, the dipole tilt 
angle may also have a similar effect on the observed onset location in the ionosphere: Due to tail warping asso-
ciated with nonzero dipole tilt (e.g., Tsyganenko, 1998), a positive dipole tilt angle will lead to an added positive 
By component on closed field-lines in the magnetotail at dusk, and an added negative By component at dawn (e.g., 
Liou & Newell, 2010; Figure 3). This perturbation field would project phenomena in the dusk magnetotail to 
earlier (later) local times in the northern (southern) ionosphere. Substorm onset statistics presented by Liou and 
Newell (2010) and Østgaard et al. (2011) are consistent with this idea, assuming that most onsets happen at dusk 
in the magnetotail.

The results presented in these previous studies may be completely explained by mapping effects, while the 
location of the onset in the magnetotail remains unpredictable. The observed shift toward dusk of the typical 
onset location is similar to the observed distribution of tail reconnection (e.g., Angelopoulos et al., 1994; Kiehas 
et al., 2018). One potential explanation of this shift is related to the Hall effect in a thin current sheet. This was 
investigated by Lu et al. (2016) and Lu et al. (2018), who conducted a hybrid 3D global simulation and a particle 
in a cell simulation, respectively, with uniform ionospheric conductances to exclude the ionospheric effects. They 
found that the Hall effect is stronger on the dusk side due to higher ion perpendicular temperature, and a smaller 
Bz. Another potential explanation that includes the ionospheric contribution to the observed shift was presented 
in Lotko et al. (2014). They performed three MHD simulations: In the first simulation, they introduced uniform 
ionospheric conductance and observed symmetric magnetotail activity. In the second simulation, they introduced 
high Hall conductance in the auroral oval and monitored the magnetotail activity which shifted toward dusk. 
In the third simulation, they introduced an unrealistic depression in Hall conductance in the auroral oval and 
monitored the magnetotail activity which shifted toward dawn. The results of Lotko et al. (2014) suggest that 
ionospheric feedback influences the duskward shift of tail reconnection and, possibly, substorm onsets. In the 
current paper, we test this idea using observations of substorm onsets, ground magnetic field perturbations, and 
solar wind conditions.

2. Observations
We use the Frey et al. (2004) and Liou (2010) lists to investigate substorm onsets in this study. The two lists 
combined have 6,192 substorms in the period 1996–2005, with 4,762 substorms observed in the Northern 
hemisphere and 1,430 substorms observed in the Southern hemisphere. The substorm onsets identified in Frey 
et al. (2004) as “a clear local brightening of the aurora.” Two additional criteria have been applied to identify the 
substorm onset in this list: After observing the clear local brightening, they require (a) that the expansion of the 
aurora lasts for at least 20 min, (b) that the poleward expansion goes over the poleward boundary of the oval, and 
(c) that the onset occurs at least 30 min after a previously identified onset. In the list provided by Liou (2010), 
the substorm onset is identified as “a sudden brightening of the aurora.” The author then uses the same criteria 
as Frey et al. (2004) except that in the second step, he does not require the poleward expansion to go beyond the 
poleward boundary of the oval. Afterward, the identified images related to substorm events are transformed to 
geomagnetic coordinate system to provide the onset MLT and MLat.

To investigate whether the ionospheric state may possibly influence substorm onset location, we used the 
magnitude of the horizontal geomagnetic data from the northern hemisphere (ground B) =  𝐴𝐴

√

<𝐸𝐸
2

𝑞𝑞𝑞𝑞+𝑁𝑁
2

𝑞𝑞𝑞𝑞> 
where Eqd and Nqd are the eastward and northward component of the magnetic field in quasi-dipole coordi-
nates. The ground magnetic field perturbations were obtained from the SuperMAG database in geographic 
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coordinates with the baseline subtracted as described in Gjerloev  (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et  al.  (2016).  Figure  1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et  al.,  2004; Liou & Newell,  2010). Figures  1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20  min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond,  2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev  (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et  al.  (2016).  Figure  1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et  al.,  2004; Liou & Newell,  2010). Figures  1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20  min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond,  2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev  (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et  al.  (2016).  Figure  1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et  al.,  2004; Liou & Newell,  2010). Figures  1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20  min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond,  2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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coordinates with the baseline subtracted as described in Gjerloev (2012). 
The data is then converted to quasi-dipole coordinates following Laundal 
et al. (2016).  Figure 1 shows  maps of the magnitude of (ground B). The 
colors represent the median ground B perturbations magnitude 20 min before 
substorm onsets for different conditions of IMF By and dipole tilt angle.

The left column shows onsets observed between 20 and 22 MLT (hereafter 
“early onsets”) and the right column shows onsets observed between 24 and 
02 MLT (late onsets), as the distribution of the substorm onsets is centered 
around 23 MLT (Gérard et al., 2004; Liou & Newell, 2010). Figures 1a 
and 1b show the median magnetic field perturbations 20 min before early and 
late substorm onsets, respectively. The magenta lines are the boundaries of 
the onset locations. The red cross × is the location of the mean onset location 
while the green circle • is the median. The median MLT of the early (late) 
subset is 21.47 (0.54). We find that the magnitude of ground B is generally 
higher during the 20 min preceding early substorm onsets than during the 
20 min preceding late substorm onsets.

The separation into early and late onsets biases the distributions of IMF 
By and dipole tilt angle since we know that these parameters influence the 
onset location. To ensure that this bias is not the reason for the different 
ground B magnitudes, we further separate the onsets by the sign of IMF By 
and dipole tilt angle. Panels (c–f) of Figure 1 show maps of ground B for 
early and late onsets with the different polarity of IMF By, and |By| > 1 nT. 
We used measurements of IMF By with a 1-min resolution provided from the 
OMNI data set, time shifted to the bow shock. We use the median during 
the 20 min before the substorm onset. For both polarities of IMF By, the 
magnitude of ground B for early onset substorms is higher than the magni-
tude  for  late-onset substorms. Panels (g–j) of Figure 1 show maps of ground 
B for substorms that occurred at times with different dipole tilt angle Ψ 
(Laundal & Richmond, 2017). For both signs of the dipole tilt angle, the 
magnitude of ground B is higher for early substorms than late substorms. 
These panels show that the bias in By  and Ψ is not the reason for the different 
B magnitudes in the two columns.

Motivated by our results showing profound differences in the ionospheric 
state before early and late substorm onsets, we have examined the relation-
ship between substorm onset MLT and four different parameters: The auroral 
lower (AL) index, the solar wind aberration angle, the dipole tilt angle, and 
IMF By. For all variables except for dipole tilt angle, we use the mean value 
during the 60 min before onset. Figures 2a–2d show the results of a regres-
sion analysis of MLT and each of these variables separately. In each panel, 
the regressor is divided into 10 bins with an equal number of observations, 
and the median onset MLT is shown in blue (red) for substorms observed in 
the northern (southern) hemisphere. The vertical bars represent the standard 
error of the median (see, e.g., Greene, 2003, page 878; not the standard devi-
ation). The dashed lines represent regression models to be discussed in more 
detail below. Figure 2e shows the result of a multivariable regression analy-
sis where all four parameters are combined and will  be  explained  below.  We 
have also examined the relationship between the substorm onset MLT and 
IMF Bz. The median IMF Bz for early and late MLT onsets is −1.8 and −1.5 nT, 
respectively. This result is consistent with Liou et al. (2001),  who  found that 
there is no clear relationship between IMF Bz and variations of the MLT of 
the substorm onsets. That IMF Bz is not strongly related to the onset MLT, 
while the AL index is, is counter-intuitive because the IMF Bz and AL are 

Figure 1. Maps of the magnitude of the average horizontal magnetic field 
perturbations (ground B) 20 min before the substorm onset. The left column 
shows onsets observed between 20 and 22 MLT (early) and the right column 
shows onsets observed between 24 and 02 MLT (late). Panels a and b show 
maps of early and late onsets based on all the available data. Panels c and d 
(e and f) show early and late onsets that occurred when IMF By was positive 
(negative). Panels g and h (i and j) show maps for positive (negative) dipole tilt 
angle. Each panel uses an equal-area grid with 2° MLat resolution.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure  2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.

 19448007, 2022, 4, D
ow
nloaded from
 https://agupubs.onlinelibrary.w
iley.com
/doi/10.1029/2021G
L
096691 by U
niversitetsbiblioteket I, W
iley O
nline L
ibrary on [02/12/2022]. 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

Geophysical Research Letters

ELHAWARY ET AL.

10.1029/2021GL096691

4 of 9

correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure  2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure  2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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correlated. However, the AL index is not a simple function of the simultane-
ous Bz, but also depends on the delayed response of the magnetotail to energy 
transfer from the solar wind to the magnetosphere (Laundal et al., 2020). Our 
results therefore indicate that the possible ionospheric influence on substorm 
onset location depends more on the time-delayed magnetotail component.

Figure 2a shows the relationship between the onset MLT and the AL index. 
The purpose of analyzing the variation between onset MLT and the AL index 
is to quantify the effect that is observed in Figure 1, that stronger magnetic 
field perturbations before a substorm are associated with earlier onset MLTs. 
The AL index measures the maximum strength of the westward electrojet 
from 12 magnetometers longitudinally distributed along the auroral oval, and 
is here taken as a proxy of geomagnetic activity. The x-axis of Figure 2a 
represents a modified AL, AL*, defined as max(AL) - AL, where max(AL) 
is the maximum value of AL = 7.85 nT. This ensures that AL* is always 
positive. We see from Figure 2a that the variation of substorm onset MLT 
as a function of AL is nonlinear. We therefore seek a regression model on 
the form y = a − bAL* γ, where y is the onset MLT and a, b, and γ are model 
parameters to be fitted. Since AL* is positive, y will be real for all γ. The 
model parameters are estimated using non-linear least squares, with all data 
points individually (not the median values). The resulting model parameters 
are a = 25.7 hr, b = 1.69 hr/nT, and γ = 0.1. The coefficient of determi-
nation (the square of the correlation coefficient) r 2 is 0.049, which means 
that the model explains about 4.9% of the variation of the substorm onset 
MLT, roughly the same as IMF By-based statistical models (see Østgaard 
et al., 2011, and below). In contrast to variation with IMF By, the variation 
with AL is in the same direction in both hemispheres.

Figure 2b shows the relationship between the aberration angle and the MLT 
of the substorm onset. The aberration angle α is the angle between the 
Sun-Earth line and the solar wind velocity as defined by (Hones et al., 1986). 
We calculate the aberration angle as α = tan −1(−Vy /Vx), where Vy is the solar 
wind velocity in the GSM y-direction. The Vy provided by OMNI is given in 
an inertial frame, but we have converted to an Earth fixed frame by adding 
Earth's orbital speed, 29.8 km/s. We expect that the onset MLT varies linearly 
with aberration angle, since the magnetosphere aligns with the solar wind 

velocity (a “windsock effect”). This is also supported by the medians in Figure 2b. We therefore seek a model 
on the form y = a + bα. We estimated model parameters are a = 22.6 hr and b = 0.96, when the angle α is given 
in hours. The fact that b is so close to 1 is in agreement with the expected windsock effect. The coefficient of 
determination is 2.5%.

Figure 2c shows the relationship between the dipole tilt angle Ψ and the MLT of the substorm onset. We see that 
the onset MLT decreases (increases) with dipole tilt angle in the Northern (Southern) hemisphere. The figure 
indicates that the relationships are linear, so we seek models on the form yn,s = an,s + bn,sΨ, where the subscripts 
refer to the Northern and Southern hemispheres. We find that an(as) = 22.9(22.7) and bn(bs) = − 0.006(0.002) 
hr/degree. In both cases, the models explain less than 1% of the substorm onset MLT variation. However, since 
the number of samples is so large, the probability that this would occur by chance is less than 10 −8. In the other 
regression models, the correlation is higher, and the p value is smaller.

Figure 2d shows the relationship between the IMF By component of the solar wind and the MLT of the substorm 
onset. Milan et al. (2010) suggested that for IMF By to impact the onset MLT, the polarity must be the same for a 
long time prior to the substorm onset. In our analysis, we used the mean of IMF By 1 hr before the substorm onset. 
We see that if IMF By is negative (positive), the substorm onsets tend to be observed at later (earlier) local times 
in the northern (southern) hemisphere. For the opposite sign, the variation is minimal. This is in agreement with 
the results by Østgaard et al. (2011). Because of this, we seek regression models of the form

Figure 2. Panels (a–d) shows the relationship between the substorm onset 
MLT and the AL index, the aberration angle, the dipole tilt angle, and IMF 
By respectively, panel (e) shows the multivariable regression analysis with 
the four parameters. Each substorm onset from the combined lists is plotted 
against the model prediction as green dots. The black dashed line represents 
where the data would be in the ideal case that the model makes perfect 
predictions. Our model follows the dashed line closely.
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⎩

𝑎𝑎𝑛𝑛 + 𝑏𝑏𝑛𝑛𝐵𝐵𝑦𝑦 if 𝐵𝐵𝑦𝑦 < 0

𝑎𝑎𝑛𝑛 if 𝐵𝐵𝑦𝑦 ≥ 0,

, (1)

and for the southern hemisphere,

𝑦𝑦𝑠𝑠 =

⎧

⎪

⎨

⎪

⎩

𝑎𝑎𝑠𝑠 if 𝐵𝐵𝑦𝑦 < 0

𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑠𝑠𝐵𝐵𝑦𝑦 if 𝐵𝐵𝑦𝑦 ≥ 0,

. (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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.  (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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and for the southern hemisphere,
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⎧
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⎩

𝑎𝑎𝑠𝑠if𝐵𝐵𝑦𝑦<0

𝑎𝑎𝑠𝑠+𝑏𝑏𝑠𝑠𝐵𝐵𝑦𝑦if𝐵𝐵𝑦𝑦≥0,

.  (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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and for the southern hemisphere,
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⎪
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⎩
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. (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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.  (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.
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We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.

 1
94

48
00

7,
 2

02
2,

 4
, 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

1G
L

09
66

91
 b

y 
U

ni
ve

rs
ite

ts
bi

bl
io

te
ke

t I
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
2/

12
/2

02
2]

. 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

Geophysical Research Letters

ELHAWARY ET AL.

10.1029/2021GL096691

6 of 9

𝑦𝑦𝑛𝑛=

⎧

⎪

⎨

⎪

⎩

𝑎𝑎𝑛𝑛+𝑏𝑏𝑛𝑛𝐵𝐵𝑦𝑦if𝐵𝐵𝑦𝑦<0

𝑎𝑎𝑛𝑛if𝐵𝐵𝑦𝑦≥0,

,  (1)

and for the southern hemisphere,

𝑦𝑦𝑠𝑠=

⎧

⎪

⎨

⎪

⎩

𝑎𝑎𝑠𝑠if𝐵𝐵𝑦𝑦<0

𝑎𝑎𝑠𝑠+𝑏𝑏𝑠𝑠𝐵𝐵𝑦𝑦if𝐵𝐵𝑦𝑦≥0,

.  (2)

We find that an(as) = 22.75(22.55) h, and bn(bs) = 0.11(−0.10) hr/nT. Both models explain about 4.5% of the 
variation in onset MLT.

Figure 2e shows the result of a multivariable regression analysis which includes all the above parameters. The 
multivariable model combines all the above model representations, and the model parameters are coestimated. In 
this model, we reverse the signs of By and dipole tilt angle Ψ for substorms observed in the Southern hemisphere. 
The resulting model is y = 24.63–0.10By − 1.14AL* 0.13 − 0.0035Ψ + 0.66α, where By and AL are given in nT, 
Ψ in degrees, and α in hours. Figure 2e shows each onset plotted against the model prediction as green dots. 
The dashed line represents where the data would be in the ideal case that the model makes perfect predictions. 
However, the model only captures 11.3% of the total variance of the MLT of the substorm onsets. The  indi-
vidual data points (green dots) are included in this panel to highlight the large degree of scatter. The standard 
deviation of the full onset MLT distribution is 1.3 hr, and several substorms also occur outside the bounds of 
this plot. In the panels above, only binned medians are shown, although the individual data points were used in 
the regression  analyses. The blue dots in Figure 2e also represent binned medians, in 10 bins based on model 
prediction  quantiles, and we see that they follow the dashed line closely. The standard error of the median is too 
small to be noticed.

3. Discussion and Summary
We have shown that substorm onsets tend to occur at earlier local times during geomagnetically active periods 
relative to substorm onsets during quiet periods. The regression analyses presented in Figures 2a and 2d show 
that the AL index before substorm onset is as strongly correlated with onset MLT as the IMF By, which has been 
reported in several earlier studies (Liou & Newell, 2010; Østgaard et al., 2011; Wang et al., 2007).

A key difference from the effect of IMF By is that the onset MLT dependence is the same in the two hemispheres 
with respect to AL. Since the effect of IMF By is opposite in the two hemispheres, and since it only explains 
about 5% of the observed variation in onset MLT, we interpret it as an effect of magnetic mapping. That is, IMF 
By does not influence the location of the substorm onset in the magnetotail, only how it maps to the ionosphere, 
where we see the auroral emissions. The IMF By induces a By component in the magnetosphere with the same 
sign (Tenfjord et al., 2015), which causes the observed substorm onsets to shift in opposite directions in the two 
hemispheres. This mapping effect is illustrated in Figure 3a. The blue magnetic field line is symmetric between 
the two hemispheres, and the red magnetic field line illustrates what happens when we introduce a positive By 
in the magnetotail: The footpoint shifts toward dusk in the northern hemisphere and toward dawn in the south-
ern  hemisphere. Figure 3a1 (a.2) shows the distribution of substorm onset locations observed in the northern 
(southern) hemisphere under By positive (green) and negative (orange) conditions. We calculated IMF By as the 

Figure 3. Conceptual figure illustrating (a) the mapping effect and (b) the real shift in the magnetotail. In panels (a) and (b), the green (orange) circle represents the 
northern (southern) hemisphere's high latitude ionosphere, the blue line is a magnetic field line to be shifted toward either dawn or dusk, appearing as the red line after 
the shift. The shift is in opposite direction between the northern and southern hemispheres in (a) and in the same direction in (b) Panels (a1) and (a2) represent the 
distributions of the MLT of substorm onsets in Northern and Southern hemisphere, respectively, the panels show that the substorm onset MLT distribution observed 
in the northern (southern) hemisphere with positive IMF By shifts toward earlier (later) MLT. Panels (b1) and (b2) represent the distributions of the MLT of substorm 
onsets in Northern and Southern hemisphere, respectively. The panels show that the substorm onset MLT observed in both northern and southern hemispheres shift 
toward earlier local time in both hemispheres for increased AL.

 1
94

48
00

7,
 2

02
2,

 4
, 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

1G
L

09
66

91
 b

y 
U

ni
ve

rs
ite

ts
bi

bl
io

te
ke

t I
, W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[0
2/

12
/2

02
2]

. 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



Geophysical Research Letters

ELHAWARY ET AL.

10.1029/2021GL096691

7 of 9

mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf  (1970) and Atkinson and Hutchison  (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf  (1970) and Atkinson and Hutchison  (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf  (1970) and Atkinson and Hutchison  (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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mean during 1 hr before the substorm onset as used in the linear regression analysis above. We see that the effect 
is in the opposite direction in the two hemispheres.

Figure 3b illustrates our interpretation of the onset MLT dependence on the AL index: Since the shift is in the 
same direction in both hemispheres, it is presumably not an effect of mapping, as with IMF By. Instead of a 
mapping effect, there is a real shift of substorm onset location in the magnetotail toward dusk when geomagnetic 
activity increases. The blue magnetic field line in Figure 3b represents a quiet time situation, and the red magnetic 
field line represents active times. Figures 3b1 and 3b2 show the distribution of substorm onset locations observed 
in the northern hemisphere and the southern hemisphere respectively for high (green) and low (orange) activity, 
quantified in terms of the AL index before the substorm onset. We see that the effect is in the same direction in 
the two hemispheres.

Two different mechanisms have been proposed to explain dawn-dusk asymmetries in nightside activity: (a) A 
duskward shift of the plasma convection in the ionosphere due to conductance gradients and associated influence 
on the magnetotail (Lotko et al., 2014), and (b) a duskward displacement of the tail reconnection region due to 
Hall effects (Lu et al., 2016, 2018). The two mechanisms are not mutually exclusive, and both may be relevant 
to understand our observations of an AL control on onset MLT. However, the ionospheric conductance effect is 
presumably more directly related to the AL index than the magnetotail Hall effect. Considering the ionospheric 
Ohm's law, the AL index and conductance are proportional; but the conductance can be high even if the magne-
totail current sheet is not thin, and vice versa. The ionospheric conductance effect on global magnetospheric 
dynamics was investigated in detail by Lotko et al. (2014). They used a magnetohydrodynamic simulation of the 
magnetosphere, with an electrostatic coupling to the ionosphere. They performed three simulation runs using the 
same solar wind conditions, but three different high-latitude distributions of ionospheric conductance: First, a 
uniform ionospheric conductance produced symmetric magnetotail activity with respect to the Sun-Earth line. 
Second, a realistic, empirical distribution with enhanced Hall conductance in the auroral oval produced magne-
totail activity shifted toward dusk. Third, an unrealistic distribution of artificially depressed Hall conductance 
in the auroral oval produced magnetotail activity shifted toward dawn. These simulations clearly illustrate that 
ionospheric feedback can impact magnetospheric dynamics, and in particular magnetotail reconnection. If, as 
suggested by Angelopoulos et al. (2008), substorms are triggered by tail reconnection, it is likely that the effect 
studied by Lotko et al. (2014) and Zhang et al. (2012) may influence the location of the substorm onset and the 
subsequent expansion.

Wolf (1970) and Atkinson and Hutchison (1978) showed that the conductance gradient associated with the 
sunlight terminator can imply a clockwise rotation of the ionospheric convection pattern. This rotation could 
be an additional contributing factor in the duskward shift of magnetospheric activity. However, unlike the auro-
ral gradient effect studied by Lotko et al. (2014), the terminator gradient effect is not expected to change with 
increasing geomagnetic activity.

Earlier studies, for example, Rostoker (1991) have reported that consecutive auroral brightenings tend to appear 
at progressively earlier local times. This could be a manifestation of the same mechanism(s) responsible for 
the observed relationship between the substorm onset MLT and the AL index discussed in this study. Kiehas 
et al. (2018) related observed duskward shift in magnetotail plasma flow to the high geomagnetic activity of high 
AL index. They suggested that the near-Earth reconnection is favorably located at the dusk sector as suggested by 
Lotko et al. (2014), Lu et al. (2016, 2018), and Zhang et al. (2012).

The ionospheric effect observed in the simulations reported by Lotko et al. (2014) relies on electrostatic models 
to represent the magnetosphere-ionosphere coupling. In reality, this coupling is not electrostatic, and an electro-
static model cannot explain how ionospheric feedback causes the magnetospheric activity to shift toward dusk. 
Determining the process by which ionospheric feedback regulates magnetospheric activity requires solving the 
equations that describe conservation of mass and momentum for ions and electrons moving through the neutral 
fluid, as they respond to electromagnetic fields that obey Maxwell's equations (e.g., Dreher, 1997).

Even though we have shown that the AL index is as useful in predictions of substorm onset MLT as IMF By, the 
explanatory power of our regression models (Figure 2) are all very low. A model that combines IMF By, the AL 
index, the aberration angle, and the dipole tilt angle explains about 11% of the observed variation in substorm 
onset MLT. The timing and location of substorm onsets therefore remain highly unpredictable.
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Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag where you need to specify 
the year to download. In our case, we used the years between 1996 and 2005. Solar wind data can be downloaded 
from https://cdaweb.gsfc.nasa.gov/sp_phys/data/omni/hro_1min/.
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Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag where you need to specify 
the year to download. In our case, we used the years between 1996 and 2005. Solar wind data can be downloaded 
from https://cdaweb.gsfc.nasa.gov/sp_phys/data/omni/hro_1min/.
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Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag where you need to specify 
the year to download. In our case, we used the years between 1996 and 2005. Solar wind data can be downloaded 
from https://cdaweb.gsfc.nasa.gov/sp_phys/data/omni/hro_1min/.
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Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag where you need to specify 
the year to download. In our case, we used the years between 1996 and 2005. Solar wind data can be downloaded 
from https://cdaweb.gsfc.nasa.gov/sp_phys/data/omni/hro_1min/.
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1. Introduction
The interaction between the Interplanetary Magnetic Field (IMF) and the terrestrial magnetic field through 
magnetic reconnection is the primary driver of magnetosphere dynamics. During southward IMF, the Dungey 
cycle explains the ionospheric convection pattern in terms of dayside magnetic reconnection between the IMF and 
Earth's magnetosphere near the dayside magnetopause. Dayside reconnection leads to the opening of magnetic 
field lines and the expansion of the polar cap. The opened field lines stretch toward the nightside magnetotail 
equatorial plane. Eventually, the built-up pressure triggers nightside reconnection, causing the contraction of 
the polar cap as open field lines close. This dynamic process is known as the Expanding/Contracting Polar Cap 
paradigm (ECPC) (Cowley & Lockwood, 1992).

Although empirical models such as the Average Magnetic field and Polar current System model (AMPS) (Laundal 
et al., 2018) and the Weimer electric potential model (Weimer, 2005) provide insights into ionospheric dynamics 
in terms of IMF, their ability to capture the less predictable factors controlling nightside reconnection is limited. 
Previous studies (Grocott et al., 2002, 2017; Provan et al., 2004) have shown that substorms can dominate over 
convection driven by dayside reconnection. Additionally, there is evidence that dayside dynamics can influence 
nightside ionospheric convection via wave propagation mechanisms (Snekvik et al., 2017). While the impact of 
substorms on the nightside current system is known, the influence of substorms on the dayside current system 
requires more investigation. In this study, our primary objective is to investigate the influence of substorms on 
dayside ionospheric currents.

Substorms are a critical process in which the magnetosphere releases magnetic flux by reconnection in the neutral 
sheet of the magnetotail (Milan et al., 2010). During substorms, especially during southward IMF, both dayside 
and nightside can be highly dynamic. In-situ measurements of the solar wind and IMF makes it possible to 
quantify the dayside reconnection rate (Milan et al., 2012), but there is no similar proxy for nightside reconnec-
tion. This makes differentiating between the contribution of nightside and dayside reconnection on ionospheric 
dynamics very challenging to achieve. However, during northward IMF, the dayside experiences a minimal open-
ing of flux and is only affected by IMF in a localized region in the dayside polar cap, while the nightside can 

Abstract Ionospheric dayside dynamics is strongly controlled by the interaction between the Interplanetary 
Magnetic Field (IMF) and the Earth's magnetic field near the dayside magnetopause, while nightside 
ionospheric dynamics depends mainly on magnetotail activity. However, we know little about the influence of 
magnetotail activity on the dayside ionospheric dynamics. We investigate this by performing superposed epoch 
analyses of ground magnetic field data for substorms occurring during northward IMF. In such substorms, 
dayside reconnection is minimized, allowing us to separate the effects of the magnetotail activity on the 
dayside current system. We find that as nightside activity elevates, the dayside ionospheric current elevates. 
Our analyses indicate that the lobe cells are less distinct before onset than during non-substorm northward IMF 
conditions. They become more pronounced after onset, possibly due to magnetospheric reconfiguration or a 
remote effect of the nightside current. We discuss possible mechanisms that may explain our observations.

Plain Language Summary Aurora in the high latitude upper atmosphere is a major observable 
illustration of events occurring in the nightside of the Earth's magnetosphere called substorms. Substorms 
increase the electric current of the upper atmosphere at high latitudes. The increment lasts for tens of minutes 
before it decays. The impact of substorms on the dayside current system is not known. We study substorms 
during certain conditions, and we find that the dayside currents also tend to increase with substorms. We 
discuss potential explanations of that influence on the dayside. Our findings help us understand the origins of 
the dynamics of the upper atmosphere.
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1. Introduction
The interaction between the Interplanetary Magnetic Field (IMF) and the terrestrial magnetic field through 
magnetic reconnection is the primary driver of magnetosphere dynamics. During southward IMF, the Dungey 
cycle explains the ionospheric convection pattern in terms of dayside magnetic reconnection between the IMF and 
Earth's magnetosphere near the dayside magnetopause. Dayside reconnection leads to the opening of magnetic 
field lines and the expansion of the polar cap. The opened field lines stretch toward the nightside magnetotail 
equatorial plane. Eventually, the built-up pressure triggers nightside reconnection, causing the contraction of 
the polar cap as open field lines close. This dynamic process is known as the Expanding/Contracting Polar Cap 
paradigm (ECPC) (Cowley & Lockwood, 1992).

Although empirical models such as the Average Magnetic field and Polar current System model (AMPS) (Laundal 
et al., 2018) and the Weimer electric potential model (Weimer, 2005) provide insights into ionospheric dynamics 
in terms of IMF, their ability to capture the less predictable factors controlling nightside reconnection is limited. 
Previous studies (Grocott et al., 2002, 2017; Provan et al., 2004) have shown that substorms can dominate over 
convection driven by dayside reconnection. Additionally, there is evidence that dayside dynamics can influence 
nightside ionospheric convection via wave propagation mechanisms (Snekvik et al., 2017). While the impact of 
substorms on the nightside current system is known, the influence of substorms on the dayside current system 
requires more investigation. In this study, our primary objective is to investigate the influence of substorms on 
dayside ionospheric currents.

Substorms are a critical process in which the magnetosphere releases magnetic flux by reconnection in the neutral 
sheet of the magnetotail (Milan et al., 2010). During substorms, especially during southward IMF, both dayside 
and nightside can be highly dynamic. In-situ measurements of the solar wind and IMF makes it possible to 
quantify the dayside reconnection rate (Milan et al., 2012), but there is no similar proxy for nightside reconnec-
tion. This makes differentiating between the contribution of nightside and dayside reconnection on ionospheric 
dynamics very challenging to achieve. However, during northward IMF, the dayside experiences a minimal open-
ing of flux and is only affected by IMF in a localized region in the dayside polar cap, while the nightside can 
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Our analyses indicate that the lobe cells are less distinct before onset than during non-substorm northward IMF 
conditions. They become more pronounced after onset, possibly due to magnetospheric reconfiguration or a 
remote effect of the nightside current. We discuss possible mechanisms that may explain our observations.

Plain Language Summary Aurora in the high latitude upper atmosphere is a major observable 
illustration of events occurring in the nightside of the Earth's magnetosphere called substorms. Substorms 
increase the electric current of the upper atmosphere at high latitudes. The increment lasts for tens of minutes 
before it decays. The impact of substorms on the dayside current system is not known. We study substorms 
during certain conditions, and we find that the dayside currents also tend to increase with substorms. We 
discuss potential explanations of that influence on the dayside. Our findings help us understand the origins of 
the dynamics of the upper atmosphere.
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in terms of IMF, their ability to capture the less predictable factors controlling nightside reconnection is limited. 
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requires more investigation. In this study, our primary objective is to investigate the influence of substorms on 
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Substorms are a critical process in which the magnetosphere releases magnetic flux by reconnection in the neutral 
sheet of the magnetotail (Milan et al., 2010). During substorms, especially during southward IMF, both dayside 
and nightside can be highly dynamic. In-situ measurements of the solar wind and IMF makes it possible to 
quantify the dayside reconnection rate (Milan et al., 2012), but there is no similar proxy for nightside reconnec-
tion. This makes differentiating between the contribution of nightside and dayside reconnection on ionospheric 
dynamics very challenging to achieve. However, during northward IMF, the dayside experiences a minimal open-
ing of flux and is only affected by IMF in a localized region in the dayside polar cap, while the nightside can 
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remote effect of the nightside current. We discuss possible mechanisms that may explain our observations.
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paradigm (ECPC) (Cowley & Lockwood, 1992).

Although empirical models such as the Average Magnetic field and Polar current System model (AMPS) (Laundal 
et al., 2018) and the Weimer electric potential model (Weimer, 2005) provide insights into ionospheric dynamics 
in terms of IMF, their ability to capture the less predictable factors controlling nightside reconnection is limited. 
Previous studies (Grocott et al., 2002, 2017; Provan et al., 2004) have shown that substorms can dominate over 
convection driven by dayside reconnection. Additionally, there is evidence that dayside dynamics can influence 
nightside ionospheric convection via wave propagation mechanisms (Snekvik et al., 2017). While the impact of 
substorms on the nightside current system is known, the influence of substorms on the dayside current system 
requires more investigation. In this study, our primary objective is to investigate the influence of substorms on 
dayside ionospheric currents.

Substorms are a critical process in which the magnetosphere releases magnetic flux by reconnection in the neutral 
sheet of the magnetotail (Milan et al., 2010). During substorms, especially during southward IMF, both dayside 
and nightside can be highly dynamic. In-situ measurements of the solar wind and IMF makes it possible to 
quantify the dayside reconnection rate (Milan et al., 2012), but there is no similar proxy for nightside reconnec-
tion. This makes differentiating between the contribution of nightside and dayside reconnection on ionospheric 
dynamics very challenging to achieve. However, during northward IMF, the dayside experiences a minimal open-
ing of flux and is only affected by IMF in a localized region in the dayside polar cap, while the nightside can 
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remote effect of the nightside current. We discuss possible mechanisms that may explain our observations.
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illustration of events occurring in the nightside of the Earth's magnetosphere called substorms. Substorms 
increase the electric current of the upper atmosphere at high latitudes. The increment lasts for tens of minutes 
before it decays. The impact of substorms on the dayside current system is not known. We study substorms 
during certain conditions, and we find that the dayside currents also tend to increase with substorms. We 
discuss potential explanations of that influence on the dayside. Our findings help us understand the origins of 
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paradigm (ECPC) (Cowley & Lockwood, 1992).
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in terms of IMF, their ability to capture the less predictable factors controlling nightside reconnection is limited. 
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convection driven by dayside reconnection. Additionally, there is evidence that dayside dynamics can influence 
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substorms on the nightside current system is known, the influence of substorms on the dayside current system 
requires more investigation. In this study, our primary objective is to investigate the influence of substorms on 
dayside ionospheric currents.

Substorms are a critical process in which the magnetosphere releases magnetic flux by reconnection in the neutral 
sheet of the magnetotail (Milan et al., 2010). During substorms, especially during southward IMF, both dayside 
and nightside can be highly dynamic. In-situ measurements of the solar wind and IMF makes it possible to 
quantify the dayside reconnection rate (Milan et al., 2012), but there is no similar proxy for nightside reconnec-
tion. This makes differentiating between the contribution of nightside and dayside reconnection on ionospheric 
dynamics very challenging to achieve. However, during northward IMF, the dayside experiences a minimal open-
ing of flux and is only affected by IMF in a localized region in the dayside polar cap, while the nightside can 
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conditions. They become more pronounced after onset, possibly due to magnetospheric reconfiguration or a 
remote effect of the nightside current. We discuss possible mechanisms that may explain our observations.
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 

 1
94

48
00

7,
 2

02
3,

 1
4,

 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
3G

L
10

48
00

 b
y 

E
gy

pt
ia

n 
N

at
io

na
l S

ti.
 N

et
w

or
k 

(E
ns

tin
et

),
 W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
0/

07
/2

02
3]

. 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

Geophysical Research Letters

ELHAWARY ET AL.

10.1029/2023GL104800

2 of 9

undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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undergo magnetotail reconnection during substorms. Therefore, our study focuses on understanding the influence 
of substorms on dayside ionospheric convection during northward IMF.

During northward IMF, an intense and localized current system is established in the dayside polar cap 
(Iijima, 1984; Laundal et al., 2018; Milan, 2015). This current is referred to as the northward-directed Bz (NBZ), 
or lobe cells, due to its relation to lobe reconnection. We use the two terms interchangeably for the rest of the 
paper. The NBZ current system consists of two cells; a positive, upward-directed current in the pre-noon sector 
and a negative, downward-directed current in the post-noon sector, located poleward of the dayside region-1 
current. The strength of the lobe cells reflects the reverse dayside convection pattern modulated by ionospheric 
conductance (Reistad et al., 2019).

In this study, we present a statistical analysis of the ionospheric current during northward IMF substorms by 
examining ground magnetic field perturbations above 60° latitude. The analysis is based on three substorm lists. 
Only substorms preceded by 45 min and followed by 20 min of northward IMF are considered in order to isolate 
substorm-induced dayside activity. Using each list, we perform a superposed epoch analysis using a spherical 
harmonic (SH) representation of the magnetic field. In Section 2, we discuss substorm lists and data analysis in 
detail. In Section 3, our findings demonstrate a dayside ionospheric response to the substorm onset. In Section 4, 
we discuss possible explanations for the influence of nightside dynamics on the dayside ionospheric current.

2. Data and Method
To investigate the ionospheric currents in the dayside during substorms with northward IMF, we used three 
different substorm lists to ensure that observed trends are not a signature of a specific substorm list. (a) The first 
list, FL: uses global ultraviolet (UV) imaging to identify substorm onsets. This list consists of two lists provided 
through Frey et al. (2004) and Liou (2010). (b) NG: is based on the SuperMAG AL (SML) index, which is a 
ground-based magnetometer index as described in detail in previous works (Newell & Gjerloev, 2011) between 
years 1990 and 2019. (c) SOPHIE S75 is based on SuperMAG AL (SML) index and uses a different algo-
rithm to identify the substorm phases and the substorm onsets compared to the NG list, as discussed in Forsyth 
et al. (2015), between years 1990 and 2019.

While it is well-known that substorms are more common under southward IMF conditions, we limit our inves-
tigation to northward IMF substorms (Lee, Choi, et al., 2010; Lee, Ohtani, & Lee, 2010; Miyashita et al., 2011; 
Peng et al., 2013). We obtained solar wind measurements with a 1-min resolution from the OMNI data set which 
is propagated to represent the solar wind and IMF conditions at the bow shock. The solar wind data is presented 
in Geocentric Solar Magnetic coordinates. We defined a northward IMF substorm using a 65-min interval of 
northward IMF from 45 min prior to substorm onset to 20 min after onset. We permitted no data gaps during this 
interval, but allowed at most a total of 5 min of deviation from northward IMF throughout the interval. We chose 
the northward IMF 45-min criterion prior to onset to account for uncertainties in the solar wind time shift and 
to allow for the system reconfiguration due to the northward IMF turning as discussed in Yu and Ridley (2009), 
while a sufficient number of substorms remain for statistical analysis.

We limited the NG and S75 substorm lists to include only those events that were detected first by a magnetom-
eter on the nightside (i.e., with magnetic local time between 18 and 06). As a slight positive bias in IMF By was 
observed in the substorm lists defined using ground-based indices (Ohma et al., 2021), we imposed an additional 
constraint that required the absolute value of the IMF clock angle, θca = arctan2(By, Bz), to be <45° from 45 min 
before substorm onset until 20 min after onset, allowing for a deviation of 5 min and no data gaps. However, the 
requirements were relaxed for the FL list in order to have sufficient events for a superposed epoch analysis. We 
implemented |θca| < 70° restriction to minimize the potential effects of closed field line reconnection, as previous 
studies suggested its occurrence on the dayside equatorward of the cusp at absolute clock angles greater than 
70° (Freeman et al., 1993; Senior et al., 2002). The OMNI data set also provided the AL index, which we used 
as another criterion for the S75 list, with a minimum AL index less than −100 nT to avoid false identification of 
substorms. With these criteria, the NG list had 236 events, S75 had 164 events, and FL had 143 events.

Although we used a large time window (−45, 20) min to capture the ionospheric response to the northward 
turning, it is possible that the response could be delayed due to the associated reconfiguration time (e.g., Snekvik 
et al., 2017; Tenfjord et al., 2017). To distinguish between a delayed influence of the IMF turning and the impact 
of substorms on the dayside ionospheric current, we applied the same stable northward IMF criterion to a control 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒 = �̂�𝑟 × ∇Ψ (1)

where 𝐴𝐴 𝐴𝐴𝐴  is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima,  1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ =
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛 + 1

𝑛𝑛 + 1

(

𝑎𝑎 + ℎ

𝑎𝑎

)𝑛𝑛

𝑃𝑃 𝑛𝑛
𝑛𝑛 (cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛 cos(𝑛𝑛𝑚𝑚) + 𝑠𝑠𝑛𝑛𝑛𝑛 sin(𝑛𝑛𝑚𝑚)] (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑛𝑛 (cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (
𝐴𝐴 𝐴𝐴𝑚𝑚𝑛𝑛  , 𝐴𝐴 𝐴𝐴𝑚𝑚𝑛𝑛  ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters (𝐴𝐴 𝐴𝐴𝑚𝑚𝑛𝑛  and 𝐴𝐴 𝐴𝐴𝑚𝑚𝑛𝑛  ), we use iterative re-weighted least-squares with Huber weights 
(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

�⃗�𝑗𝑒𝑒𝑒𝑒=�̂�𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)𝑛𝑛

𝑃𝑃𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠𝑛𝑛𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴𝑚𝑚

𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (
𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 , 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 and 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 
(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

�⃗�𝑗𝑒𝑒𝑒𝑒=�̂�𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)𝑛𝑛

𝑃𝑃𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠𝑛𝑛𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴𝑚𝑚

𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (
𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 , 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 and 𝐴𝐴𝐴𝐴𝑚𝑚𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 
(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒 = �̂�𝑟 × ∇Ψ (1)

where 𝐴𝐴 𝐴𝐴𝐴  is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima,  1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ =
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛 + 1

𝑛𝑛 + 1

(

𝑎𝑎 + ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛 (cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛 cos(𝑛𝑛𝑚𝑚) + 𝑠𝑠

𝑛𝑛
𝑛𝑛 sin(𝑛𝑛𝑚𝑚)] (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛 (cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴 𝐴𝐴
𝑚𝑚
𝑛𝑛  , 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛  ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters (𝐴𝐴 𝐴𝐴
𝑚𝑚
𝑛𝑛  and 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛  ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒 = �̂�𝑟 × ∇Ψ (1)

where 𝐴𝐴 𝐴𝐴𝐴  is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima,  1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ =
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛 + 1

𝑛𝑛 + 1

(

𝑎𝑎 + ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛 (cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛 cos(𝑛𝑛𝑚𝑚) + 𝑠𝑠

𝑛𝑛
𝑛𝑛 sin(𝑛𝑛𝑚𝑚)] (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛 (cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴 𝐴𝐴
𝑚𝑚
𝑛𝑛  , 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛  ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters (𝐴𝐴 𝐴𝐴
𝑚𝑚
𝑛𝑛  and 𝐴𝐴 𝐴𝐴

𝑚𝑚
𝑛𝑛  ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒=𝑟𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠

𝑛𝑛
𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 , 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 and 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒=𝑟𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠

𝑛𝑛
𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 , 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 and 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒=𝑟𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠

𝑛𝑛
𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 , 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 and 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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group (CG) of non-substorm events. Specifically, we randomly selected 7,000 reference minutes between 1996 
and 2005 and applied the same northward IMF and clock angle criteria, resulting in a CG list of 384 events for 
analysis.

In this study, we analyzed ground magnetic field perturbations from the SuperMAG database to investigate 
ionospheric currents in the high-latitude (≥60°) northern hemisphere. We used 1-min resolution magnetometer 
data with the baseline subtracted provided through SuperMAG (Gjerloev, 2012) and converted the magnetic field 
perturbations to quasi-dipole coordinates following Laundal et al. (2016) which we used in the SH representation.

To study the ionospheric currents based on the ground observations of magnetic field perturbations, we used 
a mathematical representation called the equivalent horizontal ionospheric current (EHIC) as discussed in 
Madelaire et al. (2022). The EHIC is related to the equivalent current function Ψ through

𝑗𝑗𝑒𝑒𝑒𝑒=𝑟𝑟×∇Ψ  (1)

where 𝐴𝐴𝐴𝐴𝐴 is a unit vector in the upward direction. We calculated Ψ using SH coefficients that describe the modeled 
field from external sources. According to the Fukushima theorem (Fukushima, 1969), the EHIC will be the 
divergence-free part of the actual horizontal current field, assuming radial magnetic field lines and uniform 
conductance. Following for example, Laundal et al. (2016), Ψ is given by

Ψ=
𝑎𝑎

𝜇𝜇0

∑

𝑛𝑛𝑛𝑛𝑛

2𝑛𝑛+1

𝑛𝑛+1

(

𝑎𝑎+ℎ

𝑎𝑎

)
𝑛𝑛

𝑃𝑃
𝑛𝑛
𝑛𝑛(cos(𝜃𝜃))[𝑞𝑞

𝑛𝑛
𝑛𝑛cos(𝑛𝑛𝑚𝑚)+𝑠𝑠

𝑛𝑛
𝑛𝑛sin(𝑛𝑛𝑚𝑚)]  (2)

where h is the height set at 110 km where the current is evaluated, a = 6371.2 km is the radius of the Earth, μ0 
is the permeability constant, ϕ is the magnetic local time converted to radians, and θ is the quasi-dipole colati-
tude. 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛(cos(𝜃𝜃)) are the Schmidt semi-normalized associated Legendre functions of degree n, and order m, and (

𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 , 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ) are the SH coefficients describing the modeled field from external sources. We also used the Equivalent 

Field-Aligned Current (EFAC) as a visualization tool to track the evolution of the dayside and nightside current 
systems. The EFAC (Madelaire et al., 2022) is inferred from the ground assuming a uniform conductance and a 
ratio of 1 between Hall and Pedersen conductances. EFAC can be defined as the curl of EHIC, where EHIC is 
clockwise in regions with positive EFAC and anti-clockwise with negative EFAC.

To solve for the model parameters ( 𝐴𝐴𝐴𝐴
𝑚𝑚
𝑛𝑛 and 𝐴𝐴𝐴𝐴

𝑚𝑚
𝑛𝑛 ), we use iterative re-weighted least-squares with Huber weights 

(Madelaire et al., 2022). This reduces the influence of outliers on the final solution, which can be particularly 
useful in cases where the data contains a few extreme values that would otherwise skew the results (Huber, 1964). 
By reducing the impact of these outliers, Huber weights help ensure that the model's parameters are more 
representative of the data. To quantify the uncertainty in our model related to variations between events, we 
employed the bootstrap technique. This involves repeating the inversion process multiple times with randomly 
resampled substorm events. We repeated the inversion 50 times while allowing replacement using the same 
number of substorms. Additionally, we quantified the range of variation in the solar wind data and AL index for 
each  substorm list using the 25th and 75th percentile of the super-posed epoch data for each list.

3. Observations
In Figures 1a and 1b, we compare the temporal evolution of the dayside dynamics between the non-substorm 
control group (CG) and the Newell and Gerloev (NG) substorms. The colored contours show upward (red) and 
downward (blue) EFACs, and the black contours show the EHIC. In Figure 1c we observe that all three IMF Bz 
quartiles are positive for the whole 2-hour interval, even though we applied the −45 to 20 min criterion on the 
IMF Bz for both CG (navy) and NG (yellow). Figure 1d shows the observed IMF By medians for both CG and 
NG, which are centered nearly around zero. In Figure 1e, we see that the AL index for the CG is almost constant 
during the analyzed interval of 2 hours, while a sharp change in the AL index of the NG list starts around the 
onset time shown in all quartiles, as well as the expected development during substorms (Baker et al., 1985; 
McPherron, 1995; McPherron & Manka, 1985).

Despite the IMF Bz being northward in both cases, there are notable differences between the two groups in the 
behavior of the dayside NBZ cells. We refer to the positive cell as the P-cell and the negative cell as the N-cell. 
Figure 1b shows that for the NG list, we observe an increase in the NBZ cells as well as a rise in the nightside 
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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electrojet in response to the substorm onset. At epoch time −10, the NBZ cells for the NG list are weaker 
compared to the CG lobe cells shown in Figure 1a, and the magnitudes of the N-cell and P-cell increase as the 
nightside electrojets rise 10 and 20 min after the substorm onset, respectively. In order to investigate the possible 
influence of the solar wind velocity, density, dynamic pressure, and IMF Bx, we applied a superposed epoch anal-
ysis presented in the Supporting Information S1. None of these parameters show large variations.

In Figure 1f, we illustrate the contrasting behavior of the peak-to-peak value between the NG substorms and CG. 
The peak-to-peak value represents the difference between the maximum of the EFAC P-cell and the minimum of 
the N-cell. In the case of NG, this value increases a few minutes before substorm onset. However, there is no notice-
able change for the CG. The P-cell maximum was calculated from a region between 75 and 90° latitude and 6 and 
12 MLT, while the N-cell minimum was calculated from a sector between 75 and 90° latitude and 12 and 18 MLT.

Figure 1. Comparison of the solar wind conditions and ionospheric currents between the CG and NG lists with a northward 
Interplanetary Magnetic Field (IMF). Panels (a) and (b) show maps of the equivalent horizontal ionospheric current (EHIC) 
and Equivalent Field-Aligned Current (EFAC), respectively, for the CG and NG lists. The direction of the current is clockwise 
in regions of downward EFAC and anti-clockwise in regions of upward EFAC. The numbers on the maps indicate the step 
size of Ψ in kA for CG and NG, respectively. Panels (c–h) present the IMF Bz (c), By (d), AL-index (e), the peak-to-peak 
value (f), the maximum of the P-cell (g), and the minimum of the N-cell (h) for the CG and NG lists. The blue and black lines 
indicate the median value for the CG and NG, respectively, and the navy and yellow shaded areas enclosed by the first and 
third quartiles for the CG and NG, respectively, it has been calculated through bootstrap in panels (f–h). The vertical dashed 
black markers correspond to the snapshots of the EHIC and EFAC maps shown in panels (a and b).
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.

 1
94

48
00

7,
 2

02
3,

 1
4,

 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
3G

L
10

48
00

 b
y 

E
gy

pt
ia

n 
N

at
io

na
l S

ti.
 N

et
w

or
k 

(E
ns

tin
et

),
 W

ile
y 

O
nl

in
e 

L
ib

ra
ry

 o
n 

[2
0/

07
/2

02
3]

. 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

Geophysical Research Letters

ELHAWARY ET AL.

10.1029/2023GL104800

5 of 9

Figure 1g shows that the P-cell magnitude for the NG list increases slightly earlier than the substorm onset, 
whereas, for the CG, the P-cell remains constant. Similarly, Figure 1h shows that the N-cell magnitude for the 
NG list increases also a few minutes prior to substorm onset, while there are no changes observed for the CG.

With the same formatting as Figures 1f–1h and 3d–3f show P-to-p, P-cell and N-cell for the CG, FL, S75, and 
NG lists with the lines representing the medians while the shaded areas represent the first and third quartiles.

To investigate whether the observed behavior is unique to the NG list, we analyzed two additional substorm lists 
(S75, FL) along with the CG. Figure 2 displays maps of the EFAC and EHIC at selected epoch times for all lists, 
while Figure 3 shows the temporal evolution of the IMF and geomagnetic response relative to substorm onset for 
each list. In Figure 2a, we observe a pronounced dayside NBZ current, while quiet levels of geomagnetic activity are 
observed at the nightside. All substorm lists at epoch time −45 in Figures 2b–2d show a lack of a pronounced dayside 
NBZ current. At epoch time −10, no noticeable change is observed for the substorm lists or the CG. However, after 
epoch time zero, we observe an increase in the magnitude of both the dayside P- and N-cells and the nightside EFAC 
and EHIC, as quantified in Figures 3c–3f. This increase is a clear response in the NG list, and a small but visible 
response in S75 and FL lists, although it occurs 6 min prior to onset, which we will discuss in the next section.

Figures 3d–3f shows that the magnitude of the peak-to-peak values, the maximum value of the EFAC P-cell, and 
the absolute value of the N-cell increase a few minutes before the onset of substorms as indicated by the thick 

Figure 2. Maps of the Equivalent Field-Aligned Current (red/blue) and equivalent horizontal ionospheric current (black contours) for different lists under northward 
Interplanetary Magnetic Field conditions. Each map is oriented with magnetic noon up, midnight down, dawn on the right, and dusk on the left. Snapshots are shown 
at epoch times of −45, −10, 0, 10, 20, and 45 min relative to the onset time at 0. Panel (a) shows the maps for the CG, while Panels (b–d) show the results for the NG, 
S75, and FL lists, respectively. The numbers on the maps indicate the step size of Ψ in kA for each list.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al.  (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al.  (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al.  (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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dashed vertical line for all three substorm lists, while the AL index magnitude 
starts to increase with a little dip that increases rapidly starting on the onset. 
As the substorms progress, the magnitude of both the dayside and night-
side current remains higher than before onset, as seen in Figures 2b–2d at 
epoch times 10 and 20. During the substorm recovery phase at epoch time 45, 
the nightside current and the dayside lobe cells gradually decay. Moreover, 
Figures 3d–3f demonstrates a gradual change in the dayside current for both 
the CG and the substorm lists from −45 to around −20, which may indicate 
a response to the IMF turning.

Figure 3 provides a comprehensive comparison of the solar wind and geomag-
netic response to substorm onsets for both the control group and the three 
substorm lists. The median value of IMF Bz for the control group and the 
substorm lists is positive and remains constant during the two-hour interval, 
as shown in Figure 3a. In Figure 3b, the solar wind IMF By is centered around 
zero for the control group and two substorm lists, but it is slightly shifted toward 
positive values for the FL substorm list. The AL index drops significantly for the 
substorm lists, as seen in Figure 3c, with a sharper drop for substorms defined 
based on ground magnetometers than those defined based on global UV imag-
ing (FL). The different substorm lists exhibit varying strengths of the AL index. 
The magnitude of the AL index is higher around epoch time 60 min prior to 
onset than around 45 min prior to onset when we imposed our criteria for the 
NG and the S75 lists which is expected during northward IMF. The AL index of 
the NG and S75 lists show stronger dips (below −100 nT) than the FL list. The 
magnitude of enhancements in NBZ currents following substorm onset also 
varies across the lists and is correlated with the strength of the AL index during 
the substorm, with NG and S75 exhibiting the clearest enhancements.

4. Discussion and Summary
We conducted a statistical analysis of ionospheric currents during substorms 
that occurred under northward IMF conditions. To isolate the substorm-induced 
dayside activity, we selected substorms with northward IMF for 45 min before 
onset to 20 min after onset. Since substorm onsets are defined differently based 
on indices from ground magnetometer measurements or based on satellite 
images, we studied the response for three different substorm lists using different 
definitions, two based on ground magnetometers (NG and S75), and one based 
on optical observations of the UV aurora (FL). For the S75 and NG substorm 
lists, we additionally restricted the clock angle to be between −45° and 45°. For 
the S75 list, we also restricted the minimum AL index to be less than −100 nT. 
Our analysis suggests that the dayside lobe cells respond to substorms, a few 
minutes prior to the reported onset times. The impact of nightside dynamics on 

dayside ionospheric currents is observed in all three different substorm lists. We found that the substorm list with the 
largest drop in the AL index (NG) resulted in the clearest response in the NBZ currents, while the substorm list with 
the weakest AL drop (FL) only indicated subtle changes in the NBZ currents associated with the onset.

There are various ways in which nightside activity could impact ionospheric electrodynamics on the dayside. 
One possible explanation suggested by Ohtani et al. (2021) is that FACs could respond to a remote effect of 
the nightside substorm current wedge, which might account for the dayside response during northward IMF 
substorms. However, the increase in EFAC lobe cells observed a few minutes prior to substorm onset, as seen 
in Figures 3c–3f from epoch −6 is inconsistent with the expected immediate response for such a remote effect, 
suggesting that other explanations should be explored.

Wave propagation is a fundamental process that communicates changes between the magnetosphere and the 
ionosphere. Different propagation times of the magnetohydrodynamic waves could be a reason for the observed 
response prior to substorm onset. Wave propagation through the magnetosphere can be either fast (compressive) 

Figure 3. Comparison of solar wind conditions and ionospheric behavior for 
different substorm lists and a control group (CG). The panels display various 
parameters, with the median values represented by black (CG), blue (FL), red 
(S75), and green (NG) lines. The thin dashed line indicates the onset time. 
Panels (a and b) illustrate the solar wind Interplanetary Magnetic Field Bz and 
By conditions, respectively. Panel (c) shows the auroral lower index, while 
panel (d) presents the peak-to-peak values of the Equivalent Field-Aligned 
Current (EFAC) P- and N-cells. Panels (e and f) depict the maximum and 
minimum values of the EFAC P- and N-cells, respectively. The thick dashed 
line in panels (c–f) represents the initiation time of the dayside response, 6 min 
prior to the onset. The shaded areas in panels (d–f) indicate the first and third 
quartiles for all lists, following the same order as the median values.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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or slow (shear Alfvénic) waves. Magnetic reconnection events in the magnetotail generate compressive waves 
that can propagate along and across magnetic field lines, causing changes in plasma density and pressure. Chi 
et al. (2009) and Lui (2009) suggested that these fast waves can reach the ionosphere between 1.5 and 5 min after 
being generated in the magnetotail through the plasma sheet. However (Ferdousi & Raeder, 2016), argued that 
if the fast waves propagate through the lobes then the waves originating around X ∼ −10 RE can arrive almost 
simultaneously to the high latitude ionosphere and can be delayed for about 20–72 s when originating around 
X ∼ −20 to −30 RE. Snekvik et al. (2017) observed that these waves lead to an almost immediate global response 
to dayside reconnection. In our analysis, we observe an enhancement in the dayside NBZ current that starts 6 min 
prior to substorm onset, as shown in Figures 3d–3f, which may be attributed to the arrival of compressive waves 
and fast plasma flows (Ohtani, 2001; Ohtani et al., 1999; Sergeev et al., 1995). The change in the magnitude of 
the AL index at the time indicated by the thick dashed line 6 min prior to onset as shown in Figure 3c, may also 
be related to the compressive waves (Machida et al., 2009; Miyashita et al., 2009).

On the other hand, slow waves are also generated by the motion of the plasma in the magnetosphere and can 
cause changes in the ionospheric convection pattern and are associated with the establishment of the substorm 
current wedge. These waves arrive at the ionosphere during the substorm expansion phase after the compressive 
waves, with a maximum response time of 10–20 min (G. Lu et al., 2002). By this time, the remote effect discussed 
earlier could partly explain the preserved elevation in the NBZ cells throughout the expansion phase, as shown 
in Figures 3d–3f.

The observed increase in NBZ currents during northward IMF substorms may be attributed to changes in the 
lobe reconnection rate, which are influenced by variations in the magnetopause topology. The IMF Bz compo-
nent strongly affects the degree of flaring of the magnetopause (Shue et al., 1997). When new magnetic flux is 
added to the lobes, the tail of the magnetosphere extends further. However, during northward IMF conditions, 
the magnetosphere takes on a more blunt shape (Shue et al. (1997); J. Y. Lu et al. (2011).). Lobe reconnection 
occurs just  tailward of the cusp, where the local geometry differs between the flaring and blunt-shaped magneto-
sphere. The precise impact of these geometrical changes on the lobe reconnection rate is still unclear. However, 
it is known that strong lobe reconnection typically occurs during northward IMF conditions. Before a substorm, 
the magnetotail lobes need to be loaded, resulting in outward flaring of the magnetotail during northward 
IMF substorms compared to the control group. The substorm process leads to changes in the tail state (Eather 
et al., 1979), possibly causing a more blunt-shaped magnetopause as magnetic flux becomes closed. Therefore, 
the observed changes in NBZ currents shown in Figure 2b–2d may reflect variations in the lobe reconnection rate 
associated with topological changes of the magnetosphere during the substorm.

In summary, we analyzed three substorm lists and found that during northward IMF, the dayside ionospheric 
currents, as observed with ground magnetometers, respond to substorm activity by increasing the magnitude of 
the NBZ cells. We found that substorm lists with higher AL index exhibit a higher response in NBZ cells, as 
shown in Figures 2b–2d and 3c–3f. Interestingly, the NBZ cell response begins a few minutes before substorm 
onset. We have discussed three possible effects that could account for the observed dayside response to substorms.

•  The remote nightside current and the establishment of the substorm current wedge may explain the increase 
observed in the dayside NBZ cells after onset. However, this factor alone is insufficient to capture the impact 
prior to substorm onset.

•  Compressive and shear Alfvénic waves are mechanisms for communicating between the magnetosphere and 
the ionosphere. Initially fast mode waves (compressive) could reach the ionosphere before the establishment 
of a substorm current wedge, and be responsible for the observed dayside enhancement prior to the substorm 
onset. This is followed by shear Alfvénic waves sustaining the increase during the substorm expansion phase.

•  Changes in flaring angle could enhance the lobe reconnection efficiency, maintaining the elevated NBZ cells 
throughout the substorm.

Data Availability Statement
Magnetometer data can be downloaded directly from https://supermag.jhuapl.edu/mag/ where you need to specify 
the year to download. Solar wind data (OMNI) can be downloaded from https://cdaweb.gsfc.nasa.gov/sp_phys/
data/omni/hro_1min/. Gjerloev and Newell, SOPHIE75, Frey and Liou lists could be downloaded from https://
supermag.jhuapl.edu/substorms/ The substorm lists after applying our selection criteria can be downloaded from: 
https://doi.org/10.5281/zenodo.7990528.
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Figures S1 

Introduction  

We analyzed different solar wind data obtained from OMNI data set as discussed in the manuscript. No 
significant impulses around substorm onset (epoch time = 0) are observed in either the median or quantiles 
of the analyzed parameters. 

 

Figure S1. The different solar wind parameter examined to potential influence on the 
ionospheric current. In all the panels, the median of the solar wind parameters are presented 
as lines, while the shaded areas represent the 25th and 75th percentiles. the first row 
represents the pressure of the solar wind. the second row represents the density. then, the 
following four rows represent V, vx, vy and vz of the solar wind. the last row represents the Bx 
component. The first column from the left represents the ng list, the second represents the 
FL list, the third represents the S75 list and the fourth represents the CG.  
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