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Abstract

Research is a quest for knowledge of the unknown. In this thesis, we try to further our

collective understanding of the complex interactions within the dynamic magnetosphere-

ionosphere system. One might be tempted to suggest that this work is driven by the

potential to address societal challenges, such as the effects of ground-induced currents

on electrical infrastructure. However, that would not be entirely truthful. The true

motivation behind this research is pure curiosity. After four years of diving head-first

into every rabbit hole that presented itself, I have gained an appreciation of how little I

know.

We investigate the temporal development of the ionospheric current system during rapid

increases in solar wind dynamic pressure using ground-based magnetic field measure-

ments. In Paper I, we utilize machine learning to develop an algorithm capable of de-

tecting abrupt increases in the solar wind dynamic pressure. By applying the algorithm

to over two decades of in-situ solar wind data, we compile a list of events and determine

their arrival at Earth. Paper II conducts a statistical analysis of the high-latitude ge-

omagnetic response to the events identified in Paper I, revealing distinct patterns and

asymmetries that shed light on the underlying physical processes. In Paper III, we tackle

the challenge of spatial resolution in empirical models of the ionospheric current system,

a crucial aspect of interpreting data from the upcoming EZIE cubesat mission. The

methodology we develop enhances our ability to design and evaluate the performance

of empirical models. Paper IV introduces a novel technique for estimating the often-

neglected ionospheric induction electric field, highlighting its significance in the dynamic

behavior of the ionosphere. Collectively, this body of work advances our understanding

and modeling capabilities of the temporal evolution of the ionospheric current system.

Abstract

Researchisaquestforknowledgeoftheunknown.Inthisthesis,wetrytofurtherour

collectiveunderstandingofthecomplexinteractionswithinthedynamicmagnetosphere-

ionospheresystem.Onemightbetemptedtosuggestthatthisworkisdrivenbythe

potentialtoaddresssocietalchallenges,suchastheeffectsofground-inducedcurrents

onelectricalinfrastructure.However,thatwouldnotbeentirelytruthful.Thetrue

motivationbehindthisresearchispurecuriosity.Afterfouryearsofdivinghead-first

intoeveryrabbitholethatpresenteditself,IhavegainedanappreciationofhowlittleI

know.

Weinvestigatethetemporaldevelopmentoftheionosphericcurrentsystemduringrapid

increasesinsolarwinddynamicpressureusingground-basedmagneticfieldmeasure-

ments.InPaperI,weutilizemachinelearningtodevelopanalgorithmcapableofde-

tectingabruptincreasesinthesolarwinddynamicpressure.Byapplyingthealgorithm

toovertwodecadesofin-situsolarwinddata,wecompilealistofeventsanddetermine

theirarrivalatEarth.PaperIIconductsastatisticalanalysisofthehigh-latitudege-

omagneticresponsetotheeventsidentifiedinPaperI,revealingdistinctpatternsand

asymmetriesthatshedlightontheunderlyingphysicalprocesses.InPaperIII,wetackle

thechallengeofspatialresolutioninempiricalmodelsoftheionosphericcurrentsystem,

acrucialaspectofinterpretingdatafromtheupcomingEZIEcubesatmission.The

methodologywedevelopenhancesourabilitytodesignandevaluatetheperformance

ofempiricalmodels.PaperIVintroducesanoveltechniqueforestimatingtheoften-

neglectedionosphericinductionelectricfield,highlightingitssignificanceinthedynamic

behavioroftheionosphere.Collectively,thisbodyofworkadvancesourunderstanding

andmodelingcapabilitiesofthetemporalevolutionoftheionosphericcurrentsystem.
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Abstrakt

Forskning er en jakt p̊a kunnskap om det ukjente. I denne avhandlingen prøver vi

å utvide v̊ar kollektive forst̊aelse av de komplekse samspillene innenfor det dynamiske

magnetosfære-ionosfæresystemet. Man kunne fristes til å antyde at dette arbeidet er

drevet av potensialet for å adressere samfunnsutfordringer, som for eksempel effekten

av induserte strømmer p̊a elektrisk infrastruktur. Det ville imidlertid ikke være helt

ærlig. Den sanne motivasjonen bak denne forskningen er ren nysgjerrighet. Etter fire år

med å dykke hode først inn i hvert eneste mysterium jeg har støtt p̊a, har jeg f̊att en

anerkjennelse av hvor lite jeg faktisk vet.

Vi undersøker den tidsmessige utviklingen av ionosfærestrømsystemet under raske

økninger i solvindens dynamiske trykk ved hjelp av målinger av det magnetfeltet p̊a

bakken. I Artikkel I bruker vi maskinlæring for å utvikle en algoritme som kan oppdage

raske økninger i solvindens dynamiske trykk. Ved å bruke algoritmen p̊a mer enn to ti̊ar

med in situ solvinddata, lager vi en liste over begivenheter og bestemmer deres ankomst

til Jorden. I Artikkel II utfører vi en statistisk analyse av den høye breddegrads geo-

magnetiske respons p̊a hendelsene identifisert i Artikkel I, og avslører distinkte mønstre

og asymmetrier som kaster lys over de underliggende fysiske prosessene. I Artikkel III

tar vi for oss utfordringen med romlig oppløsning i empiriske modeller av ionosfærens

strømsystem, et kritisk aspekt ved tolkning av data fra den kommende EZIE-cubesat-

misjonen. Metodikken vi utvikler forbedrer v̊ar evne til å designe og evaluere ytelsen

til empiriske modeller. I Artikkel IV introduserer vi en ny teknikk for å estimere det

ofte oversette induksjonselektriske feltet i ionosfæren, noe som fremhever dets betyd-

ning i ionosfærens dynamiske atferd. Samlet sett tar dette arbeidet v̊ar forst̊aelse og

modelleringskapasitet av ionosfærens strømsystems tidsutvikling fremover.

Abstrakt

Forskningerenjaktp̊akunnskapomdetukjente.Idenneavhandlingenprøvervi
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magnetosfære-ionosfæresystemet.Mankunnefristestil̊aantydeatdettearbeideter

drevetavpotensialetfor̊aadresseresamfunnsutfordringer,somforeksempeleffekten

avindusertestrømmerp̊aelektriskinfrastruktur.Detvilleimidlertidikkeværehelt

ærlig.Densannemotivasjonenbakdenneforskningenerrennysgjerrighet.Etterfire̊ar

medådykkehodeførstinnihvertenestemysteriumjegharstøttp̊a,harjegf̊atten

anerkjennelseavhvorlitejegfaktiskvet.
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raskeøkningerisolvindensdynamisketrykk.Vedåbrukealgoritmenp̊amerenntoti̊ar
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drevetavpotensialetforåadresseresamfunnsutfordringer,somforeksempeleffekten

avindusertestrømmerp̊aelektriskinfrastruktur.Detvilleimidlertidikkeværehelt

ærlig.Densannemotivasjonenbakdenneforskningenerrennysgjerrighet.Etterfireår
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Chapter 1

Introduction

The ionosphere, a region of Earth’s upper atmosphere energized by solar radiation and

characterized by its ionized state, is a crucible for complex electrodynamical processes.

It is a domain that couples with the magnetosphere and where the Earth’s magnetic field

interacts with charged particles, with profound implications for communication systems,

navigation, and our electrical infrastructure. This thesis is dedicated to dissecting the

electrodynamics of the ionosphere, focusing on the geomagnetic response to dynamic

events imposed by the solar wind and the intrinsic electric fields that are fundamental

to understanding ionospheric behavior.

In the body of this work, we explore both theoretical concepts and practical techniques to

better understand the behavior of electric currents within the ionosphere. We introduce

innovative techniques for probing the electric fields and currents to reveal the intricate

behaviors that govern this region of our atmosphere.

Paper I lays the groundwork by employing machine learning to detect significant events

impacting the ionospheric dynamics. This approach not only highlights the influence of

solar wind pressure changes but also serves as a precursor to understanding the subse-

quent geomagnetic perturbations.

Moving beyond detection, Paper II provides an in-depth analysis of the geomagnetic re-

sponse to these dynamic events. Through careful modeling of ground-based magnetic

field measurements, we retrieve the patterns of geomagnetic perturbations at high lati-

tudes, adding clarity to the current understanding of ionospheric electrodynamics.

In Paper III, we address a critical challenge in modeling ionospheric processes—the

spatial resolution of inverse problems, particularly in light of the data from the up-

coming EZIE cubesat mission. Our contributions aim to improve our interpretations of

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof

Chapter 1

Introduction

The ionosphere, a region of Earth’s upper atmosphere energized by solar radiation and

characterized by its ionized state, is a crucible for complex electrodynamical processes.

It is a domain that couples with the magnetosphere and where the Earth’s magnetic field

interacts with charged particles, with profound implications for communication systems,

navigation, and our electrical infrastructure. This thesis is dedicated to dissecting the

electrodynamics of the ionosphere, focusing on the geomagnetic response to dynamic

events imposed by the solar wind and the intrinsic electric fields that are fundamental

to understanding ionospheric behavior.

In the body of this work, we explore both theoretical concepts and practical techniques to

better understand the behavior of electric currents within the ionosphere. We introduce

innovative techniques for probing the electric fields and currents to reveal the intricate

behaviors that govern this region of our atmosphere.

Paper I lays the groundwork by employing machine learning to detect significant events

impacting the ionospheric dynamics. This approach not only highlights the influence of

solar wind pressure changes but also serves as a precursor to understanding the subse-

quent geomagnetic perturbations.

Moving beyond detection, Paper II provides an in-depth analysis of the geomagnetic re-

sponse to these dynamic events. Through careful modeling of ground-based magnetic

field measurements, we retrieve the patterns of geomagnetic perturbations at high lati-

tudes, adding clarity to the current understanding of ionospheric electrodynamics.

In Paper III, we address a critical challenge in modeling ionospheric processes—the

spatial resolution of inverse problems, particularly in light of the data from the up-

coming EZIE cubesat mission. Our contributions aim to improve our interpretations of

Chapter 1

Introduction

The ionosphere, a region of Earth’s upper atmosphere energized by solar radiation and

characterized by its ionized state, is a crucible for complex electrodynamical processes.

It is a domain that couples with the magnetosphere and where the Earth’s magnetic field

interacts with charged particles, with profound implications for communication systems,

navigation, and our electrical infrastructure. This thesis is dedicated to dissecting the

electrodynamics of the ionosphere, focusing on the geomagnetic response to dynamic

events imposed by the solar wind and the intrinsic electric fields that are fundamental

to understanding ionospheric behavior.

In the body of this work, we explore both theoretical concepts and practical techniques to

better understand the behavior of electric currents within the ionosphere. We introduce

innovative techniques for probing the electric fields and currents to reveal the intricate

behaviors that govern this region of our atmosphere.

Paper I lays the groundwork by employing machine learning to detect significant events

impacting the ionospheric dynamics. This approach not only highlights the influence of

solar wind pressure changes but also serves as a precursor to understanding the subse-

quent geomagnetic perturbations.

Moving beyond detection, Paper II provides an in-depth analysis of the geomagnetic re-

sponse to these dynamic events. Through careful modeling of ground-based magnetic

field measurements, we retrieve the patterns of geomagnetic perturbations at high lati-

tudes, adding clarity to the current understanding of ionospheric electrodynamics.

In Paper III, we address a critical challenge in modeling ionospheric processes—the

spatial resolution of inverse problems, particularly in light of the data from the up-

coming EZIE cubesat mission. Our contributions aim to improve our interpretations of

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof

Chapter1

Introduction

Theionosphere,aregionofEarth’supperatmosphereenergizedbysolarradiationand

characterizedbyitsionizedstate,isacrucibleforcomplexelectrodynamicalprocesses.

ItisadomainthatcoupleswiththemagnetosphereandwheretheEarth’smagneticfield

interactswithchargedparticles,withprofoundimplicationsforcommunicationsystems,

navigation,andourelectricalinfrastructure.Thisthesisisdedicatedtodissectingthe

electrodynamicsoftheionosphere,focusingonthegeomagneticresponsetodynamic

eventsimposedbythesolarwindandtheintrinsicelectricfieldsthatarefundamental

tounderstandingionosphericbehavior.

Inthebodyofthiswork,weexploreboththeoreticalconceptsandpracticaltechniquesto

betterunderstandthebehaviorofelectriccurrentswithintheionosphere.Weintroduce

innovativetechniquesforprobingtheelectricfieldsandcurrentstorevealtheintricate

behaviorsthatgovernthisregionofouratmosphere.

PaperIlaysthegroundworkbyemployingmachinelearningtodetectsignificantevents

impactingtheionosphericdynamics.Thisapproachnotonlyhighlightstheinfluenceof

solarwindpressurechangesbutalsoservesasaprecursortounderstandingthesubse-

quentgeomagneticperturbations.

Movingbeyonddetection,PaperIIprovidesanin-depthanalysisofthegeomagneticre-

sponsetothesedynamicevents.Throughcarefulmodelingofground-basedmagnetic

fieldmeasurements,weretrievethepatternsofgeomagneticperturbationsathighlati-

tudes,addingclaritytothecurrentunderstandingofionosphericelectrodynamics.

InPaperIII,weaddressacriticalchallengeinmodelingionosphericprocesses—the

spatialresolutionofinverseproblems,particularlyinlightofthedatafromtheup-

comingEZIEcubesatmission.Ourcontributionsaimtoimproveourinterpretationsof
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ionospheric observations, ensuring that we can distinguish between model artifacts and

genuine physical phenomena.

Finally, Paper IV confronts a traditionally neglected aspect of ionospheric electric fields:

the induction electric field. We introduce a technique to quantify this component from

ground magnetometer data, improving the accuracy of ionospheric models during dy-

namic events and highlighting the importance of considering the full suite of electric

fields in our analyses.

This thesis begins with a brief introduction to the geomagnetic field’s interaction with

the solar wind. It then moves on to set the foundational understanding of ionospheric

electrodynamics, followed by a synopsis of the methods and tools that have been utilized

in the research presented in the subsequent papers. The concluding chapter offers a

concise overview of the papers.

Paper I :

Geomagnetic Response to Rapid Increases in Solar Wind Dynamic Pressure: Event

Detection and Large Scale Response

Paper II :

Transient High Latitude Geomagnetic Response to Rapid Increases in Solar Wind Dy-

namic Pressure

Paper III :

Spatial Resolution in Inverse Problems: The EZIE Satellite Mission

Paper IV :

Estimating the Ionospheric Induction Electric Field using Ground Magnetometer Mea-

surements
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Chapter 2

Solar wind

The space between the Sun, the Earth, and our neighboring planets is not completely

empty. It is permeated by the solar wind—a plasma that originates from the Sun. This

solar wind interacts with Earth’s magnetic field, creating a sharp boundary known as the

magnetopause. The magnetopause defines a cavity in space dominated by Earth’s mag-

netic field, while beyond it, the Sun’s magnetic influence prevails. The magnetopause’s

shape and the volume it encloses are determined by the balance of forces between Earth’s

magnetic field and the solar wind.

In this chapter, we give a brief introduction to the solar wind: origin, characteristics,

large-scale structures, and how it is measured. This chapter aims to equip the reader

with a conceptual understanding of the solar wind before proceeding to the implications

of its interaction with Earth’s magnetic field.

2.1 The Sun’s magnetic field

The following section is a brief introduction to the Sun’s magnetic field. The reader

is referred to books such as Gombosi [1998]; Lang [2009]; Moldwin [2008] for a more

in-depth review of the Sun’s magnetic field, including its topology, temporal evolution,

and the formation of open magnetic field lines, as well as phenomena like coronal holes,

sunspots, etc.

The Sun’s magnetic field undergoes an approximately 11-year solar cycle. At the start

of the cycle, the Sun’s magnetic field resembles a dipole. However, the Sun’s rotation

and the electromagnetic dynamics in its outer plasma layer cause the magnetic field

lines to gradually tangle. This outer layer is frozen-in (see Baumjohann and Treumann
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[2012]), allowing plasma to move along magnetic field lines but not across them. The

Sun’s rotation varies with latitude, with the equatorial region completing a rotation more

quickly than the higher latitudes. This differential rotation twists the Sun’s magnetic

field, increasing the complexity of the magnetic topology. The solar cycle comprises two

phases: the solar minimum, with a predominantly dipolar magnetic field, and the solar

maximum, marked by a more intricate magnetic field.

During solar minimum, magnetic field lines near the heliographic equator are usually

closed, with both ends anchored to the Sun. Towards the poles, field lines are more

likely to be open, that is, with only one footpoint on the Sun. See Section 3.2.1 for a

brief explanation of how magnetic field lines transition between being open and closed.

Open field lines can lead to the formation of coronal holes, which appear as dark spots

on the Sun, especially near the poles but sometimes closer to the equator. The radial

configuration of field lines in a coronal hole restricts plasma convection, resulting in

cooler temperatures and a darker appearance. The open lines also allow plasma to

escape, reducing plasma density within these holes.

Coronal holes may persist into the solar maximum, but this phase is predominantly

characterized by sunspots, which are dark patches on the Sun but much smaller than

coronal holes and occur where the magnetic field lines are closed. Sunspots form when

the magnetic field becomes tightly coiled, creating magnetic flux ropes (collections of

magnetic field lines) that emerge from and re-enter the Sun’s surface. The convective

motion of plasma is reduced at these locations, giving sunspots their dark appearance.

Additionally, plasma follows the magnetic field lines into the flux rope, leading to a higher

density in sunspots as opposed to the lower density in coronal holes. The frequency of

sunspots correlates with the solar cycle, serving as an indicator of its phase. Figure 2.1

illustrates the 11-year periodicity of observed sunspots.

2.2 Solar wind characteristics

The solar wind flows radially away from the Sun, but not uniformly. Near the Sun’s

equatorial plane, where the planets of our solar system tend to orbit, the solar wind

is generally slower compared to higher heliographic latitudes [McComas et al., 2000].

Figure 2.2 shows the variation in solar wind speed with heliographic latitude observed

by the Ulysses spacecraft as it orbited the Sun during a solar minimum. At Earth,

it ranges from about 250 to 800 km/s, with speeds above and below approximately

450 km/s considered fast and slow, respectively [Schwenn, 1990, 2006; Temmer, 2021;

Yermolaev et al., 2009]. It is common to classify the ambient solar wind as either slow
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Sun’s rotation varies with latitude, with the equatorial region completing a rotation more

quickly than the higher latitudes. This differential rotation twists the Sun’s magnetic

field, increasing the complexity of the magnetic topology. The solar cycle comprises two

phases: the solar minimum, with a predominantly dipolar magnetic field, and the solar

maximum, marked by a more intricate magnetic field.

During solar minimum, magnetic field lines near the heliographic equator are usually

closed, with both ends anchored to the Sun. Towards the poles, field lines are more

likely to be open, that is, with only one footpoint on the Sun. See Section 3.2.1 for a

brief explanation of how magnetic field lines transition between being open and closed.

Open field lines can lead to the formation of coronal holes, which appear as dark spots

on the Sun, especially near the poles but sometimes closer to the equator. The radial

configuration of field lines in a coronal hole restricts plasma convection, resulting in

cooler temperatures and a darker appearance. The open lines also allow plasma to

escape, reducing plasma density within these holes.

Coronal holes may persist into the solar maximum, but this phase is predominantly

characterized by sunspots, which are dark patches on the Sun but much smaller than

coronal holes and occur where the magnetic field lines are closed. Sunspots form when

the magnetic field becomes tightly coiled, creating magnetic flux ropes (collections of

magnetic field lines) that emerge from and re-enter the Sun’s surface. The convective

motion of plasma is reduced at these locations, giving sunspots their dark appearance.

Additionally, plasma follows the magnetic field lines into the flux rope, leading to a higher

density in sunspots as opposed to the lower density in coronal holes. The frequency of

sunspots correlates with the solar cycle, serving as an indicator of its phase. Figure 2.1

illustrates the 11-year periodicity of observed sunspots.

2.2 Solar wind characteristics

The solar wind flows radially away from the Sun, but not uniformly. Near the Sun’s

equatorial plane, where the planets of our solar system tend to orbit, the solar wind

is generally slower compared to higher heliographic latitudes [McComas et al., 2000].

Figure 2.2 shows the variation in solar wind speed with heliographic latitude observed

by the Ulysses spacecraft as it orbited the Sun during a solar minimum. At Earth,

it ranges from about 250 to 800 km/s, with speeds above and below approximately

450 km/s considered fast and slow, respectively [Schwenn, 1990, 2006; Temmer, 2021;

Yermolaev et al., 2009]. It is common to classify the ambient solar wind as either slow
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Figure 2.1: Number of observed sunspots as a function of time. The black line illustrates
the number of sunspots observed each month. The red line is a spline fit for visualization
purposes. The numbers above each peak indicate the solar cycle number. Data courtesy
of WDC-SILSO, Royal Observatory of Belgium, Brussels and available at https://www.
sidc.be/SILSO/datafiles.

or fast. Slow solar wind originates from areas of the Sun with closed magnetic field lines,

whereas fast solar wind is associated with coronal holes [Schwenn, 2006; Temmer, 2021].

The reader is referred to Camporeale et al. [2017] for a discussion on the solar wind

classes and an alternative classification based on machine learning.

The Sun consists mainly of hydrogen. Consequently, the solar wind plasma is primarily

composed of electrons and hydrogen nuclei (protons). The density decreases with dis-

tance from the Sun. Near Earth, the number density is 10.8 ± 7.1 cm−3 for slow solar

wind and 6.6±5.1 cm−3 for fast solar wind [Temmer, 2021; Yermolaev et al., 2009]. How-

ever, the solar wind can also contain helium nuclei (alpha particles), which have four

times the mass of hydrogen nuclei. The ratio between helium and hydrogen nuclei is

4.7± 6.6% for slow solar wind and 6.6± 8.0% for fast solar wind [Yermolaev and Stupin,

1997]. Therefore, it is crucial to consider the composition, as it can significantly affect

the solar wind’s dynamic pressure,

pdyn =
∑

nimiv
2
i . (2.1)

Here, ni, mi, and vi are the number density, mass, and bulk speed of the ith ion species,

respectively.

Although the solar wind flows radially outward from the Sun, the Sun itself rotates with
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a period of approximately 27 days, known as a Carrington rotation. This rotation causes

the solar wind to take on a spiral shape, known as the Parker spiral [Parker, 1958]. The

angle of the arms in the Parker spiral increases with distance to the Sun. They typically

have an angle of 45 degrees relative to the Sun-Earth line at 1 AU. Moreover, since

the solar wind is a collisionless plasma, it can be considered frozen-in (see Baumjohann

and Treumann [2012]), carrying the Sun’s magnetic field into interplanetary space, thus

termed the Interplanetary Magnetic Field (IMF). The solar wind plasma carries the IMF

given the solar winds high plasma-beta, meaning that its thermal pressure is greater

than the magnetic pressure [Baumjohann and Treumann, 2012]. The IMF flux density

decreases with distance from the Sun, following a power-law relationship. The magnitude

of the IMF, at Earth, is 5.9± 2.9 nT for slow solar wind and 6.4± 3.5 nT for fast solar

wind [Temmer, 2021; Yermolaev et al., 2009].

During solar minimum, the solar wind near the heliographic equator is mainly confined

to closed magnetic field lines, resulting in the magnetic field lines being stretched to form

two planes, approximately parallel to the equatorial plane, of anti-parallel magnetic field

lines. This configuration, following Ampère’s law, constitutes the Heliospheric Current

Sheet (HCS). Nearer to the solar maximum, when the magnetic field is more complex,

the magnetic equator deviates from the heliographic equator defined by the Sun’s rota-

tional axis, taking on a wavy shape. A conceptual illustration of the HCS around solar

maximum is provided in Figure 2.3. As depicted by the orbital rings, the planets cross

the HCS as the Sun rotates.

2.3 Large-scale solar wind structures

Slow and fast solar wind streams can intersect along the Sun-Earth line due to the Sun’s

rotation. Sometimes fast solar wind overtakes slower wind, leading to compression and

the formation of a Stream Interaction Region (SIR). The transition through an SIR

may occur gradually or abruptly. An abrupt transition detected across multiple solar

wind parameters suggests the presence of a magnetohydrodynamic shock, known as an

interplanetary shock [Oliveira, 2015]. However, abrupt transitions may also occur in a

single parameter, like number density, resulting in a sudden change in solar wind dynamic

pressure. When an SIR persists for more than one Carrington rotation, it is referred to

as a Corotating Interaction Region (CIR).

SIRs are not the only sources of interplanetary shocks. Magnetic field configurations as-

sociated with sunspots can trigger magnetic reconnection (see Section 3.2.1) at the sun.

This can lead to a Coronal Mass Ejection (CME), which is the release of magnetic flux
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mayoccurgraduallyorabruptly.Anabrupttransitiondetectedacrossmultiplesolar

windparameterssuggeststhepresenceofamagnetohydrodynamicshock,knownasan

interplanetaryshock[Oliveira,2015].However,abrupttransitionsmayalsooccurina
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[Yermolaev et al., 2009], although ICMEs with velocities exceeding 1000 km/s have been

observed near Earth. Additionally, the region of compressed solar wind immediately fol-

lowing the shock wave exhibits, on average, a number density that is twice as high. The

frequency of ICMEs is linked to sunspots and thus increases during the solar maximum.

Not all abrupt increases in solar wind dynamic pressure are accompanied by interplan-

etary shocks. Often, these increases are associated with a rise in solar wind number

density without a simultaneous increase in velocity [Dalin et al., 2002; Khabarova and

Zastenker, 2011; Madelaire et al., 2022b]. The origins of such dynamic pressure increases

are not fully understood, but as argued by Dalin et al. [2002], they are unlikely to origi-

nate from the Sun as they would dissipate before reaching Earth. Khabarova et al. [2021]

demonstrated that these increases are not related to SIRs and CIRs but are correlated

with crossings of the HCS. They suggest that bends and kinks in the HCS could be the

cause of these pressure increases.

2.4 Measuring the solar wind

Monitoring the solar wind is highly important, as space weather events can significantly

impact our infrastructure [Baker et al., 2004; Boteler, 1994; Schrijver et al., 2015]. In-

tense space weather conditions pose risks to humans in space and can damage electronic

systems on satellites. Variations in Earth’s magnetic field can induce currents in the

subsurface, potentially harming our electrical grid.

Observing sunspots is possible from Earth’s surface, but remote monitoring of the solar

wind is not. There are five ideal locations for continuous in-situ solar wind measurements,

known as Lagrange points, where the gravitational forces of the Sun and Earth are

balanced. Among these, only the first Lagrange point (L1) lies between the Sun and

Earth. This strategic position is why spacecrafts such as ACE [Stone et al., 1998], Wind

[Wilson III et al., 2021], DSCOVR [Burt and Smith, 2012], and SOHO [Domingo et al.,

1995] orbit L1. ACE, Wind, and DSCOVR provide in-situ solar wind data, while SOHO

also observes the Sun, detecting activity like flares (potential precursors to CMEs) and

CMEs themselves, which pose hazards to humans and electronic equipment in space.
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observed solar wind speed, assuming no drag and that the solar wind discontinuity is
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based on a correlation analysis between the solar wind dynamic pressure (Equation 2.1)
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Chapter 3

The geomagnetic field

The geomagnetic field, extending from Earth’s interior into space, interacts dynami-

cally with the solar wind. Its configuration is determined by contributions from both

internal and external sources. Internal sources encompass the core and lithospheric mag-

netic fields, while external sources relate to electric currents in the magnetosphere and

ionosphere.

At Earth’s surface, the magnetic field is primarily attributed to the core, characterized

predominantly by a dipolar configuration. This dipole is tilted approximately 10◦ from

Earth’s rotational axis and permeates vast stretches of space, shaping conditions for

the existence of external fields. However, a core magnetic field is not a prerequisite for

external sources, as demonstrated by the presence of magnetospheres on other planets,

such as Venus [Bertucci et al., 2011].

This chapter outlines the various sources contributing to the geomagnetic field, emphasiz-

ing the role of the ionosphere. Section 3.1 discusses the characteristics and contributions

of the core and lithospheric magnetic fields. Section 3.2 examines how the geomagnetic

field interacts with the solar wind, leading to the formation of magnetospheric currents.

Section 3.3 focuses on the ionosphere, presenting the process of electric current gen-

eration and its effects on the observed magnetic field at Earth’s surface. Section 3.4

introduces the sudden commencement, a dynamic geomagnetic event. Section 3.5 out-

lines the techniques utilized for measuring the magnetic field below the ionosphere and

the subsequent derivation of relevant geomagnetic indices.
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Thegeomagneticfield

Thegeomagneticfield,extendingfromEarth’sinteriorintospace,interactsdynami-

callywiththesolarwind.Itsconfigurationisdeterminedbycontributionsfromboth

internalandexternalsources.Internalsourcesencompassthecoreandlithosphericmag-

neticfields,whileexternalsourcesrelatetoelectriccurrentsinthemagnetosphereand

ionosphere.

AtEarth’ssurface,themagneticfieldisprimarilyattributedtothecore,characterized

predominantlybyadipolarconfiguration.Thisdipoleistiltedapproximately10◦from

Earth’srotationalaxisandpermeatesvaststretchesofspace,shapingconditionsfor

theexistenceofexternalfields.However,acoremagneticfieldisnotaprerequisitefor

externalsources,asdemonstratedbythepresenceofmagnetospheresonotherplanets,

suchasVenus[Bertuccietal.,2011].

Thischapteroutlinesthevarioussourcescontributingtothegeomagneticfield,emphasiz-

ingtheroleoftheionosphere.Section3.1discussesthecharacteristicsandcontributions

ofthecoreandlithosphericmagneticfields.Section3.2examineshowthegeomagnetic

fieldinteractswiththesolarwind,leadingtotheformationofmagnetosphericcurrents.

Section3.3focusesontheionosphere,presentingtheprocessofelectriccurrentgen-

erationanditseffectsontheobservedmagneticfieldatEarth’ssurface.Section3.4

introducesthesuddencommencement,adynamicgeomagneticevent.Section3.5out-

linesthetechniquesutilizedformeasuringthemagneticfieldbelowtheionosphereand

thesubsequentderivationofrelevantgeomagneticindices.
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introducesthesuddencommencement,adynamicgeomagneticevent.Section3.5out-

linesthetechniquesutilizedformeasuringthemagneticfieldbelowtheionosphereand

thesubsequentderivationofrelevantgeomagneticindices.



12 The geomagnetic field

3.1 Core and lithospheric magnetic field

The core and lithospheric magnetic fields, integral components of Earth’s geomagnetic

field, exhibit distinct properties and mechanisms of generation. This section provides

a brief introduction to their origins and characteristics. The reader is referred to [e.g.

Lowrie, 2007; Olsen and Stolle, 2012; Schubert, 2015] for more information on the core

and lithospheric magnetic fields.

Originating from the geodynamo process within Earth’s outer core, the core magnetic

field is a consequence of convective movements and the corotation of liquid metal. This

dynamic process is akin to that producing the Sun’s magnetic field. Similar to the Sun’s

cyclical nature, the Earth’s magnetic field undergoes reversals, where the magnetic poles

switch hemispheres. However, on Earth, these events are not periodic and occur over

long timescales, spanning hundreds of thousands of years.

One manifestation of these magnetic reversal events is observable at the mid-Atlantic

ridge. As tectonic plates diverge in this region, they facilitate the escape of magma rich

in ferromagnetic minerals from the mantle. Upon contact with ocean water, the lava

cools, and the ferromagnetic minerals are locked in place as the temperature falls below

the Curie point, thereby preserving a record of the ambient geomagnetic orientation.

Magnetic anomalies, like those at the mid-Atlantic ridge, can form in various ways. The

magnetized materials within the Earth’s crust constitute the lithospheric magnetic field.

While its global influence is minimal compared to the core field, the lithospheric mag-

netic field is of substantial local importance. For instance, ground magnetometers are

aligned with the core magnetic field during their installation. This is important for the

subtraction of the baseline before retrieving magnetic perturbations. However, magnetic

anomalies, such as the crustal magnetic field or man-made disturbances, can interfere

with the magnetometer’s orientation during its installation, resulting in systematic mea-

surement errors.

At Earth’s surface, the strength of the core magnetic field ranges approximately between

35,000 and 60,000 nT from the equator to the poles, respectively. In contrast, the

lithospheric magnetic field measures a relatively minor few hundred nT. These differences

highlight the dominant role of the core magnetic field in shaping Earth’s geomagnetic

environment.
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3.2 The magnetosphere

The interaction between the solar wind and Earth’s geomagnetic field gives rise to com-

plex dynamics that shape the near-Earth space environment. This section serves as a

brief introduction to the magnetosphere and its coupling to the solar wind (see Chapter

2).

As the solar wind approaches Earth, it encounters the geomagnetic field, resulting in

the deflection of the plasma flow and the formation of a shock known as the bow shock.

Beyond this initial boundary lies the magnetosheath, filled with shocked solar wind

plasma. In this region, charged particles are subject to the Lorentz force (v×B), where

v represents the solar wind velocity and B the geomagnetic field. The force’s direction

depends on the particles’ charge, causing differential motion between electrons and ions

and leading to the creation of the Chapman-Ferraro current [Chapman and Ferraro,

1930], also known as the magnetopause current.

The magnetopause current, along with its associated magnetic field, establishes a distinct

boundary—the magnetopause. This boundary defines a cavity (illustrated in Figure 3.1)

within interplanetary space, dominated by the geomagnetic field, beyond which the IMF

prevails. This cavity has a droplet-like shape, extending about 10 Earth radii toward the

Sun, and several hundred Earth radii away from it, discussed further in Section 3.2.1.

Within this cavity reside Earth, the ionosphere (see Section 3.3), and the magneto-

sphere. The magnetosphere occupies the bulk of this space, while the ionosphere serves

as a conductive inner layer. Several currents flow within the magnetosphere, as out-

lined in Figure 3.1. The ring current, one of the most prominent in terms of magnetic

perturbation on Earth’s surface, is briefly discussed in Section 3.2.2.

3.2.1 Dungey cycle

Solar wind particles generally cannot penetrate the magnetopause. However, under cer-

tain conditions, magnetic reconnection allows for the coupling between the interplane-

tary magnetic field (IMF) and the geomagnetic field, enabling the transfer of solar wind

plasma into previously segregated regions. Magnetic reconnection involves the merging

of two magnetic fields and is a process where ideal magnetohydrodynamics breaks down,

allowing for the free flow of ions and electrons. The physics of magnetic reconnection is

not yet fully understood [Hesse and Cassak, 2020]. For ease of understanding, we often

visualize convection and magnetic reconnection using magnetic field lines, although they

are not real.
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Figure 3.1: Sketch of the magnetospheric currents generated due to interaction between
the solar wind and the geomagnetic field. Credit: Russel [1995]

Magnetic reconnection occurs when interacting magnetic field lines, which are anti-

parallel, are forced together by external forces. As frozen-in plasma from two distinct

magnetic domains converges, the magnetic field takes on an X-configuration (see Figure

3.2). Under sufficient pressure, the ions and electrons become demagnetized, mean-

ing they no longer strictly adhere to the magnetic field lines. Consequently, this leads

to a restructuring of the magnetic topology, effectively splicing the field lines together.

Following a magnetic field line emerging from Earth’s southern magnetic pole, we find

that the Earth’s magnetic field points northward at the sub-solar point. Thus, optimal

conditions for reconnection at the sub-solar point occur when the IMF is southward.

The Dungey cycle [Dungey, 1961] describes the solar wind-magnetosphere interaction

through reconnection, as shown in Figure 3.3. The cycle begins with reconnection at the

sub-solar point (step 1), transforming involved magnetic field lines from closed to open.

Each resulting line has a footpoint on Earth in opposing hemispheres, with the other

end coupled to the solar wind. Due to the solar wind’s frozen-in nature, the opened

field lines are dragged from the dayside to the nightside (steps 2-5). This process,

combined with the pressure balance between the solar wind and the geomagnetic field,

transforms Earth’s dipolar-like magnetic field into a teardrop shape. The magnetopause

is situated about 10 Earth radii from the Earth towards the Sun, and it stretches up to

250 Earth radii away from the Sun. Eventually, the open magnetic field lines reconnect
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Figure 3.2: Sketch of magnetic reconnection. Credit: Zweibel and Yamada [2009]

on the nightside (steps 6-7), becoming closed again, each with two footpoints on Earth.

The newly closed field line is stretched and experiences significant magnetic tension,

propelling it toward Earth (steps 6-8) and around the planet towards the dayside, where

it may undergo reconnection again (steps 8-9). The drift along the flanks is asymmetrical

due to Earth’s rotation, resulting in a skewed distribution favoring the dawn side [Decotte

et al., 2023].

During periods of northward IMF, reconnection at the sub-solar point ceases, and the

IMF drapes over the magnetosphere. This creates potential reconnection sites at the

magnetic cusps—funnel-like structures over the magnetic poles—where lobe reconnection

between Earth’s magnetic field and the IMF can occur.

3.2.2 Ring current

A particle’s velocity can be broken down into components parallel and perpendicular to

the magnetic field, forming its velocity vector. The pitch angle is defined as the angle

between the velocity vector and the magnetic field. A charged particle’s gyrofrequency is

influenced by the magnetic field strength, which varies along the field line—being weakest

at the equator and strongest at the poles. As a result, the pitch angle changes as the

charged particle moves along the magnetic field, in accordance with the conservation of

magnetic moment. There exists a point along the magnetic field line where all parallel

energy is converted into perpendicular energy—the mirror point—beyond which the

particle cannot move. Any perturbation of the particle or the magnetic field can cause
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16 The geomagnetic field

Figure 3.3: Sketch of the Dungey cycle. The illustration at the top shows the convection
of magnetic field lines in the magnetosphere, while the bottom illustration is of the
northern polar hemisphere. Credit: Hughes [1995]
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it to gain momentum back along the direction it came—it is reflected. The reflected

particle moves back towards the equator and then to the mirror point in the opposite

hemisphere, a motion known as bouncing. The specific location of the mirror point is

determined by the particle’s equatorial pitch angle. Charged particles with mirror points

within the atmosphere are likely to collide with atmospheric particles and be lost due to

recombination.

During their bouncing motion, charged particles are also subject to gradient and cur-

vature drifts, which cause a bulk motion around Earth—the direction of which is de-

termined by the particle’s charge. Hence, electrons and ions drift in opposite direc-

tions—eastward and westward, respectively. The combined motion of these charged par-

ticles constitutes the ring current, typically situated between approximately 2–9 Earth

radii from the Earth (e.g., Shen et al. [2014]). To a first approximation, the magne-

topause current and the ring current create opposing dipole magnetic fields, equivalent

to a uniform magnetic field in ẑ on Earth.

3.3 The ionosphere

In the magnetosphere, the gyro frequencies of both ions (Ωi) and electrons (Ωe) signif-

icantly exceed their respective collision frequencies (νi and νe), allowing the plasma to

be considered frozen-in to the magnetic field. However, this assumption starts to fail as

we transition into the ionosphere, which extends from approximately 70 to 1,000 km in

altitude [e.g. Baumjohann and Treumann, 2012; Olsen and Stolle, 2012]. The deviation

mainly arises from the increased density of neutral particles at lower altitudes, leading

to a change in the ratios of Ωi to νi and Ωe to νe, as illustrated in Figure 3.4.

The ionosphere acts as the inner conductive boundary of the magnetosphere and con-

sists primarily of plasma produced by the ionization of the neutral atmosphere due to

solar irradiation [Baumjohann and Treumann, 2012]. This ionization process is more

pronounced on the dayside, resulting in a plasma density gradient between the Earth’s

day and nightside.

Within the ionosphere, different layers exhibit varying degrees of frozen-in plasma. In the

D-region (below 90 km), plasma is not frozen-in because collision frequencies surpass gyro

frequencies. Due to its high recombination rate and consequently short-lived plasma, the

D-region is often overlooked.

Above the D-region is the E-region, with its ionization peak at 110 km, where ion collision

frequencies are relatively high, and electron collision frequencies are low compared to
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3.3Theionosphere

Inthemagnetosphere,thegyrofrequenciesofbothions(Ωi)andelectrons(Ωe)signif-

icantlyexceedtheirrespectivecollisionfrequencies(νiandνe),allowingtheplasmato

beconsideredfrozen-intothemagneticfield.However,thisassumptionstartstofailas

wetransitionintotheionosphere,whichextendsfromapproximately70to1,000kmin

altitude[e.g.BaumjohannandTreumann,2012;OlsenandStolle,2012].Thedeviation

mainlyarisesfromtheincreaseddensityofneutralparticlesatloweraltitudes,leading

toachangeintheratiosofΩitoνiandΩetoνe,asillustratedinFigure3.4.

Theionosphereactsastheinnerconductiveboundaryofthemagnetosphereandcon-

sistsprimarilyofplasmaproducedbytheionizationoftheneutralatmospheredueto

solarirradiation[BaumjohannandTreumann,2012].Thisionizationprocessismore

pronouncedonthedayside,resultinginaplasmadensitygradientbetweentheEarth’s

dayandnightside.

Withintheionosphere,differentlayersexhibitvaryingdegreesoffrozen-inplasma.Inthe

D-region(below90km),plasmaisnotfrozen-inbecausecollisionfrequenciessurpassgyro

frequencies.Duetoitshighrecombinationrateandconsequentlyshort-livedplasma,the

D-regionisoftenoverlooked.

AbovetheD-regionistheE-region,withitsionizationpeakat110km,whereioncollision

frequenciesarerelativelyhigh,andelectroncollisionfrequenciesarelowcomparedto

3.3Theionosphere17

ittogainmomentumbackalongthedirectionitcame—itisreflected.Thereflected

particlemovesbacktowardstheequatorandthentothemirrorpointintheopposite

hemisphere,amotionknownasbouncing.Thespecificlocationofthemirrorpointis

determinedbytheparticle’sequatorialpitchangle.Chargedparticleswithmirrorpoints

withintheatmospherearelikelytocollidewithatmosphericparticlesandbelostdueto

recombination.

Duringtheirbouncingmotion,chargedparticlesarealsosubjecttogradientandcur-

vaturedrifts,whichcauseabulkmotionaroundEarth—thedirectionofwhichisde-

terminedbytheparticle’scharge.Hence,electronsandionsdriftinoppositedirec-

tions—eastwardandwestward,respectively.Thecombinedmotionofthesechargedpar-

ticlesconstitutestheringcurrent,typicallysituatedbetweenapproximately2–9Earth

radiifromtheEarth(e.g.,Shenetal.[2014]).Toafirstapproximation,themagne-

topausecurrentandtheringcurrentcreateopposingdipolemagneticfields,equivalent

toauniformmagneticfieldinẑonEarth.
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Figure 3.4: Height profile of collision frequency (νe and νi), gyrofrequency (Ωe and Ωi),
and the conductivity (σH , σP , and σ||) based of the International Reference Ionosphere.
Credit: C. Finlay and N. Olsen.

their gyro frequencies. Thus, electrons are considered frozen-in, while ions are not,

leading to relative motion between the two. The F-region, the uppermost layer with

peak ionization at 300 km, is subdivided into F1 and F2 layers, differing in collision

frequencies. In the F2-region, both ions and electrons are considered frozen-in, while

in the F1-region, ions gradually transition to a less frozen-in state before reaching the

E-region. The E and F1 regions, known as the ionospheric dynamo region, allow neutral

winds to create relative motion between ions and electrons through collisions with ions.

The subsequent sections will explore how magnetospheric currents close through the

ionosphere, provide a mathematical description of the ionospheric current system, and

discuss the observed magnetic field perturbations below the ionosphere.

3.3.1 Ionospheric convection

The Dungey cycle, described in Section 3.2.1, offers a framework for comprehending

the coupling between the solar wind and the magnetosphere. As magnetic field lines

convect within the magnetosphere, this motion influences the ionosphere. Figure 3.3

depicts the ionospheric convection pattern that accompanies the opening and closing

of magnetic field lines, as per the Dungey cycle. During dayside reconnection, newly

opened field lines move anti-sunward across the polar cap, while sunward return flow

at lower latitudes corresponds with newly closed field lines from nightside reconnection.

This dynamic generates a two-cell convection pattern.

Within the conductive ionosphere, the convection of magnetic field lines induces a system

of electric currents flowing parallel and perpendicular to the convection direction, as

well as along the magnetic field lines. Figure 3.5 conceptualizes the ionospheric current
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theirgyrofrequencies.Thus,electronsareconsideredfrozen-in,whileionsarenot,

leadingtorelativemotionbetweenthetwo.TheF-region,theuppermostlayerwith

peakionizationat300km,issubdividedintoF1andF2layers,differingincollision

frequencies.IntheF2-region,bothionsandelectronsareconsideredfrozen-in,while

intheF1-region,ionsgraduallytransitiontoalessfrozen-instatebeforereachingthe

E-region.TheEandF1regions,knownastheionosphericdynamoregion,allowneutral

windstocreaterelativemotionbetweenionsandelectronsthroughcollisionswithions.

Thesubsequentsectionswillexplorehowmagnetosphericcurrentsclosethroughthe

ionosphere,provideamathematicaldescriptionoftheionosphericcurrentsystem,and

discusstheobservedmagneticfieldperturbationsbelowtheionosphere.

3.3.1Ionosphericconvection

TheDungeycycle,describedinSection3.2.1,offersaframeworkforcomprehending

thecouplingbetweenthesolarwindandthemagnetosphere.Asmagneticfieldlines

convectwithinthemagnetosphere,thismotioninfluencestheionosphere.Figure3.3

depictstheionosphericconvectionpatternthataccompaniestheopeningandclosing

ofmagneticfieldlines,aspertheDungeycycle.Duringdaysidereconnection,newly

openedfieldlinesmoveanti-sunwardacrossthepolarcap,whilesunwardreturnflow

atlowerlatitudescorrespondswithnewlyclosedfieldlinesfromnightsidereconnection.

Thisdynamicgeneratesatwo-cellconvectionpattern.

Withintheconductiveionosphere,theconvectionofmagneticfieldlinesinducesasystem

ofelectriccurrentsflowingparallelandperpendiculartotheconvectiondirection,as

wellasalongthemagneticfieldlines.Figure3.5conceptualizestheionosphericcurrent
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their gyro frequencies. Thus, electrons are considered frozen-in, while ions are not,

leading to relative motion between the two. The F-region, the uppermost layer with

peak ionization at 300 km, is subdivided into F1 and F2 layers, differing in collision

frequencies. In the F2-region, both ions and electrons are considered frozen-in, while

in the F1-region, ions gradually transition to a less frozen-in state before reaching the

E-region. The E and F1 regions, known as the ionospheric dynamo region, allow neutral

winds to create relative motion between ions and electrons through collisions with ions.

The subsequent sections will explore how magnetospheric currents close through the

ionosphere, provide a mathematical description of the ionospheric current system, and

discuss the observed magnetic field perturbations below the ionosphere.

3.3.1 Ionospheric convection

The Dungey cycle, described in Section 3.2.1, offers a framework for comprehending

the coupling between the solar wind and the magnetosphere. As magnetic field lines

convect within the magnetosphere, this motion influences the ionosphere. Figure 3.3

depicts the ionospheric convection pattern that accompanies the opening and closing

of magnetic field lines, as per the Dungey cycle. During dayside reconnection, newly

opened field lines move anti-sunward across the polar cap, while sunward return flow

at lower latitudes corresponds with newly closed field lines from nightside reconnection.

This dynamic generates a two-cell convection pattern.

Within the conductive ionosphere, the convection of magnetic field lines induces a system

of electric currents flowing parallel and perpendicular to the convection direction, as

well as along the magnetic field lines. Figure 3.5 conceptualizes the ionospheric current
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E-region.TheEandF1regions,knownastheionosphericdynamoregion,allowneutral

windstocreaterelativemotionbetweenionsandelectronsthroughcollisionswithions.

Thesubsequentsectionswillexplorehowmagnetosphericcurrentsclosethroughthe

ionosphere,provideamathematicaldescriptionoftheionosphericcurrentsystem,and

discusstheobservedmagneticfieldperturbationsbelowtheionosphere.
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theirgyrofrequencies.Thus,electronsareconsideredfrozen-in,whileionsarenot,

leadingtorelativemotionbetweenthetwo.TheF-region,theuppermostlayerwith

peakionizationat300km,issubdividedintoF1andF2layers,differingincollision

frequencies.IntheF2-region,bothionsandelectronsareconsideredfrozen-in,while

intheF1-region,ionsgraduallytransitiontoalessfrozen-instatebeforereachingthe

E-region.TheEandF1regions,knownastheionosphericdynamoregion,allowneutral

windstocreaterelativemotionbetweenionsandelectronsthroughcollisionswithions.

Thesubsequentsectionswillexplorehowmagnetosphericcurrentsclosethroughthe

ionosphere,provideamathematicaldescriptionoftheionosphericcurrentsystem,and

discusstheobservedmagneticfieldperturbationsbelowtheionosphere.

3.3.1Ionosphericconvection

TheDungeycycle,describedinSection3.2.1,offersaframeworkforcomprehending

thecouplingbetweenthesolarwindandthemagnetosphere.Asmagneticfieldlines

convectwithinthemagnetosphere,thismotioninfluencestheionosphere.Figure3.3

depictstheionosphericconvectionpatternthataccompaniestheopeningandclosing

ofmagneticfieldlines,aspertheDungeycycle.Duringdaysidereconnection,newly

openedfieldlinesmoveanti-sunwardacrossthepolarcap,whilesunwardreturnflow

atlowerlatitudescorrespondswithnewlyclosedfieldlinesfromnightsidereconnection.

Thisdynamicgeneratesatwo-cellconvectionpattern.

Withintheconductiveionosphere,theconvectionofmagneticfieldlinesinducesasystem

ofelectriccurrentsflowingparallelandperpendiculartotheconvectiondirection,as

wellasalongthemagneticfieldlines.Figure3.5conceptualizestheionosphericcurrent
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system during a convection pattern akin to the Dungey cycle. Since only the electrons are

frozen-in, the relative motion between ions and electrons constitutes an electric current

in the direction of convection (indicated by orange arrows). Furthermore, the bending

of magnetic field lines during convection creates a curl in the magnetic field, which, by

Ampère’s law, results in an electric current perpendicular to the bend (indicated by green

arrows). In a uniformly conductive ionosphere, the current parallel and perpendicular to

the convection is known as a Hall and Pedersen current, respectively. A more thorough

discussion on ionospheric currents, including decompositions such as Hall/Pedersen and

divergence-free/curl-free, is found in Sections 3.3.2-3.3.3. The Pedersen current also

serves as a closure current for field-aligned currents (FACs) generated in regions of shear

flow, such as the boundary between anti-sunward and sunward convection.

The two-celled convection gives rise to two sets of FACs, termed region 1 and region 2.

Region 1 FACs are found at the boundary of anti-sunward and sunward flow (indicated

by the most poleward FACs in Figure 3.5). Region 2 FACs are located between the return

flow and the relatively stationary magnetic field lines at lower latitudes (indicated by

the equatorward most FACs). On the flanks, between regions 1 and 2, the magnitude

of the current tends to be strong (illustrated by the larger orange arrows) and results

in significant magnetic field perturbation on the ground. Therefore, this part of the

ionospheric electric current is commonly referred to as auroral electrojets.

The orientation of the IMF plays a crucial role in determining the ionospheric convection

pattern, see e.g. Cowley and Lockwood [1992]. During purely southward IMF, recon-

nection occurs at the subsolar point. However, when the IMF has both a southward and

east/west component, the reconnection site is displaced east/west. Consequently, one

convection cell becomes circular, while the other takes on a crescent shape. The polarity

of the IMF’s east/west component determines whether the dawn or dusk cell becomes

circular or crescent-shaped. On the other hand, during northward IMF, the two-cell

convection pattern associated with southward IMF tends to vanish. The ionospheric

convection pattern resulting from lobe reconnection also comprises a two-cell system.

However, the convection in this case is directed sunward between the cells. These cells

are spatially limited and located where the cusp region maps into the ionosphere. The

FAC associated with this convection pattern is commonly referred to as region-0 or NBZ

currents. Similar to the case of southward IMF, a non-zero east/west component affects

this two-cell system. The cells undergo changes in spatial extent and magnitude to the

extent that only one cell is present.
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flow,suchastheboundarybetweenanti-sunwardandsunwardconvection.

Thetwo-celledconvectiongivesrisetotwosetsofFACs,termedregion1andregion2.

Region1FACsarefoundattheboundaryofanti-sunwardandsunwardflow(indicated

bythemostpolewardFACsinFigure3.5).Region2FACsarelocatedbetweenthereturn

flowandtherelativelystationarymagneticfieldlinesatlowerlatitudes(indicatedby

theequatorwardmostFACs).Ontheflanks,betweenregions1and2,themagnitude

ofthecurrenttendstobestrong(illustratedbythelargerorangearrows)andresults

insignificantmagneticfieldperturbationontheground.Therefore,thispartofthe

ionosphericelectriccurrentiscommonlyreferredtoasauroralelectrojets.

TheorientationoftheIMFplaysacrucialroleindeterminingtheionosphericconvection

pattern,seee.g.CowleyandLockwood[1992].DuringpurelysouthwardIMF,recon-

nectionoccursatthesubsolarpoint.However,whentheIMFhasbothasouthwardand

east/westcomponent,thereconnectionsiteisdisplacedeast/west.Consequently,one

convectioncellbecomescircular,whiletheothertakesonacrescentshape.Thepolarity

oftheIMF’seast/westcomponentdetermineswhetherthedawnorduskcellbecomes

circularorcrescent-shaped.Ontheotherhand,duringnorthwardIMF,thetwo-cell

convectionpatternassociatedwithsouthwardIMFtendstovanish.Theionospheric

convectionpatternresultingfromlobereconnectionalsocomprisesatwo-cellsystem.

However,theconvectioninthiscaseisdirectedsunwardbetweenthecells.Thesecells

arespatiallylimitedandlocatedwherethecuspregionmapsintotheionosphere.The

FACassociatedwiththisconvectionpatterniscommonlyreferredtoasregion-0orNBZ

currents.SimilartothecaseofsouthwardIMF,anon-zeroeast/westcomponentaffects

thistwo-cellsystem.Thecellsundergochangesinspatialextentandmagnitudetothe

extentthatonlyonecellispresent.
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Figure 3.5: Conceptual illustration of the high-latitude steady state current system dur-
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the grey color on the nightside indicates the lack of conductance. The yellow band fol-
lowing the convection lines indicates conductance on the nightside from the convection
of plasma and precipitation associated with FACs.
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3.3.2 Ionospheric Ohm’s law

Ionospheric electric currents arise from the convection of magnetic field lines, as detailed

in Section 3.2.1, and are described by the ionospheric Ohm’s law [e.g. Baumjohann and

Treumann, 2012; Brekke, 2015; Kelley, 2009]:

j = σPE⊥ + σH

(
b̂×E⊥

)
+ σ||E||b̂, (3.1)

where j denotes current density, E the electric field in the neutral frame of reference, b̂

the unit vector of the magnetic field B, and σP , σH , σ|| the Pedersen, Hall, and parallel

conductivities, respectively. The subscript ⊥ and || signify components perpendicular

and parallel to b̂, different from spherical coordinate directions. If the magnetic field

lines are radial, these components align with horizontal and radial directions (see Section

3.3.3).

Due to the high electron mobility, the electric field is generally thought to map along

the magnetic field [Hesse et al., 1997]. Thus, Equation 3.1 can be height integrated as

J⊥ = ΣPE⊥ + ΣH

(
b̂×E⊥

)
, (3.2)

expressing the horizontal current on a spherical shell, provided the magnetic field lines

are radial. The shell is commonly placed around 110 km corresponding to the peak in

Hall and Pedersen conductivity, see Figure 3.4. ΣP and ΣH denote the height-integrated

Pedersen and Hall conductivities, respectively.

Equations 3.1 and 3.2 can be derived from the ion and electron momentum equations

under specific assumptions [e.g. Brekke, 2015]. These assumptions include:

• Quasi steady-state: The steady-state assumption implies a lack of time dependence

(∂/∂t = 0). In deriving the ionospheric Ohm’s law, time-dependent terms in the ion

and electron momentum equations are omitted. We refer to this approximation as

a quasi steady-state because it allows the system to evolve, albeit at a sufficiently

slow rate of change. As a result, E⊥ encompasses both potential and inductive

components. Nevertheless, for practical applications, such as in ionospheric solvers

for MHD simulations and empirical models (see Section 4.4), inductive effects are

commonly disregarded effectively assuming a true steady-state.

• Charge neutrality : It is assumed that the electron and ion densities are equal

(ne = ni), maintaining charge neutrality. An additional simplification assumes a

uniform ion species, characterized by a single representative mass and charge. In

the context of the quasi steady-state, the displacement current ( ∂
∂t
E) is neglected,
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Equations3.1and3.2canbederivedfromtheionandelectronmomentumequations

underspecificassumptions[e.g.Brekke,2015].Theseassumptionsinclude:

•Quasisteady-state:Thesteady-stateassumptionimpliesalackoftimedependence

(∂/∂t=0).InderivingtheionosphericOhm’slaw,time-dependenttermsintheion

andelectronmomentumequationsareomitted.Werefertothisapproximationas

aquasisteady-statebecauseitallowsthesystemtoevolve,albeitatasufficiently

slowrateofchange.Asaresult,E⊥encompassesbothpotentialandinductive

components.Nevertheless,forpracticalapplications,suchasinionosphericsolvers

forMHDsimulationsandempiricalmodels(seeSection4.4),inductiveeffectsare

commonlydisregardedeffectivelyassumingatruesteady-state.

•Chargeneutrality:Itisassumedthattheelectronandiondensitiesareequal

(ne=ni),maintainingchargeneutrality.Anadditionalsimplificationassumesa

uniformionspecies,characterizedbyasinglerepresentativemassandcharge.In

thecontextofthequasisteady-state,thedisplacementcurrent(∂
∂t

E)isneglected,
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implying that the current is divergence-free (∇ ·J = 0) and that charge neutrality

is preserved over time.

• Known neutral velocity : The electric field (E⊥) in Equation 3.2, is expressed as

E⊥ = E′
⊥ + u × B, where u represents the neutral wind velocity and E⊥ is the

electric field observed in the neutral wind’s frame of reference. The interaction

of the neutral wind with ions is central to the ionospheric dynamo; however, u

is often unknown. As a result, we typically work under the assumption that u is

zero.

• Thermal equilibrium and isotropic pressure: Assuming thermal equilibrium in the

ionosphere allows us to use the ideal gas law to represent pressure, circumventing

the need for energy conservation equations. Moreover, in a collisionless plasma, the

pressure tensor can often be assumed to be diagonal. However, in the ionosphere,

collisions lead to isotropic pressure, allowing the pressure to be represented by a

scalar.

The divergence of Equation 3.2 in the perpendicular plane leads to field-aligned currents

(FACs) expressed as:

J|| = ∇⊥ · (Σ ·E⊥)

= ΣP (∇⊥ ·E⊥) +E⊥ ·∇⊥ΣP + ΣH

[
∇⊥ ·

(
b̂×E⊥

)]
+
(
b̂×E⊥

)
·∇⊥ΣH .

(3.3)

Each term in Equation 3.3 corresponds to a situation where FACs can be found. The

first term, ΣP (∇⊥ ·E⊥), indicates the presence of FACs, closed by a Pedersen cur-

rent when the electric field converges or diverges. These FACs are typically associated

with regions 0, 1, and 2. The second term, E⊥ · ∇⊥ΣP , arises when there is a gra-

dient in the Pedersen conductance along the direction of the electric field. The third

term, ΣH

[
∇⊥ ·

(
b̂×E⊥

)]
, can be neglected. By expanding the term using a vector

identity1, we find that it relies on ∇ × b̂ and ∇ × E⊥. Here, ∇ × E⊥ is often ig-

nored because it is small (see Paper IV) and otherwise zero under the assumption of

steady state, and ∇× b̂ is zero if the magnetic field is assumed radial. The fourth term,(
b̂×E⊥

)
· ∇⊥ΣH , emerges when there is a gradient in the Hall conductance perpen-

dicular to the ionospheric electric field. This can occur at the edges of the aurora as

well as across the day/night terminator, where differences in production/loss (e.g., solar

radiance/recombination) result in a conductance gradient.

In summary, studying the complex interactions between the magnetosphere and iono-

sphere is crucial for understanding the behavior of the ionospheric current system and

1∇ ·
(
b̂×E⊥

)
=

(
∇× b̂

)
·E⊥ − b̂ · (∇×E⊥)
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noredbecauseitissmall(seePaperIV)andotherwisezeroundertheassumptionof
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wellasacrosstheday/nightterminator,wheredifferencesinproduction/loss(e.g.,solar
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implying that the current is divergence-free (∇ ·J = 0) and that charge neutrality

is preserved over time.

• Known neutral velocity : The electric field (E⊥) in Equation 3.2, is expressed as

E⊥ = E′
⊥ + u × B, where u represents the neutral wind velocity and E⊥ is the

electric field observed in the neutral wind’s frame of reference. The interaction

of the neutral wind with ions is central to the ionospheric dynamo; however, u

is often unknown. As a result, we typically work under the assumption that u is

zero.

• Thermal equilibrium and isotropic pressure: Assuming thermal equilibrium in the

ionosphere allows us to use the ideal gas law to represent pressure, circumventing

the need for energy conservation equations. Moreover, in a collisionless plasma, the

pressure tensor can often be assumed to be diagonal. However, in the ionosphere,

collisions lead to isotropic pressure, allowing the pressure to be represented by a

scalar.

The divergence of Equation 3.2 in the perpendicular plane leads to field-aligned currents

(FACs) expressed as:
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first term, ΣP (∇⊥ ·E⊥), indicates the presence of FACs, closed by a Pedersen cur-

rent when the electric field converges or diverges. These FACs are typically associated

with regions 0, 1, and 2. The second term, E⊥ · ∇⊥ΣP , arises when there is a gra-

dient in the Pedersen conductance along the direction of the electric field. The third

term, ΣH [∇⊥ · (b̂×E⊥)], can be neglected. By expanding the term using a vector

identity
1
, we find that it relies on ∇ × b̂ and ∇ × E⊥. Here, ∇ × E⊥ is often ig-

nored because it is small (see Paper IV) and otherwise zero under the assumption of

steady state, and ∇× b̂ is zero if the magnetic field is assumed radial. The fourth term,(b̂×E⊥) · ∇⊥ΣH , emerges when there is a gradient in the Hall conductance perpen-

dicular to the ionospheric electric field. This can occur at the edges of the aurora as

well as across the day/night terminator, where differences in production/loss (e.g., solar

radiance/recombination) result in a conductance gradient.

In summary, studying the complex interactions between the magnetosphere and iono-

sphere is crucial for understanding the behavior of the ionospheric current system and

1
∇ · (b̂×E⊥) = (∇× b̂) ·E⊥ − b̂ · (∇×E⊥)

22 The geomagnetic field

implying that the current is divergence-free (∇ ·J = 0) and that charge neutrality

is preserved over time.

• Known neutral velocity : The electric field (E⊥) in Equation 3.2, is expressed as

E⊥ = E′
⊥ + u × B, where u represents the neutral wind velocity and E⊥ is the

electric field observed in the neutral wind’s frame of reference. The interaction

of the neutral wind with ions is central to the ionospheric dynamo; however, u

is often unknown. As a result, we typically work under the assumption that u is

zero.

• Thermal equilibrium and isotropic pressure: Assuming thermal equilibrium in the

ionosphere allows us to use the ideal gas law to represent pressure, circumventing

the need for energy conservation equations. Moreover, in a collisionless plasma, the

pressure tensor can often be assumed to be diagonal. However, in the ionosphere,

collisions lead to isotropic pressure, allowing the pressure to be represented by a

scalar.

The divergence of Equation 3.2 in the perpendicular plane leads to field-aligned currents

(FACs) expressed as:

J|| = ∇⊥ · (Σ ·E⊥)

= ΣP (∇⊥ ·E⊥) +E⊥ ·∇⊥ΣP + ΣH [∇⊥ · (b̂×E⊥)]+ (b̂×E⊥) ·∇⊥ΣH .
(3.3)

Each term in Equation 3.3 corresponds to a situation where FACs can be found. The

first term, ΣP (∇⊥ ·E⊥), indicates the presence of FACs, closed by a Pedersen cur-

rent when the electric field converges or diverges. These FACs are typically associated

with regions 0, 1, and 2. The second term, E⊥ · ∇⊥ΣP , arises when there is a gra-

dient in the Pedersen conductance along the direction of the electric field. The third

term, ΣH [∇⊥ · (b̂×E⊥)], can be neglected. By expanding the term using a vector

identity
1
, we find that it relies on ∇ × b̂ and ∇ × E⊥. Here, ∇ × E⊥ is often ig-

nored because it is small (see Paper IV) and otherwise zero under the assumption of

steady state, and ∇× b̂ is zero if the magnetic field is assumed radial. The fourth term,(b̂×E⊥) · ∇⊥ΣH , emerges when there is a gradient in the Hall conductance perpen-

dicular to the ionospheric electric field. This can occur at the edges of the aurora as

well as across the day/night terminator, where differences in production/loss (e.g., solar

radiance/recombination) result in a conductance gradient.

In summary, studying the complex interactions between the magnetosphere and iono-

sphere is crucial for understanding the behavior of the ionospheric current system and

1
∇ · (b̂×E⊥) = (∇× b̂) ·E⊥ − b̂ · (∇×E⊥)

22Thegeomagneticfield

implyingthatthecurrentisdivergence-free(∇·J=0)andthatchargeneutrality

ispreservedovertime.

•Knownneutralvelocity:Theelectricfield(E⊥)inEquation3.2,isexpressedas

E⊥=E′
⊥+u×B,whereurepresentstheneutralwindvelocityandE⊥isthe

electricfieldobservedintheneutralwind’sframeofreference.Theinteraction

oftheneutralwindwithionsiscentraltotheionosphericdynamo;however,u

isoftenunknown.Asaresult,wetypicallyworkundertheassumptionthatuis

zero.

•Thermalequilibriumandisotropicpressure:Assumingthermalequilibriuminthe

ionosphereallowsustousetheidealgaslawtorepresentpressure,circumventing

theneedforenergyconservationequations.Moreover,inacollisionlessplasma,the

pressuretensorcanoftenbeassumedtobediagonal.However,intheionosphere,

collisionsleadtoisotropicpressure,allowingthepressuretoberepresentedbya

scalar.

ThedivergenceofEquation3.2intheperpendicularplaneleadstofield-alignedcurrents

(FACs)expressedas:

J||=∇⊥·(Σ·E⊥)

=ΣP(∇⊥·E⊥)+E⊥·∇⊥ΣP+ΣH[∇⊥·(b̂×E⊥)]+(b̂×E⊥)·∇⊥ΣH.
(3.3)

EachterminEquation3.3correspondstoasituationwhereFACscanbefound.The

firstterm,ΣP(∇⊥·E⊥),indicatesthepresenceofFACs,closedbyaPedersencur-

rentwhentheelectricfieldconvergesordiverges.TheseFACsaretypicallyassociated

withregions0,1,and2.Thesecondterm,E⊥·∇⊥ΣP,ariseswhenthereisagra-

dientinthePedersenconductancealongthedirectionoftheelectricfield.Thethird

term,ΣH[∇⊥·(b̂×E⊥)],canbeneglected.Byexpandingthetermusingavector

identity
1
,wefindthatitrelieson∇×b̂and∇×E⊥.Here,∇×E⊥isoftenig-

noredbecauseitissmall(seePaperIV)andotherwisezeroundertheassumptionof

steadystate,and∇×b̂iszeroifthemagneticfieldisassumedradial.Thefourthterm, (b̂×E⊥)·∇⊥ΣH,emergeswhenthereisagradientintheHallconductanceperpen-

diculartotheionosphericelectricfield.Thiscanoccurattheedgesoftheauroraas

wellasacrosstheday/nightterminator,wheredifferencesinproduction/loss(e.g.,solar

radiance/recombination)resultinaconductancegradient.

Insummary,studyingthecomplexinteractionsbetweenthemagnetosphereandiono-

sphereiscrucialforunderstandingthebehavioroftheionosphericcurrentsystemand
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the underlying physical processes in space physics research. In Sections 3.3.3-3.3.4, we
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netic field produced below the ionosphere, and the ionospheric current system when going
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The study of ionospheric electrodynamics has historically relied on ground-based mea-
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vanced empirical modeling techniques (see Chapter 4) are now frequently employed to

create regional and global estimates of the ionospheric current system. While these mod-

els are valuable, it is essential to consider the underlying assumptions made about the

physical system to avoid misinterpretation.

Deriving information about the ionospheric current system using ground-based mag-

netic field measurements can involve simply applying Ampere’s law: a 90◦ clockwise

rotation of the observed magnetic perturbation, assuming it is caused solely by an over-

head ionospheric electrical current. However, the ground magnetic perturbation can

not fully describe the ionospheric current system unless more information is provided.

Fukushima’s theorem is frequently invoked [Fukushima, 1969, 1976] for this reason. The

theorem, building on the work by Kern [1966]; Tamao [1964], states that magnetic per-

turbation associated with the Pedersen current is canceled by those of the FACs below
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Hall current. The equivalent current thus reflects ionospheric convection and directly
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rent [e.g. Fujita et al., 2003a,b; Tanaka et al., 2020]. This approximation generally holds

on a global scale Amm [1997], and the assumption of radial field lines is reasonable at
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auroral latitudes [Untiedt and Baumjohann, 1993]. However, ionospheric conductance

is rarely uniform [Kosch et al., 2000; Lummerzheim et al., 1991], and gradients in con-

ductance significantly affect the ionospheric current system [Ellis and Southwood, 1983;

Laundal et al., 2016; Lynch et al., 2022].

A more general way of decomposing the ionospheric current system is to apply

Helmholtz’s theorem. Thereby, the current system can be decomposed into its

divergence-free (DF) and curl-free (CF) components [Sabaka et al., 2010; Vasyliunas,

1970]:

J⊥ = JDF + JCF. (3.4)

Assuming radial magnetic field lines, the magnetic perturbation from FACs and JCF

cancel out below the ionosphere Amm [1997]; Untiedt and Baumjohann [1993]. Hence,

ground-based magnetic perturbations is solely produced by JDF. This statement can be

made without requiring any assumption regarding conductance. Both Hall and Peder-

sen currents are present in JDF and JCF when the conductance is not uniform. Incorrectly

attributing the source of observed magnetic perturbations can lead to erroneous conclu-

sions, particularly regarding ionospheric convection. It is for this reason we use the term

transient current vortex instead of transient convection cell in Paper II.

To illustrate the differences in the Hall/Pedersen and DF/CF components, we will de-

compose the ionospheric current resulting from a synthetic example of a two-cell convec-

tion system associated with a southward IMF, corresponding to Figure 3.3. We chose

this scenario, instead of a more dynamic one, to test if JDF can be approximated as JH .

The purpose is simply to illustrate the different decompositions and to demonstrate that

even in this scenario, the Pedersen current does contribute to the magnetic perturbation

below the ionosphere.

Figures 3.6-3.7 present various decompositions of the ionospheric current and the re-

sulting magnetic field perturbation, derived from a Lompe model [Laundal et al., 2022]

using the potential electric field, FACs, and conductance data from the global MHD

simulation described in Shi et al. [2022], which also contributed to synthetic data for Pa-

per IV. We chose the Lompe model as it provides an empirical modeling framework for

ionospheric electrodynamics based on SECS (see Section 4.1.2), allowing measurements

of different quantities to be linked via ionospheric Ohm’s law (Equation 3.2) to create

a self-consistent model of the ionospheric potential electric field. Empirical modeling

techniques are further discussed in Chapter 4.

Figure 3.6a illustrates the ionospheric potential electric field for a two-cell convection

pattern during southward IMF. Figures 3.6b-c depict the Hall and Pedersen conduc-

tances, respectively. The resulting horizontal ionospheric electric current is displayed
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thisscenario,insteadofamoredynamicone,totestifJDFcanbeapproximatedasJH.
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usingthepotentialelectricfield,FACs,andconductancedatafromtheglobalMHD

simulationdescribedinShietal.[2022],whichalsocontributedtosyntheticdataforPa-

perIV.WechosetheLompemodelasitprovidesanempiricalmodelingframeworkfor

ionosphericelectrodynamicsbasedonSECS(seeSection4.1.2),allowingmeasurements
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auroral latitudes [Untiedt and Baumjohann, 1993]. However, ionospheric conductance

is rarely uniform [Kosch et al., 2000; Lummerzheim et al., 1991], and gradients in con-

ductance significantly affect the ionospheric current system [Ellis and Southwood, 1983;

Laundal et al., 2016; Lynch et al., 2022].

A more general way of decomposing the ionospheric current system is to apply

Helmholtz’s theorem. Thereby, the current system can be decomposed into its

divergence-free (DF) and curl-free (CF) components [Sabaka et al., 2010; Vasyliunas,

1970]:

J⊥ = JDF + JCF. (3.4)

Assuming radial magnetic field lines, the magnetic perturbation from FACs and JCF

cancel out below the ionosphere Amm [1997]; Untiedt and Baumjohann [1993]. Hence,

ground-based magnetic perturbations is solely produced by JDF. This statement can be

made without requiring any assumption regarding conductance. Both Hall and Peder-

sen currents are present in JDF and JCF when the conductance is not uniform. Incorrectly

attributing the source of observed magnetic perturbations can lead to erroneous conclu-

sions, particularly regarding ionospheric convection. It is for this reason we use the term

transient current vortex instead of transient convection cell in Paper II.

To illustrate the differences in the Hall/Pedersen and DF/CF components, we will de-

compose the ionospheric current resulting from a synthetic example of a two-cell convec-

tion system associated with a southward IMF, corresponding to Figure 3.3. We chose

this scenario, instead of a more dynamic one, to test if JDF can be approximated as JH .

The purpose is simply to illustrate the different decompositions and to demonstrate that

even in this scenario, the Pedersen current does contribute to the magnetic perturbation

below the ionosphere.

Figures 3.6-3.7 present various decompositions of the ionospheric current and the re-

sulting magnetic field perturbation, derived from a Lompe model [Laundal et al., 2022]

using the potential electric field, FACs, and conductance data from the global MHD

simulation described in Shi et al. [2022], which also contributed to synthetic data for Pa-

per IV. We chose the Lompe model as it provides an empirical modeling framework for

ionospheric electrodynamics based on SECS (see Section 4.1.2), allowing measurements

of different quantities to be linked via ionospheric Ohm’s law (Equation 3.2) to create

a self-consistent model of the ionospheric potential electric field. Empirical modeling

techniques are further discussed in Chapter 4.

Figure 3.6a illustrates the ionospheric potential electric field for a two-cell convection

pattern during southward IMF. Figures 3.6b-c depict the Hall and Pedersen conduc-

tances, respectively. The resulting horizontal ionospheric electric current is displayed
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attributingthesourceofobservedmagneticperturbationscanleadtoerroneousconclu-

sions,particularlyregardingionosphericconvection.Itisforthisreasonweusetheterm

transientcurrentvortexinsteadoftransientconvectioncellinPaperII.

ToillustratethedifferencesintheHall/PedersenandDF/CFcomponents,wewillde-

composetheionosphericcurrentresultingfromasyntheticexampleofatwo-cellconvec-

tionsystemassociatedwithasouthwardIMF,correspondingtoFigure3.3.Wechose

thisscenario,insteadofamoredynamicone,totestifJDFcanbeapproximatedasJH.

Thepurposeissimplytoillustratethedifferentdecompositionsandtodemonstratethat

eveninthisscenario,thePedersencurrentdoescontributetothemagneticperturbation

belowtheionosphere.

Figures3.6-3.7presentvariousdecompositionsoftheionosphericcurrentandthere-

sultingmagneticfieldperturbation,derivedfromaLompemodel[Laundaletal.,2022]

usingthepotentialelectricfield,FACs,andconductancedatafromtheglobalMHD

simulationdescribedinShietal.[2022],whichalsocontributedtosyntheticdataforPa-

perIV.WechosetheLompemodelasitprovidesanempiricalmodelingframeworkfor

ionosphericelectrodynamicsbasedonSECS(seeSection4.1.2),allowingmeasurements

ofdifferentquantitiestobelinkedviaionosphericOhm’slaw(Equation3.2)tocreate

aself-consistentmodeloftheionosphericpotentialelectricfield.Empiricalmodeling

techniquesarefurtherdiscussedinChapter4.

Figure3.6aillustratestheionosphericpotentialelectricfieldforatwo-cellconvection

patternduringsouthwardIMF.Figures3.6b-cdepicttheHallandPedersenconduc-
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in Figure 3.6d. The Hall/Pedersen and DF/CF decompositions of the total horizontal

current are shown in Figures 3.6e-f and Figures 3.6g and 3.6j, respectively. The Hall cur-

rent is very similar to the DF current, both indicating convection related to the two-cell

pattern. Likewise, the Pedersen current resembles the CF current, both showing con-

vergence/divergence patterns linked to regions 1 and 2 FACs. Notable differences exist

between the two decompositions, however. Figures 3.6h-i and 3.6k-l separate the DF

and CF currents into their Hall and Pedersen components. The Hall and Pedersen com-

ponents predominate in the DF and CF currents, respectively. However, a DF Pedersen

current vortex is observed, associated with conductance gradients due to the latitudi-

nal variation in solar irradiation. At the center of this DF Pedersen vortex, a CF Hall

current diverges, indicating a FAC closed by Hall currents.

Although Figures 3.6-3.7 are not associated with a dynamic event, there are still large-

scale DF Pedersen and CF Hall currents with magnitudes roughly a third of their coun-

terparts. The magnetic perturbation associated with the total DF current, the DF Hall

current, and the DF Pedersen current (Figures 3.6g-i) is displayed in Figure 3.7. As ex-

pected, the DF Hall component predominantly shapes the ground magnetic signature.

However, the radial component of the ground magnetic perturbation reaches approxi-

mately 75 nT below the DF Pedersen current vortex, as seen in Figure 3.7i. This indicates

that, while on a large scale and under non-dynamic conditions, the ground magnetic per-

turbation may be assumed to originate from an overhead Hall current. However, this

example also shows that during a non-dynamic scenario, a large-scale Pedersen current

can produce measurable magnetic perturbation on the ground.

Other sources also contribute to ground-based magnetic perturbations besides iono-

spheric currents. Excluding secular variations relevant to core magnetic field modeling,

three key sources stand out. First, magnetospheric currents (see Section 3.2) generate,

to first order, an external magnetic dipole field that predominantly maps into the ra-

dial component at high latitudes. Yet, asymmetries arise: the magnetopause current

has more impact on the dayside than the nightside, the tail current does the oppo-

site, and the ring current introduces its own asymmetry [Haaland and Gjerloev, 2013;

Lühr et al., 2017; Newell and Gjerloev, 2012]. Second, the validity of purely radial mag-

netic field lines diminishes with decreasing latitude. Amm [1995]; Tamao [1986]; Untiedt

and Baumjohann [1993] show that the effect of tilted FACs is small at high latitudes.

However, improvements in empirical modeling techniques, the amount of data, and the

quality of data might, in the future, necessitate the consideration of tilted FACs.

The third significant factor is ground-induced currents (GICs), which arise from time-

varying magnetic fields. These currents, induced within the Earth’s crust, lithosphere,

and mantle, pose a considerable risk to electrical infrastructures [Boteler, 1994; Pirjola,
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in Figure 3.6d. The Hall/Pedersen and DF/CF decompositions of the total horizontal

current are shown in Figures 3.6e-f and Figures 3.6g and 3.6j, respectively. The Hall cur-

rent is very similar to the DF current, both indicating convection related to the two-cell

pattern. Likewise, the Pedersen current resembles the CF current, both showing con-

vergence/divergence patterns linked to regions 1 and 2 FACs. Notable differences exist

between the two decompositions, however. Figures 3.6h-i and 3.6k-l separate the DF

and CF currents into their Hall and Pedersen components. The Hall and Pedersen com-

ponents predominate in the DF and CF currents, respectively. However, a DF Pedersen

current vortex is observed, associated with conductance gradients due to the latitudi-

nal variation in solar irradiation. At the center of this DF Pedersen vortex, a CF Hall

current diverges, indicating a FAC closed by Hall currents.

Although Figures 3.6-3.7 are not associated with a dynamic event, there are still large-

scale DF Pedersen and CF Hall currents with magnitudes roughly a third of their coun-

terparts. The magnetic perturbation associated with the total DF current, the DF Hall

current, and the DF Pedersen current (Figures 3.6g-i) is displayed in Figure 3.7. As ex-

pected, the DF Hall component predominantly shapes the ground magnetic signature.

However, the radial component of the ground magnetic perturbation reaches approxi-

mately 75 nT below the DF Pedersen current vortex, as seen in Figure 3.7i. This indicates

that, while on a large scale and under non-dynamic conditions, the ground magnetic per-

turbation may be assumed to originate from an overhead Hall current. However, this

example also shows that during a non-dynamic scenario, a large-scale Pedersen current

can produce measurable magnetic perturbation on the ground.

Other sources also contribute to ground-based magnetic perturbations besides iono-

spheric currents. Excluding secular variations relevant to core magnetic field modeling,

three key sources stand out. First, magnetospheric currents (see Section 3.2) generate,

to first order, an external magnetic dipole field that predominantly maps into the ra-

dial component at high latitudes. Yet, asymmetries arise: the magnetopause current

has more impact on the dayside than the nightside, the tail current does the oppo-

site, and the ring current introduces its own asymmetry [Haaland and Gjerloev, 2013;

Lühr et al., 2017; Newell and Gjerloev, 2012]. Second, the validity of purely radial mag-

netic field lines diminishes with decreasing latitude. Amm [1995]; Tamao [1986]; Untiedt

and Baumjohann [1993] show that the effect of tilted FACs is small at high latitudes.

However, improvements in empirical modeling techniques, the amount of data, and the

quality of data might, in the future, necessitate the consideration of tilted FACs.

The third significant factor is ground-induced currents (GICs), which arise from time-

varying magnetic fields. These currents, induced within the Earth’s crust, lithosphere,

and mantle, pose a considerable risk to electrical infrastructures [Boteler, 1994; Pirjola,
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Lühr et al., 2017; Newell and Gjerloev, 2012]. Second, the validity of purely radial mag-

netic field lines diminishes with decreasing latitude. Amm [1995]; Tamao [1986]; Untiedt

and Baumjohann [1993] show that the effect of tilted FACs is small at high latitudes.

However, improvements in empirical modeling techniques, the amount of data, and the

quality of data might, in the future, necessitate the consideration of tilted FACs.

The third significant factor is ground-induced currents (GICs), which arise from time-

varying magnetic fields. These currents, induced within the Earth’s crust, lithosphere,

and mantle, pose a considerable risk to electrical infrastructures [Boteler, 1994; Pirjola,

3.3Theionosphere25

inFigure3.6d.TheHall/PedersenandDF/CFdecompositionsofthetotalhorizontal

currentareshowninFigures3.6e-fandFigures3.6gand3.6j,respectively.TheHallcur-

rentisverysimilartotheDFcurrent,bothindicatingconvectionrelatedtothetwo-cell

pattern.Likewise,thePedersencurrentresemblestheCFcurrent,bothshowingcon-

vergence/divergencepatternslinkedtoregions1and2FACs.Notabledifferencesexist

betweenthetwodecompositions,however.Figures3.6h-iand3.6k-lseparatetheDF

andCFcurrentsintotheirHallandPedersencomponents.TheHallandPedersencom-

ponentspredominateintheDFandCFcurrents,respectively.However,aDFPedersen

currentvortexisobserved,associatedwithconductancegradientsduetothelatitudi-

nalvariationinsolarirradiation.AtthecenterofthisDFPedersenvortex,aCFHall

currentdiverges,indicatingaFACclosedbyHallcurrents.

AlthoughFigures3.6-3.7arenotassociatedwithadynamicevent,therearestilllarge-

scaleDFPedersenandCFHallcurrentswithmagnitudesroughlyathirdoftheircoun-

terparts.ThemagneticperturbationassociatedwiththetotalDFcurrent,theDFHall

current,andtheDFPedersencurrent(Figures3.6g-i)isdisplayedinFigure3.7.Asex-

pected,theDFHallcomponentpredominantlyshapesthegroundmagneticsignature.

However,theradialcomponentofthegroundmagneticperturbationreachesapproxi-

mately75nTbelowtheDFPedersencurrentvortex,asseeninFigure3.7i.Thisindicates

that,whileonalargescaleandundernon-dynamicconditions,thegroundmagneticper-

turbationmaybeassumedtooriginatefromanoverheadHallcurrent.However,this

examplealsoshowsthatduringanon-dynamicscenario,alarge-scalePedersencurrent

canproducemeasurablemagneticperturbationontheground.
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site,andtheringcurrentintroducesitsownasymmetry[HaalandandGjerloev,2013;

Lühretal.,2017;NewellandGjerloev,2012].Second,thevalidityofpurelyradialmag-
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2002; Pulkkinen et al., 2017]. The depth at which GICs form is frequency-dependent,

with lower frequencies affecting greater depths [Weidelt, 1973]. Additionally, the strength

and location of GICs are influenced by the subsurface’s 3D conductivity profile. Areas

with conductance gradients, such as coastlines [McKay and Whaler, 2006; Nakamura

et al., 2018; Parkinson and Jones, 1979] or Fennoscandia [Dimmock et al., 2019], can

experience localized, high-magnitude GICs.

In summary, when employing Fukushima’s theorem, one must consider that the iono-

spheric source current is not exclusively a Hall current. Discrepancies between statistical

equivalent current maps [Friis-Christensen and Wilhjelm, 1975] and ionospheric convec-

tion maps [Haaland et al., 2007; Heppner and Maynard, 1987; Pettigrew et al., 2010;

Weimer, 2005] support this. Moreover, magnetospheric currents, GICs, and FACs add

complexity, increasing the difference between the equivalent ionospheric current and JDF

and complicating its interpretation. The challenges associated with empirical modeling

of the ionospheric current system based on ground-based magnetic field measurements

are addressed in Chapter 4.
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Figure 3.6: Decomposition of the ionospheric current based on a Lompe model of the
output from an MHD simulation. Figures 3.6a-c show the electric potential, Hall conduc-
tance, and Pedersen conductance. Figure 3.6d shows the horizontal ionospheric current.
Figures 3.6e-l show various decompositions of Figure 3.6. The subscripts H, P, DF, and
CF refer to Hall, Pedersen, DF, and CF components, respectively. That means, JDF,H is
the Hall part of the DF horizontal ionospheric current. The maximum, minimum, and
step size of the contour in Figure 3.6a are given on the right-hand side. The magnitude
of the currents in Figures 3.6d-l is indicated by the number listed above each image,
which represents the magnitude of the arrow on the right-hand side.
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whichrepresentsthemagnitudeofthearrowontheright-handside.
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Figure 3.7: Decomposition of ground magnetic perturbation, resulting from the iono-
spheric electric currents illustrated in Figures 3.6d-f.
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3.3.4 Beyond steady state

Steady state is a near-universal assumption in ionospheric electrodynamics, see Sections

3.3.1-3.3.3. This assumption presumes that temporal changes are negligible (∂/∂t = 0),

leading to the simplification of the ionospheric electric field to a potential field (∇×E =

0), and thereby, disregarding any induction electric field (Eind) that arises in time-

varying scenarios. However, the ionospheric current system is intrinsically dynamic.

Takeda [2008] showed that changes on time scales shorter than 5 minutes can lead to

non-negligible induction effects.

The induction electric field is a fundamental aspect of ionospheric electrodynamics de-

scribed by Faraday’s law of electromagnetic induction (∇×E = − ∂
∂t
B) [Faraday, 1832].

Dynamic events, such as sudden commencements (see Section 3.4) or substorm expan-

sion phases, feature magnetic field changes on the order of seconds to minutes. Ignoring

the induction electric field neglects the mutual interaction between electrostatic and in-

ductive processes, leading to an incomplete picture. In the following section, we discuss

the process of ionospheric induction and attempt to provide a more complete picture of

how the ionospheric current system evolves temporally.

Central to the time-dependent ionospheric current system is the generation of Eind and

the associated time-varying magnetic field. Unfortunately, Faraday’s law of induction

does not describe the causality in such a system. Here, we give a conceptual explanation

of cause and effect, which we believe follows a chronological order, using a hypothetical

dynamic event: A considerable amount of magnetic flux opens on the dayside. These

newly opened magnetic field lines, propelled anti-sunward by the solar wind, instigate

corresponding ionospheric convection and a flow channel formation. For simplification,

consider a slab geometry where the ionosphere is infinitely thin and uniformly conductive.

Under this scenario, DF and CF currents are reduced to their Hall and Pedersen currents,

respectively (see Section 3.3.3). This simplification is useful as it distinguishes between

electron-driven Hall currents and ion-driven Pedersen currents, which possess distinct

physical behaviors.

Figures 3.8a and 3.8c illustrate the steady-state systems before and after the magnetic

field lines are bent. Figure 3.8a shows the unperturbed system with vertical magnetic

field lines in red and no electric current. Figure 3.8c shows the perturbed system, also

in steady state, where bent magnetic field lines are blue. The magnetospheric driver

causes a bend in the x-direction, but y-direction bending also occurs, which is important

for the system’s evolution and will be discussed shortly. The blue-shaded lines represent

the projection of magnetic field lines onto the ionospheric plane, solely for visualization.

In reality, the transition from blue to red field lines is gradual, suggesting that the
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sionphases,featuremagneticfieldchangesontheorderofsecondstominutes.Ignoring

theinductionelectricfieldneglectsthemutualinteractionbetweenelectrostaticandin-

ductiveprocesses,leadingtoanincompletepicture.Inthefollowingsection,wediscuss
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Underthisscenario,DFandCFcurrentsarereducedtotheirHallandPedersencurrents,

respectively(seeSection3.3.3).Thissimplificationisusefulasitdistinguishesbetween

electron-drivenHallcurrentsandion-drivenPedersencurrents,whichpossessdistinct

physicalbehaviors.

Figures3.8aand3.8cillustratethesteady-statesystemsbeforeandafterthemagnetic

fieldlinesarebent.Figure3.8ashowstheunperturbedsystemwithverticalmagnetic

fieldlinesinredandnoelectriccurrent.Figure3.8cshowstheperturbedsystem,also

insteadystate,wherebentmagneticfieldlinesareblue.Themagnetosphericdriver

causesabendinthex-direction,buty-directionbendingalsooccurs,whichisimportant

forthesystem’sevolutionandwillbediscussedshortly.Theblue-shadedlinesrepresent

theprojectionofmagneticfieldlinesontotheionosphericplane,solelyforvisualization.

Inreality,thetransitionfrombluetoredfieldlinesisgradual,suggestingthatthe

3.3Theionosphere29

3.3.4Beyondsteadystate

Steadystateisanear-universalassumptioninionosphericelectrodynamics,seeSections

3.3.1-3.3.3.Thisassumptionpresumesthattemporalchangesarenegligible(∂/∂t=0),

leadingtothesimplificationoftheionosphericelectricfieldtoapotentialfield(∇×E=

0),andthereby,disregardinganyinductionelectricfield(Eind)thatarisesintime-

varyingscenarios.However,theionosphericcurrentsystemisintrinsicallydynamic.

Takeda[2008]showedthatchangesontimescalesshorterthan5minutescanleadto

non-negligibleinductioneffects.

Theinductionelectricfieldisafundamentalaspectofionosphericelectrodynamicsde-

scribedbyFaraday’slawofelectromagneticinduction(∇×E=−∂
∂t

B)[Faraday,1832].

Dynamicevents,suchassuddencommencements(seeSection3.4)orsubstormexpan-

sionphases,featuremagneticfieldchangesontheorderofsecondstominutes.Ignoring

theinductionelectricfieldneglectsthemutualinteractionbetweenelectrostaticandin-

ductiveprocesses,leadingtoanincompletepicture.Inthefollowingsection,wediscuss

theprocessofionosphericinductionandattempttoprovideamorecompletepictureof

howtheionosphericcurrentsystemevolvestemporally.

Centraltothetime-dependentionosphericcurrentsystemisthegenerationofEindand

theassociatedtime-varyingmagneticfield.Unfortunately,Faraday’slawofinduction

doesnotdescribethecausalityinsuchasystem.Here,wegiveaconceptualexplanation

ofcauseandeffect,whichwebelievefollowsachronologicalorder,usingahypothetical

dynamicevent:Aconsiderableamountofmagneticfluxopensonthedayside.These

newlyopenedmagneticfieldlines,propelledanti-sunwardbythesolarwind,instigate

correspondingionosphericconvectionandaflowchannelformation.Forsimplification,

consideraslabgeometrywheretheionosphereisinfinitelythinanduniformlyconductive.

Underthisscenario,DFandCFcurrentsarereducedtotheirHallandPedersencurrents,

respectively(seeSection3.3.3).Thissimplificationisusefulasitdistinguishesbetween

electron-drivenHallcurrentsandion-drivenPedersencurrents,whichpossessdistinct

physicalbehaviors.

Figures3.8aand3.8cillustratethesteady-statesystemsbeforeandafterthemagnetic

fieldlinesarebent.Figure3.8ashowstheunperturbedsystemwithverticalmagnetic

fieldlinesinredandnoelectriccurrent.Figure3.8cshowstheperturbedsystem,also

insteadystate,wherebentmagneticfieldlinesareblue.Themagnetosphericdriver

causesabendinthex-direction,buty-directionbendingalsooccurs,whichisimportant

forthesystem’sevolutionandwillbediscussedshortly.Theblue-shadedlinesrepresent

theprojectionofmagneticfieldlinesontotheionosphericplane,solelyforvisualization.

Inreality,thetransitionfrombluetoredfieldlinesisgradual,suggestingthatthe

3.3 The ionosphere 29

3.3.4 Beyond steady state

Steady state is a near-universal assumption in ionospheric electrodynamics, see Sections

3.3.1-3.3.3. This assumption presumes that temporal changes are negligible (∂/∂t = 0),

leading to the simplification of the ionospheric electric field to a potential field (∇×E =

0), and thereby, disregarding any induction electric field (Eind) that arises in time-

varying scenarios. However, the ionospheric current system is intrinsically dynamic.

Takeda [2008] showed that changes on time scales shorter than 5 minutes can lead to

non-negligible induction effects.

The induction electric field is a fundamental aspect of ionospheric electrodynamics de-

scribed by Faraday’s law of electromagnetic induction (∇×E = −
∂
∂tB) [Faraday, 1832].

Dynamic events, such as sudden commencements (see Section 3.4) or substorm expan-

sion phases, feature magnetic field changes on the order of seconds to minutes. Ignoring

the induction electric field neglects the mutual interaction between electrostatic and in-

ductive processes, leading to an incomplete picture. In the following section, we discuss

the process of ionospheric induction and attempt to provide a more complete picture of

how the ionospheric current system evolves temporally.

Central to the time-dependent ionospheric current system is the generation of Eind and

the associated time-varying magnetic field. Unfortunately, Faraday’s law of induction

does not describe the causality in such a system. Here, we give a conceptual explanation

of cause and effect, which we believe follows a chronological order, using a hypothetical

dynamic event: A considerable amount of magnetic flux opens on the dayside. These

newly opened magnetic field lines, propelled anti-sunward by the solar wind, instigate

corresponding ionospheric convection and a flow channel formation. For simplification,

consider a slab geometry where the ionosphere is infinitely thin and uniformly conductive.

Under this scenario, DF and CF currents are reduced to their Hall and Pedersen currents,

respectively (see Section 3.3.3). This simplification is useful as it distinguishes between

electron-driven Hall currents and ion-driven Pedersen currents, which possess distinct

physical behaviors.

Figures 3.8a and 3.8c illustrate the steady-state systems before and after the magnetic

field lines are bent. Figure 3.8a shows the unperturbed system with vertical magnetic

field lines in red and no electric current. Figure 3.8c shows the perturbed system, also

in steady state, where bent magnetic field lines are blue. The magnetospheric driver

causes a bend in the x-direction, but y-direction bending also occurs, which is important

for the system’s evolution and will be discussed shortly. The blue-shaded lines represent

the projection of magnetic field lines onto the ionospheric plane, solely for visualization.

In reality, the transition from blue to red field lines is gradual, suggesting that the
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3.3.4Beyondsteadystate

Steadystateisanear-universalassumptioninionosphericelectrodynamics,seeSections

3.3.1-3.3.3.Thisassumptionpresumesthattemporalchangesarenegligible(∂/∂t=0),

leadingtothesimplificationoftheionosphericelectricfieldtoapotentialfield(∇×E=

0),andthereby,disregardinganyinductionelectricfield(Eind)thatarisesintime-

varyingscenarios.However,theionosphericcurrentsystemisintrinsicallydynamic.

Takeda[2008]showedthatchangesontimescalesshorterthan5minutescanleadto

non-negligibleinductioneffects.

Theinductionelectricfieldisafundamentalaspectofionosphericelectrodynamicsde-

scribedbyFaraday’slawofelectromagneticinduction(∇×E=−
∂
∂tB)[Faraday,1832].

Dynamicevents,suchassuddencommencements(seeSection3.4)orsubstormexpan-

sionphases,featuremagneticfieldchangesontheorderofsecondstominutes.Ignoring

theinductionelectricfieldneglectsthemutualinteractionbetweenelectrostaticandin-

ductiveprocesses,leadingtoanincompletepicture.Inthefollowingsection,wediscuss

theprocessofionosphericinductionandattempttoprovideamorecompletepictureof

howtheionosphericcurrentsystemevolvestemporally.

Centraltothetime-dependentionosphericcurrentsystemisthegenerationofEindand

theassociatedtime-varyingmagneticfield.Unfortunately,Faraday’slawofinduction

doesnotdescribethecausalityinsuchasystem.Here,wegiveaconceptualexplanation

ofcauseandeffect,whichwebelievefollowsachronologicalorder,usingahypothetical

dynamicevent:Aconsiderableamountofmagneticfluxopensonthedayside.These

newlyopenedmagneticfieldlines,propelledanti-sunwardbythesolarwind,instigate

correspondingionosphericconvectionandaflowchannelformation.Forsimplification,

consideraslabgeometrywheretheionosphereisinfinitelythinanduniformlyconductive.

Underthisscenario,DFandCFcurrentsarereducedtotheirHallandPedersencurrents,

respectively(seeSection3.3.3).Thissimplificationisusefulasitdistinguishesbetween

electron-drivenHallcurrentsandion-drivenPedersencurrents,whichpossessdistinct

physicalbehaviors.

Figures3.8aand3.8cillustratethesteady-statesystemsbeforeandafterthemagnetic

fieldlinesarebent.Figure3.8ashowstheunperturbedsystemwithverticalmagnetic

fieldlinesinredandnoelectriccurrent.Figure3.8cshowstheperturbedsystem,also

insteadystate,wherebentmagneticfieldlinesareblue.Themagnetosphericdriver

causesabendinthex-direction,buty-directionbendingalsooccurs,whichisimportant

forthesystem’sevolutionandwillbediscussedshortly.Theblue-shadedlinesrepresent

theprojectionofmagneticfieldlinesontotheionosphericplane,solelyforvisualization.

Inreality,thetransitionfrombluetoredfieldlinesisgradual,suggestingthatthe
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deformation of the magnetic field lines extends beyond the initial flow channel. The CF

current system, depicted by solid orange and green lines, includes vertical FACs (green

for electron-driven currents) and horizontal CF Pedersen currents (orange for ion-driven

currents). The DF Hall current appears as a sheet current in green.

In the unperturbed system (Figure 3.8a), magnetic flux is uniformly distributed. In

the perturbed system (Figure 3.8c), magnetic flux and plasma density are higher and

lower near the upward and downward FACs, respectively. Since the CF current is not

carried entirely by ions or electrons, a pile-up of plasma will occur. The convergence

and divergence of plasma related to the CF current can be considered additions to the

production and loss terms. Nevertheless, in steady state, the pile-up remains constant in

time. The question is, what processes evolve the unperturbed steady state system into

the perturbed steady state system?

A change within the magnetosphere-ionosphere (MI) system is communicated through

shear Alfvén waves. When these waves encounter the conductive ionosphere, they un-

dergo reflection and mode conversion [e.g. Yoshikawa and Itonaga, 2000], akin to the

behavior of electromagnetic waves at the boundary of media with different refractive in-

dices. Energy conservation dictates that if an incident shear Alfvén wave is not fully

transformed into a compression wave, a portion must be reflected. The ionosphere’s abil-

ity to resist change, imposed by the magnetosphere through shear Alfvén waves, depends

on the ionospheric conductivity Yoshikawa and Itonaga [2000]. The ratio of reflection to

mode conversion is proportional to the conductivity. Dreher [1997] demonstrated in a

2.5D MHD simulation that the ionospheric current system requires several cycles of shear

Alfvén waves before a steady state is reached, a process that can take several minutes

given the finite speed of Alfvén waves [Song and Vasyliūnas, 2014; Tu et al., 2014]. Fur-

thermore, an interhemispheric asymmetry in ionospheric conductivity, related to dipole

tilt, could result in an asymmetry in the reconfiguration between hemispheres.

Conceptually, a shear Alfvén wave can be visualized as a bend traveling between the

magnetosphere to the ionosphere along a magnetic field line. Figure 3.8b1 illustrates the

bend in the field lines, due to a change in the magnetosphere, before the information

has reached the ionosphere. In reality, there should be FACs and closure currents in

Figure 3.8b1. However, for simplicity, we assume infinite Alfvén speed, meaning that the

information is transmitted instantaneously between the ionosphere and magnetosphere.

Figure 3.8b2 illustrates the instance where the wave/bend reaches the ionosphere. A CF

horizontal current is generated perpendicular to the bend, in accordance with Ampere’s

law, and FACs are generated in regions of shear flow. The initial CF current system is

carried entirely by electrons, indicated by the green color, due to their high mobility.

The electron-carried horizontal CF current compresses and expands the magnetic flux
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in the y-direction, perpendicular to the initial bend, as illustrated in Figure 3.8b3. The

compression and expansion result in a curl in the magnetic field that, again, according

to Ampere’s law, constitutes a current. This current is the DF current system illustrated

by the green sheet current in the ionospheric plane. As the DF current system is set up,

the ions experience a Lorentz force (j×B) in the y-direction and thus contribute to the

CF current system, indicated by the dashed orange and green line in Figure 3.8b4. Over

time, the compression and expansion of magnetic flux facilitate a stronger DF current

system, leading to the ions experiencing a stronger Lorentz force and completely taking

over the horizontal part of the CF current system. The system eventually converges on

a new steady state (Figure 3.8c).

The illustration provided in Figure 3.8, while offering a conceptual framework, is an over-

simplification of the intricate processes at play. The omission of wave reflection and the

iterative nature of the incident and reflected waves represent significant simplifications,

thus rendering the actual temporal evolution of the ionospheric current system more com-

plex. Additionally, while Eind is not explicitly depicted, it plays a critical role in shaping

ionospheric electrodynamics. The rotational electric field encompasses both the hori-

zontal CF Hall current and a horizontal DF Pedersen current. Both the horizontal DF

Hall and Pedersen currents contribute to the observable magnetic perturbations beneath

the ionosphere, albeit in opposing directions. Insights into the dynamics of the iono-

spheric current system are derived through Eind, interpreted from consecutive magnetic

field measurements. Acknowledging the limitations of our models and the complexity of

inductive effects is essential for advancing our understanding of the ionosphere’s evolu-

tion under the influence of external drivers. The following chapter (4) introduces some

of the widely used empirical modeling techniques (see Sections 4.1.1-4.1.2) and discusses

a novel method for estimating the ionospheric induction electric field based on ground

magnetic field perturbations (see Section 4.4), as related to Paper IV.

3.3Theionosphere31

inthey-direction,perpendiculartotheinitialbend,asillustratedinFigure3.8b3.The

compressionandexpansionresultinacurlinthemagneticfieldthat,again,according

toAmpere’slaw,constitutesacurrent.ThiscurrentistheDFcurrentsystemillustrated

bythegreensheetcurrentintheionosphericplane.AstheDFcurrentsystemissetup,

theionsexperienceaLorentzforce(j×B)inthey-directionandthuscontributetothe

CFcurrentsystem,indicatedbythedashedorangeandgreenlineinFigure3.8b4.Over

time,thecompressionandexpansionofmagneticfluxfacilitateastrongerDFcurrent

system,leadingtotheionsexperiencingastrongerLorentzforceandcompletelytaking

overthehorizontalpartoftheCFcurrentsystem.Thesystemeventuallyconvergeson

anewsteadystate(Figure3.8c).

TheillustrationprovidedinFigure3.8,whileofferingaconceptualframework,isanover-

simplificationoftheintricateprocessesatplay.Theomissionofwavereflectionandthe

iterativenatureoftheincidentandreflectedwavesrepresentsignificantsimplifications,

thusrenderingtheactualtemporalevolutionoftheionosphericcurrentsystemmorecom-

plex.Additionally,whileEindisnotexplicitlydepicted,itplaysacriticalroleinshaping

ionosphericelectrodynamics.Therotationalelectricfieldencompassesboththehori-

zontalCFHallcurrentandahorizontalDFPedersencurrent.BoththehorizontalDF

HallandPedersencurrentscontributetotheobservablemagneticperturbationsbeneath

theionosphere,albeitinopposingdirections.Insightsintothedynamicsoftheiono-

sphericcurrentsystemarederivedthroughEind,interpretedfromconsecutivemagnetic

fieldmeasurements.Acknowledgingthelimitationsofourmodelsandthecomplexityof

inductiveeffectsisessentialforadvancingourunderstandingoftheionosphere’sevolu-

tionundertheinfluenceofexternaldrivers.Thefollowingchapter(4)introducessome

ofthewidelyusedempiricalmodelingtechniques(seeSections4.1.1-4.1.2)anddiscusses

anovelmethodforestimatingtheionosphericinductionelectricfieldbasedonground

magneticfieldperturbations(seeSection4.4),asrelatedtoPaperIV.
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Figure 3.8: Conceptual illustration outlining the intermediary steps (Figures 3.8b1-b4)
that transition between the initial (Figure 3.8a) and final steady-state (Figure 3.8c)
ionospheric current systems. Magnetic field lines are represented in red (vertical) and
blue (bent). The electric currents, differentiated by carriers, are color-coded with green
indicating electron flow and orange representing ion flow.
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Research can be approached in various ways. In the case of ionospheric electrodynamics,

you can carry out case studies or perform statistical analyses of multiple events. The

focus can be global or regional. The ionospheric current system can be studied in steady-

state or during dynamic times. No matter the choice, it will hopefully shed light on some

characteristics of the system and improve our general understanding.

In this section, we introduce the concept of a sudden commencement (SC) which occurs

in response to a rapid increase in solar wind dynamic pressure. The SC is a valuable

tool for examining the temporal evolution of the ionospheric current system as it results

in a significant perturbations of the MI system. Abrupt pressure increases are often

associated with space weather events like CMEs and CIRs but can also occur without

the presence of an interplanetary shock; see Section 2.3.

Following Araki [1994], the geomagnetic response (DSC) can be decomposed as

DSC = DL +DP . (3.5)

Here, DL refers to a large-scale step-like change in the geomagnetic field strength. The

perturbations is caused by compression of the magnetosphere which generates, to first

order, a uniform magnetic field in ẑ. At low- and mid-latitudes this is mainly observed

as an increase of the horizontal magnetic field component. At high-latitude. the external

field maps into the radial component and, therefore, decreases the overall field strength.

DP is confined to high-latitude and results from transient ionospheric convection cells.

DP is itself decomposed into the preliminary impulse (PI) and the main impulse (MI),

DP = DPI +DMI , (3.6)

that are associated with two different sets of transient convection cells. We will return

to their origin shortly.

The first, indirect, studies of SCs date back to the 19th century in connection with

geomagnetic storms. Although the idea of a simultaneous onset of magnetic variation

was proposed in the 19th century, it was not until the 20th century that continuous

and simultaneous measurements of an SC were made around the world. The reader is

referred to Curto et al. [2007] for an in-depth historical overview of the SC. We follow

their suggestion to use the term SC, although storm sudden commencement and sudden

impulse can also be found in the literature.

Friis-Christensen et al. [1988] challenged the prevailing theory of the high-latitude mag-
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netic signature’s magnetospheric origin: it was theorized that the magnetic signature

was a result of flux transfer events. By comparing in-situ solar wind data and observa-

tions of ground magnetic perturbations, they concluded that SCs are related to abrupt

increases in solar wind dynamic pressure. Building on the work by Friis-Christensen

et al. [1988], several theories on the magnetospheric origin of the sudden commencement

have been put forth [e.g., Araki, 1994; Glassmeier and Heppner, 1992; Glassmeier et al.,

1989; Kivelson and Southwood, 1991; Sibeck, 1990].

Figures 3.9-3.10 illustrate the general concept presented by Sibeck [1990]. Figure 3.9

summarizes the double-stepped response of the magnetopause to a pressure pulse in

the solar wind. When the solar wind structure encounters the geomagnetic field, a

compression wave is launched in the magnetosphere. The wave propagates through the

magnetosphere, past the Earth, and into the tail, at Alfvénic speed (generally faster

than the solar wind). In Figure 3.9, the compression wave is illustrated by the outward

motion of the magnetopause prior to the solar wind discontinuity. The inward motion

illustrates magnetospheric compression resulting from the new force balance between the

upwind solar wind and the geomagnetic field. In summary, the abrupt pressure increase

results in an outward and inward motion of the magnetopause.

The magnetopause motion excites convection of magnetic field lines, forming two convec-

tion cells of opposite orientation. Figure 3.10 illustrates the FACs, associated with the

convection, mapping into the ionosphere, which subsequently result in the high-latitude

geomagnetic signature observed by ground-based magnetometers. The magnetospheric

convection cells propagate with the compression wave and the solar wind along the

flanks of the magnetosphere, resulting in transient ionospheric convection cells. Figure

3.10 only shows the convection cells that form on the duskside. A similar set of cells form

on the dawnside; however, they are of opposite orientation. Therefore, the FACs asso-

ciated with the compression wave go into and out of the ionosphere at dusk and dawn,

respectively. The opposite is true for the FACs associated with the inward motion of the

magnetopause.

Figure 3.11 shows the temporal evolution of the high-latitude ionospheric current system

in response to an abrupt solar wind pressure increase from a global MHD simulation

by Keller et al. [2002]. Figure 3.11a displays the FACs associated with a two-celled

convection system prior to the pressure increase. Figure 3.11b shows the arrival of

the twin convection cells associated with the compression wave, referred to as the PI.

Figure 3.11c demonstrates the arrival of the second set of convection cells, known as

the MI, associated with the inward motion of the magnetosphere. As the MI grows

in magnitude and spatial extent, the PI slowly decays. In Figure 3.11d, the PI has

completely disappeared, and only the MI remains.
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neticsignature’smagnetosphericorigin:itwastheorizedthatthemagneticsignature

wasaresultoffluxtransferevents.Bycomparingin-situsolarwinddataandobserva-

tionsofgroundmagneticperturbations,theyconcludedthatSCsarerelatedtoabrupt

increasesinsolarwinddynamicpressure.BuildingontheworkbyFriis-Christensen

etal.[1988],severaltheoriesonthemagnetosphericoriginofthesuddencommencement

havebeenputforth[e.g.,Araki,1994;GlassmeierandHeppner,1992;Glassmeieretal.,

1989;KivelsonandSouthwood,1991;Sibeck,1990].

Figures3.9-3.10illustratethegeneralconceptpresentedbySibeck[1990].Figure3.9

summarizesthedouble-steppedresponseofthemagnetopausetoapressurepulsein

thesolarwind.Whenthesolarwindstructureencountersthegeomagneticfield,a

compressionwaveislaunchedinthemagnetosphere.Thewavepropagatesthroughthe

magnetosphere,pasttheEarth,andintothetail,atAlfvénicspeed(generallyfaster

thanthesolarwind).InFigure3.9,thecompressionwaveisillustratedbytheoutward

motionofthemagnetopausepriortothesolarwinddiscontinuity.Theinwardmotion

illustratesmagnetosphericcompressionresultingfromthenewforcebalancebetweenthe

upwindsolarwindandthegeomagneticfield.Insummary,theabruptpressureincrease

resultsinanoutwardandinwardmotionofthemagnetopause.

Themagnetopausemotionexcitesconvectionofmagneticfieldlines,formingtwoconvec-

tioncellsofoppositeorientation.Figure3.10illustratestheFACs,associatedwiththe

convection,mappingintotheionosphere,whichsubsequentlyresultinthehigh-latitude

geomagneticsignatureobservedbyground-basedmagnetometers.Themagnetospheric

convectioncellspropagatewiththecompressionwaveandthesolarwindalongthe

flanksofthemagnetosphere,resultingintransientionosphericconvectioncells.Figure

3.10onlyshowstheconvectioncellsthatformontheduskside.Asimilarsetofcellsform

onthedawnside;however,theyareofoppositeorientation.Therefore,theFACsasso-

ciatedwiththecompressionwavegointoandoutoftheionosphereatduskanddawn,

respectively.TheoppositeistruefortheFACsassociatedwiththeinwardmotionofthe

magnetopause.

Figure3.11showsthetemporalevolutionofthehigh-latitudeionosphericcurrentsystem

inresponsetoanabruptsolarwindpressureincreasefromaglobalMHDsimulation

byKelleretal.[2002].Figure3.11adisplaystheFACsassociatedwithatwo-celled

convectionsystempriortothepressureincrease.Figure3.11bshowsthearrivalof

thetwinconvectioncellsassociatedwiththecompressionwave,referredtoasthePI.

Figure3.11cdemonstratesthearrivalofthesecondsetofconvectioncells,knownas

theMI,associatedwiththeinwardmotionofthemagnetosphere.AstheMIgrows

inmagnitudeandspatialextent,thePIslowlydecays.InFigure3.11d,thePIhas

completelydisappeared,andonlytheMIremains.
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than the solar wind). In Figure 3.9, the compression wave is illustrated by the outward

motion of the magnetopause prior to the solar wind discontinuity. The inward motion

illustrates magnetospheric compression resulting from the new force balance between the

upwind solar wind and the geomagnetic field. In summary, the abrupt pressure increase

results in an outward and inward motion of the magnetopause.

The magnetopause motion excites convection of magnetic field lines, forming two convec-

tion cells of opposite orientation. Figure 3.10 illustrates the FACs, associated with the

convection, mapping into the ionosphere, which subsequently result in the high-latitude

geomagnetic signature observed by ground-based magnetometers. The magnetospheric

convection cells propagate with the compression wave and the solar wind along the

flanks of the magnetosphere, resulting in transient ionospheric convection cells. Figure

3.10 only shows the convection cells that form on the duskside. A similar set of cells form

on the dawnside; however, they are of opposite orientation. Therefore, the FACs asso-

ciated with the compression wave go into and out of the ionosphere at dusk and dawn,

respectively. The opposite is true for the FACs associated with the inward motion of the

magnetopause.

Figure 3.11 shows the temporal evolution of the high-latitude ionospheric current system

in response to an abrupt solar wind pressure increase from a global MHD simulation

by Keller et al. [2002]. Figure 3.11a displays the FACs associated with a two-celled

convection system prior to the pressure increase. Figure 3.11b shows the arrival of

the twin convection cells associated with the compression wave, referred to as the PI.

Figure 3.11c demonstrates the arrival of the second set of convection cells, known as

the MI, associated with the inward motion of the magnetosphere. As the MI grows

in magnitude and spatial extent, the PI slowly decays. In Figure 3.11d, the PI has

completely disappeared, and only the MI remains.

34Thegeomagneticfield

neticsignature’smagnetosphericorigin:itwastheorizedthatthemagneticsignature

wasaresultoffluxtransferevents.Bycomparingin-situsolarwinddataandobserva-

tionsofgroundmagneticperturbations,theyconcludedthatSCsarerelatedtoabrupt

increasesinsolarwinddynamicpressure.BuildingontheworkbyFriis-Christensen

etal.[1988],severaltheoriesonthemagnetosphericoriginofthesuddencommencement

havebeenputforth[e.g.,Araki,1994;GlassmeierandHeppner,1992;Glassmeieretal.,

1989;KivelsonandSouthwood,1991;Sibeck,1990].

Figures3.9-3.10illustratethegeneralconceptpresentedbySibeck[1990].Figure3.9

summarizesthedouble-steppedresponseofthemagnetopausetoapressurepulsein

thesolarwind.Whenthesolarwindstructureencountersthegeomagneticfield,a

compressionwaveislaunchedinthemagnetosphere.Thewavepropagatesthroughthe

magnetosphere,pasttheEarth,andintothetail,atAlfvénicspeed(generallyfaster

thanthesolarwind).InFigure3.9,thecompressionwaveisillustratedbytheoutward

motionofthemagnetopausepriortothesolarwinddiscontinuity.Theinwardmotion

illustratesmagnetosphericcompressionresultingfromthenewforcebalancebetweenthe

upwindsolarwindandthegeomagneticfield.Insummary,theabruptpressureincrease

resultsinanoutwardandinwardmotionofthemagnetopause.

Themagnetopausemotionexcitesconvectionofmagneticfieldlines,formingtwoconvec-

tioncellsofoppositeorientation.Figure3.10illustratestheFACs,associatedwiththe

convection,mappingintotheionosphere,whichsubsequentlyresultinthehigh-latitude

geomagneticsignatureobservedbyground-basedmagnetometers.Themagnetospheric

convectioncellspropagatewiththecompressionwaveandthesolarwindalongthe

flanksofthemagnetosphere,resultingintransientionosphericconvectioncells.Figure

3.10onlyshowstheconvectioncellsthatformontheduskside.Asimilarsetofcellsform

onthedawnside;however,theyareofoppositeorientation.Therefore,theFACsasso-

ciatedwiththecompressionwavegointoandoutoftheionosphereatduskanddawn,

respectively.TheoppositeistruefortheFACsassociatedwiththeinwardmotionofthe

magnetopause.

Figure3.11showsthetemporalevolutionofthehigh-latitudeionosphericcurrentsystem

inresponsetoanabruptsolarwindpressureincreasefromaglobalMHDsimulation

byKelleretal.[2002].Figure3.11adisplaystheFACsassociatedwithatwo-celled

convectionsystempriortothepressureincrease.Figure3.11bshowsthearrivalof

thetwinconvectioncellsassociatedwiththecompressionwave,referredtoasthePI.

Figure3.11cdemonstratesthearrivalofthesecondsetofconvectioncells,knownas

theMI,associatedwiththeinwardmotionofthemagnetosphere.AstheMIgrows

inmagnitudeandspatialextent,thePIslowlydecays.InFigure3.11d,thePIhas

completelydisappeared,andonlytheMIremains.

34Thegeomagneticfield

neticsignature’smagnetosphericorigin:itwastheorizedthatthemagneticsignature

wasaresultoffluxtransferevents.Bycomparingin-situsolarwinddataandobserva-

tionsofgroundmagneticperturbations,theyconcludedthatSCsarerelatedtoabrupt

increasesinsolarwinddynamicpressure.BuildingontheworkbyFriis-Christensen

etal.[1988],severaltheoriesonthemagnetosphericoriginofthesuddencommencement

havebeenputforth[e.g.,Araki,1994;GlassmeierandHeppner,1992;Glassmeieretal.,

1989;KivelsonandSouthwood,1991;Sibeck,1990].

Figures3.9-3.10illustratethegeneralconceptpresentedbySibeck[1990].Figure3.9

summarizesthedouble-steppedresponseofthemagnetopausetoapressurepulsein

thesolarwind.Whenthesolarwindstructureencountersthegeomagneticfield,a

compressionwaveislaunchedinthemagnetosphere.Thewavepropagatesthroughthe

magnetosphere,pasttheEarth,andintothetail,atAlfvénicspeed(generallyfaster

thanthesolarwind).InFigure3.9,thecompressionwaveisillustratedbytheoutward

motionofthemagnetopausepriortothesolarwinddiscontinuity.Theinwardmotion

illustratesmagnetosphericcompressionresultingfromthenewforcebalancebetweenthe

upwindsolarwindandthegeomagneticfield.Insummary,theabruptpressureincrease

resultsinanoutwardandinwardmotionofthemagnetopause.

Themagnetopausemotionexcitesconvectionofmagneticfieldlines,formingtwoconvec-

tioncellsofoppositeorientation.Figure3.10illustratestheFACs,associatedwiththe

convection,mappingintotheionosphere,whichsubsequentlyresultinthehigh-latitude

geomagneticsignatureobservedbyground-basedmagnetometers.Themagnetospheric

convectioncellspropagatewiththecompressionwaveandthesolarwindalongthe

flanksofthemagnetosphere,resultingintransientionosphericconvectioncells.Figure

3.10onlyshowstheconvectioncellsthatformontheduskside.Asimilarsetofcellsform

onthedawnside;however,theyareofoppositeorientation.Therefore,theFACsasso-

ciatedwiththecompressionwavegointoandoutoftheionosphereatduskanddawn,

respectively.TheoppositeistruefortheFACsassociatedwiththeinwardmotionofthe

magnetopause.

Figure3.11showsthetemporalevolutionofthehigh-latitudeionosphericcurrentsystem

inresponsetoanabruptsolarwindpressureincreasefromaglobalMHDsimulation

byKelleretal.[2002].Figure3.11adisplaystheFACsassociatedwithatwo-celled

convectionsystempriortothepressureincrease.Figure3.11bshowsthearrivalof

thetwinconvectioncellsassociatedwiththecompressionwave,referredtoasthePI.

Figure3.11cdemonstratesthearrivalofthesecondsetofconvectioncells,knownas

theMI,associatedwiththeinwardmotionofthemagnetosphere.AstheMIgrows

inmagnitudeandspatialextent,thePIslowlydecays.InFigure3.11d,thePIhas

completelydisappeared,andonlytheMIremains.

34Thegeomagneticfield

neticsignature’smagnetosphericorigin:itwastheorizedthatthemagneticsignature

wasaresultoffluxtransferevents.Bycomparingin-situsolarwinddataandobserva-

tionsofgroundmagneticperturbations,theyconcludedthatSCsarerelatedtoabrupt

increasesinsolarwinddynamicpressure.BuildingontheworkbyFriis-Christensen

etal.[1988],severaltheoriesonthemagnetosphericoriginofthesuddencommencement

havebeenputforth[e.g.,Araki,1994;GlassmeierandHeppner,1992;Glassmeieretal.,

1989;KivelsonandSouthwood,1991;Sibeck,1990].

Figures3.9-3.10illustratethegeneralconceptpresentedbySibeck[1990].Figure3.9

summarizesthedouble-steppedresponseofthemagnetopausetoapressurepulsein

thesolarwind.Whenthesolarwindstructureencountersthegeomagneticfield,a

compressionwaveislaunchedinthemagnetosphere.Thewavepropagatesthroughthe

magnetosphere,pasttheEarth,andintothetail,atAlfvénicspeed(generallyfaster

thanthesolarwind).InFigure3.9,thecompressionwaveisillustratedbytheoutward

motionofthemagnetopausepriortothesolarwinddiscontinuity.Theinwardmotion

illustratesmagnetosphericcompressionresultingfromthenewforcebalancebetweenthe

upwindsolarwindandthegeomagneticfield.Insummary,theabruptpressureincrease

resultsinanoutwardandinwardmotionofthemagnetopause.

Themagnetopausemotionexcitesconvectionofmagneticfieldlines,formingtwoconvec-

tioncellsofoppositeorientation.Figure3.10illustratestheFACs,associatedwiththe

convection,mappingintotheionosphere,whichsubsequentlyresultinthehigh-latitude

geomagneticsignatureobservedbyground-basedmagnetometers.Themagnetospheric

convectioncellspropagatewiththecompressionwaveandthesolarwindalongthe

flanksofthemagnetosphere,resultingintransientionosphericconvectioncells.Figure

3.10onlyshowstheconvectioncellsthatformontheduskside.Asimilarsetofcellsform

onthedawnside;however,theyareofoppositeorientation.Therefore,theFACsasso-

ciatedwiththecompressionwavegointoandoutoftheionosphereatduskanddawn,

respectively.TheoppositeistruefortheFACsassociatedwiththeinwardmotionofthe

magnetopause.

Figure3.11showsthetemporalevolutionofthehigh-latitudeionosphericcurrentsystem

inresponsetoanabruptsolarwindpressureincreasefromaglobalMHDsimulation

byKelleretal.[2002].Figure3.11adisplaystheFACsassociatedwithatwo-celled

convectionsystempriortothepressureincrease.Figure3.11bshowsthearrivalof

thetwinconvectioncellsassociatedwiththecompressionwave,referredtoasthePI.

Figure3.11cdemonstratesthearrivalofthesecondsetofconvectioncells,knownas

theMI,associatedwiththeinwardmotionofthemagnetosphere.AstheMIgrows

inmagnitudeandspatialextent,thePIslowlydecays.InFigure3.11d,thePIhas

completelydisappeared,andonlytheMIremains.

34Thegeomagneticfield

neticsignature’smagnetosphericorigin:itwastheorizedthatthemagneticsignature

wasaresultoffluxtransferevents.Bycomparingin-situsolarwinddataandobserva-

tionsofgroundmagneticperturbations,theyconcludedthatSCsarerelatedtoabrupt

increasesinsolarwinddynamicpressure.BuildingontheworkbyFriis-Christensen

etal.[1988],severaltheoriesonthemagnetosphericoriginofthesuddencommencement

havebeenputforth[e.g.,Araki,1994;GlassmeierandHeppner,1992;Glassmeieretal.,

1989;KivelsonandSouthwood,1991;Sibeck,1990].

Figures3.9-3.10illustratethegeneralconceptpresentedbySibeck[1990].Figure3.9

summarizesthedouble-steppedresponseofthemagnetopausetoapressurepulsein

thesolarwind.Whenthesolarwindstructureencountersthegeomagneticfield,a

compressionwaveislaunchedinthemagnetosphere.Thewavepropagatesthroughthe

magnetosphere,pasttheEarth,andintothetail,atAlfvénicspeed(generallyfaster

thanthesolarwind).InFigure3.9,thecompressionwaveisillustratedbytheoutward

motionofthemagnetopausepriortothesolarwinddiscontinuity.Theinwardmotion

illustratesmagnetosphericcompressionresultingfromthenewforcebalancebetweenthe

upwindsolarwindandthegeomagneticfield.Insummary,theabruptpressureincrease

resultsinanoutwardandinwardmotionofthemagnetopause.

Themagnetopausemotionexcitesconvectionofmagneticfieldlines,formingtwoconvec-

tioncellsofoppositeorientation.Figure3.10illustratestheFACs,associatedwiththe

convection,mappingintotheionosphere,whichsubsequentlyresultinthehigh-latitude

geomagneticsignatureobservedbyground-basedmagnetometers.Themagnetospheric

convectioncellspropagatewiththecompressionwaveandthesolarwindalongthe

flanksofthemagnetosphere,resultingintransientionosphericconvectioncells.Figure

3.10onlyshowstheconvectioncellsthatformontheduskside.Asimilarsetofcellsform

onthedawnside;however,theyareofoppositeorientation.Therefore,theFACsasso-

ciatedwiththecompressionwavegointoandoutoftheionosphereatduskanddawn,

respectively.TheoppositeistruefortheFACsassociatedwiththeinwardmotionofthe

magnetopause.

Figure3.11showsthetemporalevolutionofthehigh-latitudeionosphericcurrentsystem

inresponsetoanabruptsolarwindpressureincreasefromaglobalMHDsimulation

byKelleretal.[2002].Figure3.11adisplaystheFACsassociatedwithatwo-celled

convectionsystempriortothepressureincrease.Figure3.11bshowsthearrivalof

thetwinconvectioncellsassociatedwiththecompressionwave,referredtoasthePI.

Figure3.11cdemonstratesthearrivalofthesecondsetofconvectioncells,knownas

theMI,associatedwiththeinwardmotionofthemagnetosphere.AstheMIgrows

inmagnitudeandspatialextent,thePIslowlydecays.InFigure3.11d,thePIhas

completelydisappeared,andonlytheMIremains.



3.4 Sudden commencement 35

Figure 3.9: Conceptual illustration of how an abrupt solar wind pressure increase induces
convection of magnetic field lines in the magnetosphere. The outward motion of the
magnetopause is a result of a compression wave launched in the magnetospheric cavity.
The subsequent inward motion is caused by the increased solar wind dynamic pressure.
Credit: Sibeck [1990].
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Figure3.9:Conceptualillustrationofhowanabruptsolarwindpressureincreaseinduces
convectionofmagneticfieldlinesinthemagnetosphere.Theoutwardmotionofthe
magnetopauseisaresultofacompressionwavelaunchedinthemagnetosphericcavity.
Thesubsequentinwardmotioniscausedbytheincreasedsolarwinddynamicpressure.
Credit:Sibeck[1990].
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Figure 3.10: Conceptual illustration of how the induced convection in Figure 3.9 results
in FACs that close through the ionosphere. Credit: Sibeck [1990].
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3.4 Sudden commencement 37

Figure 3.11: Visualization of the ionospheric current system’s temporal evolution due
to an abrupt solar wind pressure increase. The illustrations are based on an MHD
simulation carried out by Keller et al. [2002] and show the FACs. Credit: Keller et al.
[2002].
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3.5 Observing the magnetic field

This section provides an overview of the various methods used to measure the geomag-

netic field, focusing on the instrumentation and key geomagnetic indices used in the

analysis in this thesis.

3.5.1 Instrumentation

Historically, ground magnetometers have played a crucial role in the study of the geomag-

netic field, particularly in ionospheric electrodynamics [Amm et al., 2010]. Observations

of ground magnetic perturbations have enabled the determination of equivalent horizon-

tal ionospheric electrical currents [Friis-Christensen et al., 1988]. This, in turn, gives

insight into the solar wind-magnetosphere-ionosphere coupling.

Ground-based observatories are strategically positioned worldwide, continuously moni-

toring the temporal variations of the magnetic field. Although individual ground mag-

netometers are typically operated by various organizations, the data are often publicly

accessible from platforms like INTERMAGNET (https://intermagnet.org/) and Su-

perMAG (https://supermag.jhuapl.edu/). Using SuperMAG as an example, data

from 214 observatories is available for the 1st Jan 2022. These platforms ensure compa-

rability between data from different instruments by applying standard post-processing

techniques [e.g. Gjerloev, 2012].

An example of such an observatory is located at Brorfelde, near Roskilde, Denmark.

This observatory uses a three-axis fluxgate instrument to measure variations in the vec-

tor geomagnetic field, conducting weekly calibrations with various specialized equipment.

This approach emphasizes the precision and reliability of these traditional measurement

techniques. Though the commonly used fluxgate magnetometer has a measurement un-

certainty of approximately 1 nT, post-processing, to retrieve the perturbation magnetic

field, can introduce additional uncertainties [e.g. Gjerloev, 2012; Waters et al., 2015].

The realm of geomagnetic field measurements has expanded significantly due to advance-

ments in space technology. Satellite missions, such as Swarm and CHAMP, equipped

with onboard magnetometers, offer comprehensive geomagnetic data from vantage points

inaccessible to ground-based facilities. Furthermore, as discussed in Section 3.3.3, ground

magnetometers can only see the magnetic perturbation from the DF ionospheric current,

while space-based magnetometers also see that of the CF current system. These advance-

ments have not only enriched our understanding of conditions in the upper ionosphere

and magnetosphere but have also enhanced studies of the internal magnetic field [e.g.
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Finlay et al., 2020].

The upcoming NASA-funded EZIE (Electrojet Zeeman Imaging Explorer) mission seeks

to further this progress. EZIE plans to use remote sensing to observe the oxygen thermal

emission from the mesosphere. Based on the Zeeman split of the spectrum, and its

polarization, the ambient magnetic field can be derived [Yee et al., 2017, 2021]. This

unique measurement of the geomagnetic field, at approximately 85 km altitude, allows

for high-resolution reconstruction of the ionospheric current system [Laundal et al., 2021;

Madelaire et al., 2023] and marks an innovative step in geomagnetic research.

3.5.2 Geomagnetic indices

The intensity of the geomagnetic storms correlates significantly with the ring current’s

strength (see Section 3.2.2). Given that the magnetic field generated by the ring current

is perceived as almost uniform on Earth’s surface, it is rational to quantify the ring

current’s strength through ground-based magnetometer observations [Dessler and Parker,

1959; Olbert et al., 1968; Sckopke, 1966]. The Dst index [Sugiura, 1964; Sugiura and

Kamel, 1991] serves this purpose, formulated based on data from four magnetometer

stations, highlighted in blue in Figure 3.12. Although traditionally provided hourly,

an alternative 1-minute resolution version, SYM-H [Iyemori et al., 2010], is available.

However, the ring current’s asymmetry, as noted by Haaland and Gjerloev [2013], poses

challenges in interpretations.

An extension of this is the SMR index [Newell and Gjerloev, 2012], which, unlike SYM-H,
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auroral electrojets, a consideration partially extended to SYM-H. In contrast, SMR’s
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estimating the anti-sunward plasma convection in the northern polar cap. Distinct from

ring current indices, the PC index incorporates not just magnetic field measurements

but also the merging electric field at the magnetopause, necessitating in-situ solar wind

observations.
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Figure 3.12: Illustration of the ground magnetometers used in the derivation of various
geomagnetic indices. The four stations used to derive Dst are marked with blue squares.
The 11 stations used to derive SYM-H are marked with magenta dots. Only six of the 11
stations are used at any given time as indicated by the magenta lines. The Thule station
used to derive the PCN index is marked with a red dot. The SMR index is derived from
all stations available on SuperMAG between -50◦ and 50◦ latitude as indicated by the
green lines. This means the many tens of stations can be used in the derivation of the
SMR index.
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Chapter 4

Empirical modeling of the external

magnetic field

Magnetic perturbations below the ionosphere offer insights into the ionospheric current

system. Section 3.3.3 explains that in the absence of magnetospheric currents, GICs, and

oblique FACs, the divergence-free ionospheric current (JDF) is the only source of these

perturbations. One straightforward approach to analyzing JDF through Ampere’s law is

the application of a 90◦ clockwise rotation to the magnetic perturbation to align with an

overhead current [e.g. Friis-Christensen and Wilhjelm, 1975; Stauning and Troshichev,

2008].

More sophisticated techniques have been developed, each suited to either global or re-

gional analysis. The pioneering effort in empirical modeling of the Earth’s internal

magnetic field came from Carl Friedrich Gauss. In 1838, Gauss introduced the first

mathematical model of the Earth’s magnetic field using spherical harmonics [Gauss,

1877]. This methodology remains prevalent in geomagnetism research, particularly in

core and lithospheric field modeling [e.g. Alken et al., 2021; Finlay et al., 2020].

Empirical modeling is a crucial tool in the study of ionospheric electrodynamics, allowing

for the examination of complex systems without a complete understanding of the under-

lying mechanisms. As such, it can reveal interdependencies with exogenous parameters

that are not evident through theoretical analysis alone. The research presented in this

thesis makes extensive use of empirical modeling, and this chapter provides an introduc-

tion to the empirical modeling of the ionospheric current system based on magnetic field

perturbations from external sources.

Section 4.1 presents the spherical harmonic and spherical elementary current system

techniques. The section also provides a basic introduction to inverse theory, highlighting
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some challenges encountered during its application. Section 4.2 discuss the inherent

limitations in resolution when constructing an empirical model, illustrated by specific

examples. Finally, Section 4.3 explores other sources of magnetic perturbation and

discusses strategies to mitigate their impact.

4.1 Modeling techniques and inverse theory

The spherical harmonic technique, as detailed in Section 4.1.1, is well-suited for global

model construction. However, a global approach is ill-suited for high-latitude electrody-

namics as it is regionally confined. Moreover, capturing the spatial structures within the

high-latitude ionospheric current systems necessitates spatially dense, regional observa-

tions. Consequently, regional modeling techniques are invaluable. The spherical elemen-

tary current technique, described in Section 4.1.2, is particularly effective for creating

regional models. Regardless of the technique employed, model formulation inevitably

involves solving a linear inverse problem. Section 4.1.3 provides a brief introduction to

inverse theory and the critical role of regularization.

4.1.1 The spherical harmonic technique

The spherical harmonic (SH) technique takes advantage of the properties of the mag-

netic potential in the non-conductive region between the ionosphere and the ground, the

atmosphere. In this region, both ∇ ·B = 0 and ∇×B = 0, which simplifies the mag-

netic potential to a scalar potential, V . Consequently, V satisfies the Laplace equation

and can be expressed through an SH expansion [Chapman and Bartels, 1940],

V (r, λ, φ) = a

∞∑
n=1

n∑
m=0

(
[gmn cos(mφ) + hm

n sin(mφ)]
(a
r

)n+1

+

[qmn cos(mφ) + smn sin(mφ)]
(r
a

)n
)
Pm
n (cos(λ)).

(4.1)

Here, gmn , h
m
n , q

m
n , and smn are SH coefficients, with n representing the SH degree, and

m the SH order. The coordinates (r, λ, φ) signify the radius, co-latitude, and longitude,

respectively, at the point where V is evaluated. The term a is a reference radius for

the SH coefficients, and Pm
n (cos (λ)) denotes the Schmidt quasi-normalized Legendre

polynomial.

The SH representation naturally facilitates the separation of internal and external sources

relative to a. The coefficients gmn and hm
n describe the internal source, while qmn and smn
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refer to the external source. The assumption of a scalar potential is valid only within the

non-conductive region, necessitating that both r and a be larger than the Earth’s radius

and smaller than the ionosphere’s radius. Moreover, the SH expansion, theoretically

an infinite series, is in practice implemented as a finite series implying a truncation of

n. The wavelength of the SH surface waves decreases with increasing n, representing

progressively smaller spatial structures. A natural truncation degree, therefore, does not

permit finer spatial resolution than the available observations can resolve.

The magnetic field associated with V can be derived as the potential’s negative spatial

derivative. Here we show the magnetic field for an external source:
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(4.2)

This magnetic field, attributable to the external source, corresponds to an equivalent

horizontal ionospheric current. Similar to the magnetic field, the equivalent horizontal

ionospheric current can be fully described by a scalar potential [Laundal et al., 2016],

Ψ =
a

μ0
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Here, μ0 is the vacuum permeability and h is the altitude of the equivalent horizontal

ionospheric current relative to a. The equivalent current can be computed as

Jeq,⊥ = r̂ ×∇Ψ. (4.4)

It is further possible to derive equivalent FACs as Paper II describes. However, inter-

preting them as FACs requires Fukushima’s theorem to hold, see Section 3.3.3, while

also knowing the ratio between Hall and Pedersen conductance.

The SH technique is particularly advantageous for global modeling due to its globally

defined basis functions [e.g. Alken et al., 2021; Finlay et al., 2020]. However, robust

global solutions require global and uniformly distributed data coverage. It is possible to

model only one hemisphere by using only n−m odd terms, thus enforcing hemispheric

symmetry [e.g. Elhawary et al., 2023; Laundal et al., 2016; Madelaire et al., 2022a]. To

overcome the limitations of the technique in local modeling Haines [1985] introduced

spherical cap harmonics, facilitating regional analyses. The reader is referred to Torta
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[2020] and references therein for more information on spherical cap harmonics.

4.1.2 The spherical elementary current system technique

In recent times, the SECS technique has gained prominence [e.g. Laundal et al., 2021,

2022; Madelaire et al., 2023; Vanhamäki and Juusola, 2020; Walker et al., 2023; Weygand

et al., 2011, 2021]. Proposed by Amm [1997] and building on foundational work by

Fukushima [1976]; Tamao [1986], this technique exploits the Helmholtz decomposition

of ionospheric currents on a spherical shell. In accordance with Helmholtz’s theorem, a

vector field can be decomposed into a divergence-free (DF) and a curl-free (CF) vector

field. The DF and CF vector fields can be described by a system of DF and CF elementary

currents, respectively. It is this system of elementary currents that gives the technique

its name. A conceptual illustration of the two types of elementary currents is provided

in Figure 4.1. The CF elementary current has a Dirac δ-function divergence, and the

DF elementary current has a δ-function curl at its pole, with uniform and oppositely

directed sources elsewhere.

Magnetic perturbation below the ionosphere from the CF ionospheric current cancel out

those from radial FACs. Therefore, the observed magnetic perturbation is produced

solely by the DF current and can be represented by a DF SECS. The electric current,

on a spherical shell of radius RI , produced by a SECS composed of K DF elementary

currents is
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ThemagneticfieldproducedbyasingleDFelementarycurrentis

B
DF
r=

μ0S
DF

4πr

⎧⎪⎨
⎪⎩

1 √1+s2−2ssin(θ′)−1,r<R

1 √1+s2−2ssin(θ′)−s,r>R

B
DF
θ′=−μ0S

DF

4πrcos(θ′)

⎧⎪⎨
⎪⎩

s−sin(θ′)
√1+s2−2ssin(θ′)−sin(θ′),r<R

1−ssin(θ′)
√1+s2−2ssin(θ′)−1,r>R,

(4.6)

44Empiricalmodelingoftheexternalmagneticfield

[2020]andreferencesthereinformoreinformationonsphericalcapharmonics.

4.1.2Thesphericalelementarycurrentsystemtechnique

Inrecenttimes,theSECStechniquehasgainedprominence[e.g.Laundaletal.,2021,
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The SECS technique is extremely flexible as the shape and dimensions of the grid on

which it is defined can be customized for a given situation. An SECS composed of

100 elementary currents can be placed in various configurations, e.g., 10×10 or 4×25.

Furthermore, by varying the grid spacing, the spatial extent of the SECS can be altered.

Therefore, the SECS technique offers adaptability and detailed regional analyses, with

the flexibility to handle varying data coverage. The reader is referred to Vanhamäki and

Juusola [2020] and references therein for a detailed introduction to the SECS technique.

Figure 4.1: Conceptual illustration of the CF (left) and DF (right) elementary currents.
Credit: Vanhamäki and Juusola [2020].
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Credit:VanhamäkiandJuusola[2020].

4.1Modelingtechniquesandinversetheory45

wheres=min(r,R)/max(r,R).Thisconfigurationimpliesthatthemagneticfield

perturbationbelowthesphericalshellofradiusR,asaresultofaDFSECS,is

Br=
μ0S

DF

4πr

K∑
i=1

1
√1+s2−2ssin(θ′

i)−1

B⊥=−μ0S
DF

4πrcos(θ′)

K∑
i=1

[s−sin(θ′)
√1+s2−2ssin(θ′)−sin(θ′)]Tiθ̂′

i.

(4.7)

TheSECStechniqueisextremelyflexibleastheshapeanddimensionsofthegridon

whichitisdefinedcanbecustomizedforagivensituation.AnSECScomposedof

100elementarycurrentscanbeplacedinvariousconfigurations,e.g.,10×10or4×25.

Furthermore,byvaryingthegridspacing,thespatialextentoftheSECScanbealtered.

Therefore,theSECStechniqueoffersadaptabilityanddetailedregionalanalyses,with

theflexibilitytohandlevaryingdatacoverage.ThereaderisreferredtoVanhamäkiand
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4.1.3 Basic inverse theory

The modeling techniques presented in Sections 4.1.1 and 4.1.2 provide a linear relation-

ship between ground magnetic field perturbation and an equivalent ionospheric current.

Given multiple measurements of the magnetic field, a system of linear equations can be

made. However, the retrieval of the coefficients qmn , s
m
n , and SDF requires solving an in-

verse problem. The following section is a basic introduction to inverse theory. The reader

is referred to [e.g. Aster et al., 2013; Tarantola, 2005] for a detailed introduction to in-

verse theory. Both the SH and SECS representation of the magnetic field, Equations 4.2

and 4.7, can be cast into a matrix equation as

d = Gm. (4.8)

Here, d is a column vector of magnetic field measurements, m is a column vector con-

taining the amplitude of the SECS poles or SH coefficients, and G is a matrix containing

the linear relation between the d and m.

The forward problem, Equation 4.8, is a system of linear equations. We wish to estimate

m, the state of the system, based on d, observations of the system. This is inherently

a probabilistic endeavour; observations are in their nature probability distributions that

frequently are summarized by only their mode. Consider the joint probability distribu-

tion p(m,d) for parameters m and d

p (m,d) = p (m|d) p (d) = p (d|m) p (m) . (4.9)

In our case, Equation 4.8, it is m that we are interested in and, therefore, the probability

distribution p(m|d). By isolating p(m|d) in Equation 4.9,

p (m|d) = p (d|m) p (m)

p (d)
, (4.10)

Bayes theorem, and the general solution to the inverse problem, is retrieved. Here,

p (m|d), p (d|m), p (m), and p (d) are the posterior model distribution, the likelihood,

the prior model distribution, and the evidence, respectively. The posterior model distri-

bution defines the probability of the model given a set of observations. The likelihood

is the probability of the observations given a model. If the observations are of a known

probability distribution the likelihood is easily calculated from the misfit between model

prediction and observations. The prior model distribution is the information regarding

the model prior to the introduction of data. The evidence is the probability of the ob-

servations and is frequently neglected as it simply acts as a normalization factor and

is irrelevant for parameter estimation. However, the evidence is not negligible when
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4.1.3 Basic inverse theory

The modeling techniques presented in Sections 4.1.1 and 4.1.2 provide a linear relation-

ship between ground magnetic field perturbation and an equivalent ionospheric current.

Given multiple measurements of the magnetic field, a system of linear equations can be

made. However, the retrieval of the coefficients q
m
n , s

m
n , and S

DF
requires solving an in-

verse problem. The following section is a basic introduction to inverse theory. The reader

is referred to [e.g. Aster et al., 2013; Tarantola, 2005] for a detailed introduction to in-

verse theory. Both the SH and SECS representation of the magnetic field, Equations 4.2

and 4.7, can be cast into a matrix equation as

d = Gm. (4.8)

Here, d is a column vector of magnetic field measurements, m is a column vector con-

taining the amplitude of the SECS poles or SH coefficients, and G is a matrix containing

the linear relation between the d and m.

The forward problem, Equation 4.8, is a system of linear equations. We wish to estimate

m, the state of the system, based on d, observations of the system. This is inherently

a probabilistic endeavour; observations are in their nature probability distributions that

frequently are summarized by only their mode. Consider the joint probability distribu-

tion p(m,d) for parameters m and d

p (m,d) = p (m|d) p (d) = p (d|m) p (m) . (4.9)

In our case, Equation 4.8, it is m that we are interested in and, therefore, the probability

distribution p(m|d). By isolating p(m|d) in Equation 4.9,

p (m|d) =
p (d|m) p (m)

p (d)
, (4.10)

Bayes theorem, and the general solution to the inverse problem, is retrieved. Here,

p (m|d), p (d|m), p (m), and p (d) are the posterior model distribution, the likelihood,

the prior model distribution, and the evidence, respectively. The posterior model distri-

bution defines the probability of the model given a set of observations. The likelihood

is the probability of the observations given a model. If the observations are of a known

probability distribution the likelihood is easily calculated from the misfit between model

prediction and observations. The prior model distribution is the information regarding

the model prior to the introduction of data. The evidence is the probability of the ob-

servations and is frequently neglected as it simply acts as a normalization factor and

is irrelevant for parameter estimation. However, the evidence is not negligible when
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comparing the probability of models determined from different datasets.

In general, there is no guarantee that the shape of the probability distributions is known

or if the inverse problem is linear. In fact, p(m|d) might be multi-modal and contain

multiple solutions of equally high probability. The result is the lack of an analytical

solution. However, there are numerous algorithms for estimating p(m|d) through an

iterative sampling approach. The reader is referred to [e.g. Brooks et al., 2011; Gelman

et al., 2004] for a detailed introduction of algorithms for sampling p(m|d). In the rest

of this section, we will focus on the least squares method for solving linear inverse

problems. The least squares method provides an analytical solution given an assumption

of Gaussian probability distributions.

Solving a linear inverse problem can be simplified significantly by assuming Gaussian

probability distributions. The least squares solution is an analytical solution to the

inverse problem that provides the maximum likelihood solution when minimizing the

squared norm of the data misfit. Formally, this involves minimizing the objective function

Φ(m) = (d−Gm)TC−1
d (d−Gm) + (m−mpri)

TC−1
m (m−mpri), (4.11)

where Cd is the data covariance matrix, and mpri and Cm are the mode and covariance

matrix of the prior model distribution. By differentiating Equation 4.11 with respect to

m and setting it equal to zero, the least squares solution can be written as

m̃ =
(
GTC−1

d G+C−1
m

)−1 (
GTC−1

d d+C−1
m mpri

)
, (4.12)

where m̃ is the maximum likelihood solution and

Cpm =
(
GTC−1

d G+C−1
m

)−1
(4.13)

is the posterior model covariance. Together m̃ and Cpm define p(m|d), the full solu-

tion to the posed minimization problem in Equation 4.11. The model variance can be

propagated into any quantity of interest using

CA = ACpmA
T , (4.14)

if there exists a linear relationship (A) between it and m. Using Equation 4.14 the

posterior model variance can be projected into predictions of the magnetic field.

In Earth and Space physics, we are seldom in possession of a prior model distribution.
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48 Empirical modeling of the external magnetic field

Without p(m) the cost function and maximum likelihood solution reduces to

Φ(m) = (d−Gm)TC−1
d (d−Gm)

m̃ =
(
GTC−1

d G
)−1

GTC−1
d d.

(4.15)

However, inverse problems are often challenging because they are both under-determined,

possess a null space, and ill-conditioned so that solutions of the type in Equation 4.15

are unstable in the presence of noise. Therefore, it is common to stabilize the solution by

means of regularization. Formally, this involves a modification to the objective function

by adding a term to minimize some aspect of the model,

Φ(m) = (d−Gm)TC−1
d (d−Gm) + αmTRm. (4.16)

Here, R is the roughening matrix describing some metric of the model parameters while α

controls the trade-off between the data-driven solution and the imposed model constraint.

Following the approach for deriving Equation 4.12 the regularized least squares solution

is

m̃ =
(
GTG+ λR

)−1
GTd, (4.17)

where λ = α2.

One of the more simple methods to prevent overfitting with regularization is by min-

imizing the squared norm of the model parameters. This means that R = I and the

regularized solution takes the form

m̃ =
(
GTG+ λI

)−1
GTd, (4.18)

where I is an identity matrix. This is known as zeroth-order Tikhonov regularization.

However, a more general expression may be written as

m̃ =
(
GTG+ λLTL

)−1
GTd. (4.19)

Here R = LTL and L describes the linear relation between the model parameters. In

higher-order Tikhonov regularizationL would be a matrix taking the numerical difference

between model parameters allowing for the minimization of gradients and thereby the

retrieval of a smoother solution.

An alternative to zeroth order Tikhonov regularization is truncated Singular Value De-

composition (SVD). Here the design matrix G is factored into

G = USV T , (4.20)
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where U and V are square matrices spanning the data and model space, respectively,

while S is a diagonal matrix of singular values. SVD is conceptually similar to an

eigenvalue decomposition. That means singular values close to zero provide effectively

no additional information about the system. Therefore, truncating the series of singular

values can help stabilize the solution.

There are pros and cons with both Tikhonov regularization and truncated SVD. However,

Tikhonov regularization is more straightforward for higher-order regularization, i.e. when

more information about the structure of the solution is known. It is possible to implement

higher-order regularization using SVD by using generalized SVD. In the work presented

in this thesis, we have used Tikhonov regularization and will, therefore, focus on solutions

in the form of Equations 4.17.

Regardless of implementation, regularization requires tuning of a hyper-parameter. For

Tikhonov regularization, it is the parameter λ. There are several techniques for de-

termining the optimal regularization parameter, but there is no universal technique.

The reader is referred to Bauer and Lukas [2011] for a detailed review of different tech-

niques. In the work presented in this thesis, we have employed both the L-curve [Hansen,

1992] and generalized cross-validation [e.g. Aster et al., 2013]. Furthermore, it is pos-

sible to design a cost function with more than one regularization term, thus requiring

the optimization of multiple hyperparameters. This is not straightforward but has been

addressed by Belge et al. [2002] who extended the L-curve technique to multiple pa-

rameters. In Paper IV we present a technique for determining a relationship between

multiple regularization parameters effectively reducing the number of parameters needed

to be determined allowing for the use of conventional approaches like the L-curve and

generalized cross-validation.

A conceptual understanding of Bayes’ theorem is extremely important. However, the

human intuition of probabilities is seldom very good [Harari, 2015]. In our field, iono-

spheric physics, there is a tendency to only provide a single solution, the mode of p(m|d).
This is a shortcoming that by its rectification will elevate our community’s understand-

ing of the applied modeling technique and the usefulness of results. A result without

uncertainty means nothing.

4.2 Spatial scales

No matter which modeling technique is employed, deriving an ionospheric equivalent

current from ground magnetic perturbation has inherent practical limitations. One key
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factor is the decreasing strength of the magnetic field as the distance from the source

current increases. The rate of decrease is dictated by the spatial dimensions of the

magnetic field structure. This becomes clear when expressing the magnetic field in terms

of SHs, Equation 4.2. For an external source, the downward continuation of the magnetic

field from the ionosphere to Earth’s surface is proportional to (RE/RI)
n−1. Here, RE and

RI are the distances from Earth’s center to the surface and the ionosphere, respectively,

while n is the SH degree.

Large-scale magnetic perturbations, e.g. created by the auroral electrojets, spanning

multiple degrees of latitude and/or longitude, correspond to lower values of n. Con-

versely, small-scale features are associated with higher values of n. Therefore, the mag-

nitude of the magnetic perturbation from a small-scale feature drops off faster with

distance to the source current, than that of large-scale features. The distance between

the observed ground magnetic field and its ionospheric source current is approximately

110 km. As a result, it is in practice not possible to resolve spatial structures smaller

than 110 km in the magnetic perturbation field generated by ionospheric currents [Gjer-

loev et al., 2011; Laundal et al., 2021; Madelaire et al., 2023; Untiedt and Baumjohann,

1993].

In a theoretical scenario featuring perfect measurements, ample data coverage, no numer-

ical instabilities, and limitless computational resources, it would be possible to resolve

all spatial scales. However, in practice, we face a couple of limitations. First, the mea-

surement uncertainty of an instrument determines what signal can be observed. The

signal-to-noise ratio (SNR) quantifies when a signal is too weak to be observed, relative

to the background noise/measurement uncertainty. An SNR above 1 signifies that the

instrument is sensitive enough to measure the signal. Oppositely, a signal can not be

observed if the SNR is below 1. Therefore, SNR equal 1 is referred to as the noise floor

as it is the separation between observable and unobservable signals. Figure 4.2 shows

the magnitude of magnetic perturbation, at the ionosphere, required to exceed the noise

floor of various instruments. Ground magnetometers are often considered to have an

uncertainty of 1 nT or less [Gjerloev, 2012]. The solid blue line illustrate the case of a

ground magnetometer with 1 nT uncertainty. We see that a magnetic structure in the

ionosphere with a spatial scale of 200 km can not be observed by a ground magnetome-

ter if the magnetic perturbation is 30 nT or lower at ionospheric altitude. Following this

logic, it is possible to observe structures of 80 km, but the magnetic perturbation at the

ionosphere has to be larger than approximately 5000 nT to exceed the noise floor of the

ground magnetometer.

Analysis based on magnetic field perturbations requires subtraction of the ambient field

in a pre-processing step. This could be the core and lithospheric magnetic fields. Su-
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factoristhedecreasingstrengthofthemagneticfieldasthedistancefromthesource

currentincreases.Therateofdecreaseisdictatedbythespatialdimensionsofthe

magneticfieldstructure.Thisbecomesclearwhenexpressingthemagneticfieldinterms

ofSHs,Equation4.2.Foranexternalsource,thedownwardcontinuationofthemagnetic

fieldfromtheionospheretoEarth’ssurfaceisproportionalto(RE/RI)
n−1.Here,REand

RIarethedistancesfromEarth’scentertothesurfaceandtheionosphere,respectively,

whilenistheSHdegree.

Large-scalemagneticperturbations,e.g.createdbytheauroralelectrojets,spanning

multipledegreesoflatitudeand/orlongitude,correspondtolowervaluesofn.Con-

versely,small-scalefeaturesareassociatedwithhighervaluesofn.Therefore,themag-

nitudeofthemagneticperturbationfromasmall-scalefeaturedropsofffasterwith

distancetothesourcecurrent,thanthatoflarge-scalefeatures.Thedistancebetween

theobservedgroundmagneticfieldanditsionosphericsourcecurrentisapproximately

110km.Asaresult,itisinpracticenotpossibletoresolvespatialstructuressmaller

than110kminthemagneticperturbationfieldgeneratedbyionosphericcurrents[Gjer-

loevetal.,2011;Laundaletal.,2021;Madelaireetal.,2023;UntiedtandBaumjohann,

1993].

Inatheoreticalscenariofeaturingperfectmeasurements,ampledatacoverage,nonumer-

icalinstabilities,andlimitlesscomputationalresources,itwouldbepossibletoresolve

allspatialscales.However,inpractice,wefaceacoupleoflimitations.First,themea-

surementuncertaintyofaninstrumentdetermineswhatsignalcanbeobserved.The

signal-to-noiseratio(SNR)quantifieswhenasignalistooweaktobeobserved,relative

tothebackgroundnoise/measurementuncertainty.AnSNRabove1signifiesthatthe

instrumentissensitiveenoughtomeasurethesignal.Oppositely,asignalcannotbe

observediftheSNRisbelow1.Therefore,SNRequal1isreferredtoasthenoisefloor

asitistheseparationbetweenobservableandunobservablesignals.Figure4.2shows
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factor is the decreasing strength of the magnetic field as the distance from the source

current increases. The rate of decrease is dictated by the spatial dimensions of the

magnetic field structure. This becomes clear when expressing the magnetic field in terms

of SHs, Equation 4.2. For an external source, the downward continuation of the magnetic

field from the ionosphere to Earth’s surface is proportional to (RE/RI)
n−1

. Here, RE and

RI are the distances from Earth’s center to the surface and the ionosphere, respectively,

while n is the SH degree.

Large-scale magnetic perturbations, e.g. created by the auroral electrojets, spanning

multiple degrees of latitude and/or longitude, correspond to lower values of n. Con-

versely, small-scale features are associated with higher values of n. Therefore, the mag-

nitude of the magnetic perturbation from a small-scale feature drops off faster with

distance to the source current, than that of large-scale features. The distance between

the observed ground magnetic field and its ionospheric source current is approximately

110 km. As a result, it is in practice not possible to resolve spatial structures smaller

than 110 km in the magnetic perturbation field generated by ionospheric currents [Gjer-

loev et al., 2011; Laundal et al., 2021; Madelaire et al., 2023; Untiedt and Baumjohann,

1993].

In a theoretical scenario featuring perfect measurements, ample data coverage, no numer-

ical instabilities, and limitless computational resources, it would be possible to resolve

all spatial scales. However, in practice, we face a couple of limitations. First, the mea-

surement uncertainty of an instrument determines what signal can be observed. The

signal-to-noise ratio (SNR) quantifies when a signal is too weak to be observed, relative

to the background noise/measurement uncertainty. An SNR above 1 signifies that the

instrument is sensitive enough to measure the signal. Oppositely, a signal can not be

observed if the SNR is below 1. Therefore, SNR equal 1 is referred to as the noise floor

as it is the separation between observable and unobservable signals. Figure 4.2 shows

the magnitude of magnetic perturbation, at the ionosphere, required to exceed the noise

floor of various instruments. Ground magnetometers are often considered to have an

uncertainty of 1 nT or less [Gjerloev, 2012]. The solid blue line illustrate the case of a

ground magnetometer with 1 nT uncertainty. We see that a magnetic structure in the

ionosphere with a spatial scale of 200 km can not be observed by a ground magnetome-

ter if the magnetic perturbation is 30 nT or lower at ionospheric altitude. Following this

logic, it is possible to observe structures of 80 km, but the magnetic perturbation at the

ionosphere has to be larger than approximately 5000 nT to exceed the noise floor of the

ground magnetometer.

Analysis based on magnetic field perturbations requires subtraction of the ambient field

in a pre-processing step. This could be the core and lithospheric magnetic fields. Su-
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factoristhedecreasingstrengthofthemagneticfieldasthedistancefromthesource

currentincreases.Therateofdecreaseisdictatedbythespatialdimensionsofthe

magneticfieldstructure.Thisbecomesclearwhenexpressingthemagneticfieldinterms

ofSHs,Equation4.2.Foranexternalsource,thedownwardcontinuationofthemagnetic

fieldfromtheionospheretoEarth’ssurfaceisproportionalto(RE/RI)
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.Here,REand
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Large-scalemagneticperturbations,e.g.createdbytheauroralelectrojets,spanning
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versely,small-scalefeaturesareassociatedwithhighervaluesofn.Therefore,themag-
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allspatialscales.However,inpractice,wefaceacoupleoflimitations.First,themea-
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signal-to-noiseratio(SNR)quantifieswhenasignalistooweaktobeobserved,relative

tothebackgroundnoise/measurementuncertainty.AnSNRabove1signifiesthatthe

instrumentissensitiveenoughtomeasurethesignal.Oppositely,asignalcannotbe

observediftheSNRisbelow1.Therefore,SNRequal1isreferredtoasthenoisefloor

asitistheseparationbetweenobservableandunobservablesignals.Figure4.2shows

themagnitudeofmagneticperturbation,attheionosphere,requiredtoexceedthenoise

floorofvariousinstruments.Groundmagnetometersareoftenconsideredtohavean

uncertaintyof1nTorless[Gjerloev,2012].Thesolidbluelineillustratethecaseofa

groundmagnetometerwith1nTuncertainty.Weseethatamagneticstructureinthe

ionospherewithaspatialscaleof200kmcannotbeobservedbyagroundmagnetome-
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permag (https://supermag.jhuapl.edu/) is a popular web service for downloading

magnetic perturbation measurements from ground magnetometers. The Supermag post-

processing [Gjerloev, 2012] can result in uncertainty larger than 1 nT [Gjerloev, 2012;

Waters et al., 2015]. The blue dotted line in Figure 4.2 shows the result of increasing

the uncertainty to 10 nT. Keep in mind that this is a combined uncertainty containing

both the measurement uncertainty and the potential error resulting from pre-processing.

We will simply refer to this combined uncertainty as measurement uncertainty for sim-

plicity. By increasing the uncertainty the noise-floor changes from approximately 900 to

10,000 nT when attempting to observe 100 km structures.

Figure 4.2 also shows this spatial scale to noise relation for EZIE which conceptually

is like a magnetometer located at 85 km altitude. The NASA-funded satellite mission

EZIE (see Section 3.5.1) aims to remotely sense magnetic perturbations in the meso-

sphere, located about 35 km below the ionospheric source current. The solid, dotted,

and dashed lines (orange) show the noise floor for measurement uncertainties of 1, 10,

and 100 nT, respectively. When the uncertainty is 100 nT a ground magnetometer with

1 nT uncertainty will be better at observing perturbation from structures larger than ap-

proximately 115 km. However, EZIE, with an uncertainty of about 100 nT, will be better

for measuring perturbation from structures smaller than approximately 115 km. This

statement does not factor in the implication of spatial coverage which we will discuss

now.

The second practical limitation is the spacing between measurements. For context,

Figure 4.3 summarizes the minimum distance between a ground magnetometer station

and any other station. The figure is based on the ground magnetometer stations available

from SuperMAG (https://supermag.jhuapl.edu/). Importantly, not all these stations

are operational simultaneously. For latitudes above 60◦, approximately 40 of the 160

stations are within 100 km of another station. If they were placed in a grid it would be

500×800 km, approximately the size of Denmark. Denmark is pretty small.

Given these conditions, it is evident that the achievable spatial resolution based on

ground magnetometer data is fundamentally limited by the distribution of the stations.

There are several strategies for improving the resolution. One option involves combining

different types of measurements, such as done in AMIE and Lompe (Section ??). Another

seemingly straightforward solution is to populate a grid with ground magnetometers

using a 100×100 km grid spacing; achieving this between latitudes 65◦ and 75◦ would

require approximately 1,500 stations. This is not feasible due to oceans, lakes, mountains,

and urban areas. Even on a smaller scale like North America or Fennoscandia, this is

impractical as such stations are costly.
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52 Empirical modeling of the external magnetic field

One potential workaround could be the use of low-precision, budget-friendly magnetome-

ters to augment existing networks in regions like Fennoscandia or North America. Pairing

these low-precision devices with pre-existing high-precision ground magnetometers could

enhance spatial resolution. Another avenue to explore is conducting measurements closer

to the source current, like EZIE. The radial distance, as well as the temporal and spa-

tial separation between its measurements, allows for the resolution of mesoscale features

(Paper IV).

As part of its public outreach, the EZIE team is developing an affordable magnetometer

kit expected to cost a couple hundred US dollars. The instrument is not fully developed

but will provide 3D magnetic field measurements with approximately 20 nT uncertainty.

The collected data will be uploaded to a server and processed using the SuperMAG al-

gorithm [Gjerloev, 2012]. Such instruments could serve as an effective proof-of-concept

for filling the large gaps that exist in current ground magnetometer arrays, thereby facil-

itating a higher level of spatial resolution in ionospheric current system reconstruction.

Figure 4.2: An illustration of the noise floor as a function of spatial scale-size. Here, we
show the required magnetic perturbation, at ionospheric altitude, necessary to exceed
the noise floor for different magnetometers and levels of measurement uncertainty. The
blue solid and dotted lines indicate ground-based magnetometer stations with 1 and 10
nT measurement uncertainty, respectively. The orange solid, dotted, and dashed lines
indicate measurements of the magnetic field at 85 km altitude derived by EZIE with
1, 10, and 100 nT uncertainty, respectively. The green line indicates the low-precision
magnetometer being developed by the EZIE outreach program with (estimated) 20 nT
uncertainty.
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4.1.2) by solving the linear inverse problem with zeroth-order Tikhonov regularization

(Section 4.1.3). The reconstruction is done for various configurations of high- and low-

precision measurements. Qualitative and quantitative comparisons are made based on

the reconstruction and spatial resolution estimates, respectively. In addition, we take

the opportunity to address the issue of edge effects when applying the SECS technique.

Here we provide a brief introduction to the quantification of spatial resolution based on

the method presented in Paper IV. By inserting the forward problem (Equation 4.8) into

the regularized least squares solution (Equation 4.18) we derive a relation between m

and m̃, the truth and estimated solution:
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The model resolution matrix, Rm, describes how well m can be resolved based on the

available information, i.e. measurement location, measurement uncertainty, prior infor-

mation/regularization, and the relation between the measured quantity and the system

being modeled. The columns of Rm are point-spread functions (PSFs) describing how a

single parameter of m is smeared out when projected through Rm. By the quantification

of the PSF’s spatial extent, we can estimate the spatial resolution.

The synthetic data is based on the MHD simulation used to create synthetic data for

the EZIE satellite mission [Laundal et al., 2021]. The RE-developed Magnetosphere-

Ionosphere Coupler/Solver (REMIX) [Merkin and Lyon, 2010] is used to account for the

MI coupling. However, some discrepancy in the magnetic field perturbation occurs when

carrying out the Biot-Savart integral using the available tools and it is not possible to

decompose the ionospheric current into its DF and CF parts. We therefore go through

the exercise of creating a Lompe [Laundal et al., 2022] model based on the FACs, con-

ductance, and potential electric field output from REMIX. The Lompe model is created

on a cubed sphere grid down to approximately 60◦ latitude with a grid spacing of 55

km. The majority of the model is based on the FAC and conductance while the electric

field is included below 65◦ latitude to help with edge effects. Furthermore, the solution

is regularized slightly with zeroth-order Tikhonov regularization.

Figure 4.4a shows the radial magnetic field perturbation at ionospheric altitude, pro-

duced by the Lompe model. Overlain is an outline of the grid for the synthetic magnetic

field data. Figure 4.4b shows the close-up of the overlain grid, in Figure 4.4a. Fig-

ure 4.5 compares the ionospheric currents and magnetic field perturbation produced by

the Lompe model in more detail. Figure 4.5a-c shows the full, CF, and DF ionospheric

current, respectively. Figures 4.5d-f show the eastward, northward, and upward compo-

nents of the magnetic field at ionospheric altitude overlain with the DF current. Figures

4.5g-i show the less structured ground magnetic field. In the following examples, the syn-

thetic data is created by sub-sampling the magnetic field (Figures 4.5g-i) while adding

Gaussian noise.

Before testing various configurations of high- and low-precision measurements, we wanted

to validate the SECS technique’s ability to reproduce the truth (Figure 4.5d-i). Figure

4.6 summarizes the least squares solution (Equation 4.12) when synthetic data is placed

on a 100×100 km grid. The DF SECS is also placed on a 100×100 km grid offset by

half a grid cell from that of the synthetic data. Figures 4.6a-c show the reconstructed

magnetic field at ionospheric altitude overlain with an equivalent ionospheric current.

Figures 4.6d-f shows the reconstructed ground magnetic field. A comparison between

Figures 4.5d-i and 4.6 shows that the ground magnetic field is reproduced very well while

there are severe edge effects at ionospheric altitude. The issue stems from the influence of
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electric currents outside the modeling grid (Figure 4.4a). The distant currents contribute

to the measured magnetic field and map into the overhead DF SECS. The edge effects

can be removed using regularization.

Figure 4.7 summarize the regularized solution (Equation 4.18) when λ is determined

using the L-curve (Section 4.1.3). However, the regularized solution comes at the cost to

the resolution which is evident when compared to the truth (Figure 4.5). Quantitatively,

the spatial resolution increased from 100 to 300 km when applying regularization.

Figure 4.8 explores the possibility of placing layers of DF elementary currents outside the

original grid to compensate for the contribution by distant electric currents. By gradually

increasing the amount of DF elementary current layers while solving the regularized

inverse problem, we determined that 5 layers are sufficient to account for the effect of

distant currents while minimizing the effect of regularization of the spatial resolution.

Effectively, the spatial resolution dropped back down to 100 km. A comparison of the

model predictions using (Figure 4.8) and the truth (Figure 4.5d-i) suggests that this

method works very well. In the following examples, we have applied 5 layers of DF

elementary currents.

To emphasize the impact of the low-precision measurements on the spatial resolution,

we used a grid with an 800×800 km spacing for the high-precision data. We tested four

configurations where all contain high-precision measurements while only three contain

low-precision measurements as illustrated by the black dots and blue crosses in Figure

4.9:

• Low-precision measurements on a 100×100 km grid (Figure 4.9b).

• Low-precision measurements are placed on the edge of the high-precision grid cells

(800×800 km) with a 100 km spacing (Figure 4.9c).

• Low-precision measurements on a 400×400 km grid (Figure 4.9d).

Figure 4.9 compares the spatial resolution while also visualizing the position of the high-

and low-precision measurements in each configuration as black dots and blue crosses,

respectively. Figures 4.10 and 4.11 compare the reconstruction from the configuration

highlighted in Figure 4.9a and 4.9c. From both the quantitative comparison of the

spatial resolution and the qualitative comparison of the model predictions it is clear that

augmenting pre-existing high-precision ground magnetometer arrays with low-precision

units can drastically improve the efficacy of empirical models. We therefore highly

recommend that this path is explored in the future. Sometimes quantity is better than

quality.
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Figure 4.4: Overview of the synthetic data. Figure 4.4a shows the radial magnetic field
component produced by the Lompe model at ionospheric altitude. An outline of the
cubed sphere grid used for further analysis is overlain. Figure 4.4b shows a close-up of
the outlined analysis grid in Figure 4.4a.
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4.2 Spatial scales 57

Figure 4.5: A summary of the synthetic data. Figures 4.5a-c show the full, CF and DF
ionospheric electric current, respectively. Figures 4.5d-f show the eastward, northward,
and upward magnetic field components at ionospheric altitude, respectively, with the DF
current overlain. Figures 4.5g-i show the magnetic field perturbation on the ground.
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Figure 4.6: Summary of the inversion result using perfect synthetic data on a 100×100 km
grid. Figures 4.6a-c show the reconstructed eastward, northward, and upward magnetic
field components at ionospheric altitude, respectively, with the DF current overlain.
Figures 4.6d-f shows the reconstructed ground magnetic perturbation.
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Figure 4.7: The same as Figure 4.6, but for the regularized solution.
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Figure 4.8: The same as Figure 4.6, but for the regularized solution including extra
layers of DF elementary currents outside the original grid.
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Figure 4.9: A comparison of the spatial resolution for various configurations of high- and
low-precision synthetic data. The black dots and blue crosses illustrate the location of
the high- and low-precision measurements.
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Figure 4.10: The same as Figure 4.8, but for synthetic data configuration illustrated in
Figure 4.9a.
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Figure 4.11: The same as Figure 4.8, but for synthetic data configuration illustrated in
Figure 4.9c.
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4.3 Contamination of the signal

Ground magnetic perturbation is a superposition of multiple sources, as discussed in

Section 3.3.3. The largest contributor is typically the 3D ionospheric electric current.

The magnetospheric currents produce large-scale perturbation of the magnetic field that

mainly maps into the radial component at high latitudes. The strength of the perturba-

tion can be well estimated based on magnetic field perturbation at low to mid-latitudes,

e.g. Dst and SYM-H (Section 3.5). GICs can produce highly structured magnetic field

perturbation, especially if the currents are induced close to the Earth’s surface. Grayver

et al. [2021] showed that the radial magnetic field component is significantly more af-

fected by GICs than the horizontal component. They suggest only using the horizontal

component unless GICs are accounted for in the applied modeling technique. In this sim-

ple way, ignoring the radial component, it is possible to minimize contamination from

magnetospheric currents and GICs.

There are several publications presenting techniques that account for GICs. Juusola et al.

[2020]; Walker et al. [2023] place a mirror current in the Earth’s subsurface while using the

SECS technique. The strength of the mirror current is defined by the depth at which the

radial magnetic field perturbation from the two sources cancels. Pulkkinen et al. [2003]

placed an additional DF SECS system in the Earth’s subsurface. This is conceptually

similar to the mirror current approach. However, the mirror current is directly linked

to that of the ionosphere. Removing the linear relationship allows the two SECSs to

change independently. The subsurface SECS is placed close to the surface, relative to

the distance between the surface and the ionosphere. Conceptually, this seems like a

good idea. However, in practice we solve regularized inverse problems, thus constraining

some aspect of the model, typically the magnitude of the model norm. In this case,

the most cost effective (see Equation 4.16) way to reconstruct small-scale structures is

by using the subsurface SECS, while the ionospheric SECS more efficiently reconstructs

large-scale structures. The choice of regularization parameter will, therefore, decide how

much of the signal is assigned to the subsurface SECS and labeled GICs. The ambiguity

of this approach makes it undesirable, in my opinion.

Grayver et al. [2021] presents a more advanced approach for accounting for GICs. They

use a model of the 3D conductivity structure in the Earth’s subsurface to create an

impulse response function to temporal changes in the magnetic field. By their imple-

mentation in the SH technique, the GICs are co-estimated. Calculating the impulse

response functions is computationally demanding, but need only be done once if the

geometry of the inverse problem does not change. Interestingly, this makes the solu-

tion dependent on the history of the magnetic field. This technique was applied in the
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4.3 Contamination of the signal

Ground magnetic perturbation is a superposition of multiple sources, as discussed in

Section 3.3.3. The largest contributor is typically the 3D ionospheric electric current.

The magnetospheric currents produce large-scale perturbation of the magnetic field that

mainly maps into the radial component at high latitudes. The strength of the perturba-

tion can be well estimated based on magnetic field perturbation at low to mid-latitudes,

e.g. Dst and SYM-H (Section 3.5). GICs can produce highly structured magnetic field

perturbation, especially if the currents are induced close to the Earth’s surface. Grayver

et al. [2021] showed that the radial magnetic field component is significantly more af-

fected by GICs than the horizontal component. They suggest only using the horizontal

component unless GICs are accounted for in the applied modeling technique. In this sim-

ple way, ignoring the radial component, it is possible to minimize contamination from

magnetospheric currents and GICs.

There are several publications presenting techniques that account for GICs. Juusola et al.

[2020]; Walker et al. [2023] place a mirror current in the Earth’s subsurface while using the

SECS technique. The strength of the mirror current is defined by the depth at which the

radial magnetic field perturbation from the two sources cancels. Pulkkinen et al. [2003]

placed an additional DF SECS system in the Earth’s subsurface. This is conceptually

similar to the mirror current approach. However, the mirror current is directly linked

to that of the ionosphere. Removing the linear relationship allows the two SECSs to

change independently. The subsurface SECS is placed close to the surface, relative to

the distance between the surface and the ionosphere. Conceptually, this seems like a

good idea. However, in practice we solve regularized inverse problems, thus constraining

some aspect of the model, typically the magnitude of the model norm. In this case,

the most cost effective (see Equation 4.16) way to reconstruct small-scale structures is

by using the subsurface SECS, while the ionospheric SECS more efficiently reconstructs

large-scale structures. The choice of regularization parameter will, therefore, decide how

much of the signal is assigned to the subsurface SECS and labeled GICs. The ambiguity

of this approach makes it undesirable, in my opinion.

Grayver et al. [2021] presents a more advanced approach for accounting for GICs. They

use a model of the 3D conductivity structure in the Earth’s subsurface to create an

impulse response function to temporal changes in the magnetic field. By their imple-

mentation in the SH technique, the GICs are co-estimated. Calculating the impulse

response functions is computationally demanding, but need only be done once if the

geometry of the inverse problem does not change. Interestingly, this makes the solu-

tion dependent on the history of the magnetic field. This technique was applied in the
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Groundmagneticperturbationisasuperpositionofmultiplesources,asdiscussedin

Section3.3.3.Thelargestcontributoristypicallythe3Dionosphericelectriccurrent.

Themagnetosphericcurrentsproducelarge-scaleperturbationofthemagneticfieldthat

mainlymapsintotheradialcomponentathighlatitudes.Thestrengthoftheperturba-

tioncanbewellestimatedbasedonmagneticfieldperturbationatlowtomid-latitudes,

e.g.DstandSYM-H(Section3.5).GICscanproducehighlystructuredmagneticfield

perturbation,especiallyifthecurrentsareinducedclosetotheEarth’ssurface.Grayver

etal.[2021]showedthattheradialmagneticfieldcomponentissignificantlymoreaf-

fectedbyGICsthanthehorizontalcomponent.Theysuggestonlyusingthehorizontal

componentunlessGICsareaccountedforintheappliedmodelingtechnique.Inthissim-

pleway,ignoringtheradialcomponent,itispossibletominimizecontaminationfrom

magnetosphericcurrentsandGICs.

ThereareseveralpublicationspresentingtechniquesthataccountforGICs.Juusolaetal.

[2020];Walkeretal.[2023]placeamirrorcurrentintheEarth’ssubsurfacewhileusingthe

SECStechnique.Thestrengthofthemirrorcurrentisdefinedbythedepthatwhichthe

radialmagneticfieldperturbationfromthetwosourcescancels.Pulkkinenetal.[2003]

placedanadditionalDFSECSsystemintheEarth’ssubsurface.Thisisconceptually

similartothemirrorcurrentapproach.However,themirrorcurrentisdirectlylinked

tothatoftheionosphere.RemovingthelinearrelationshipallowsthetwoSECSsto

changeindependently.ThesubsurfaceSECSisplacedclosetothesurface,relativeto

thedistancebetweenthesurfaceandtheionosphere.Conceptually,thisseemslikea

goodidea.However,inpracticewesolveregularizedinverseproblems,thusconstraining

someaspectofthemodel,typicallythemagnitudeofthemodelnorm.Inthiscase,

themostcosteffective(seeEquation4.16)waytoreconstructsmall-scalestructuresis

byusingthesubsurfaceSECS,whiletheionosphericSECSmoreefficientlyreconstructs

large-scalestructures.Thechoiceofregularizationparameterwill,therefore,decidehow

muchofthesignalisassignedtothesubsurfaceSECSandlabeledGICs.Theambiguity

ofthisapproachmakesitundesirable,inmyopinion.

Grayveretal.[2021]presentsamoreadvancedapproachforaccountingforGICs.They

useamodelofthe3DconductivitystructureintheEarth’ssubsurfacetocreatean

impulseresponsefunctiontotemporalchangesinthemagneticfield.Bytheirimple-

mentationintheSHtechnique,theGICsareco-estimated.Calculatingtheimpulse

responsefunctionsiscomputationallydemanding,butneedonlybedoneonceifthe

geometryoftheinverseproblemdoesnotchange.Interestingly,thismakesthesolu-

tiondependentonthehistoryofthemagneticfield.Thistechniquewasappliedinthe
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development of the CHAOS-7 core field model [Finlay et al., 2020] to account for in-

duced currents caused by temporal changes in the magnetic field. In Section 3.3.4 we

will take a deeper look at the effects of a time-dependent magnetic field on the iono-

spheric current system. The technique presented by Grayver et al. [2021] seems to be

very promising and breaks with the assumption of no GICs or a simplistic representation

thereof. This technique has yet to be implemented for SECS and, therefore, no reference

to its performance in regional data assimilation can be given.

Interpreting the equivalent ionospheric current as the DF part of the horizontal iono-

spheric current relies on the assumption of radial magnetic field lines. Magnetic pertur-

bation from oblique FAC does not cancel completely with the CF ionospheric current

below the ionosphere. Untiedt and Baumjohann [1993] discuss the interpretation of

equivalent currents and the impact of non-radial magnetic field lines. They conclude

that their contribution is insignificant, based on an example of a tilted magnetic field

line (77◦, where 90◦ is radial). However, when the quality of available data, computa-

tional resources, and modeling techniques improve, the impact of what previously was

considered insignificant can change. Interpreting the equivalent current as the DF part

of the horizontal ionospheric current might, therefore, be increasingly wrong when our

ability to empirically model smaller and smaller spatial scales increases. Take for exam-

ple the EZIE satellite mission that will produce measurements of the magnetic field at

approximately 85 km altitude. Not only will the measurement geometry allow for a high

spatial resolution, but the distance to the ionosphere will make smaller structures in the

magnetic perturbation field stronger. In this way, the influence of tilted field lines might

increase.

4.4 Modeling a time-dependent system

The SH and SECS techniques (see Sections 4.1.1-4.1.2), to the extent presented here,

focus on modeling the ionospheric equivalent current system. Under ideal conditions,

the retrieved equivalent current is the DF ionospheric horizontal current. That is, the

combined DF current associated with both the ionosphere potential electric field (Epot),

and the ionospheric induction electric field (Eind).

More holistic frameworks exist that link various types of measurements—like magnetic

fields both above and below the ionosphere, conductance, and convection—to Epot using

ionospheric Ohm’s law (Equation 3.2). Recall, Equation 3.2 only involves the assump-

tion of quasi steady-state. However, in these techniques the system is assumed to be

fully in steady-state, thus neglecting Eind. This approach is applied in the Assimilative
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Mapping of Ionospheric Electrodynamics (AMIE) technique using spherical cap harmon-

ics [Richmond and Kamide, 1988] and Local Mapping of Polar Ionospheric Electrody-

namics (Lompe) using SECS [Hovland et al., 2022; Laundal et al., 2022]. Estimating

Epot allows for the decomposition of the associated electric current into its CF/DF and

Hall/Pedersen components. Recall, that we used Lompe to create Figures 3.6-3.7 where

the steady-state horizontal current was decomposed.

Despite advances in empirical modeling of ionospheric electrodynamics, the assumption

of steady-state remains a limitation, especially when considering the dynamic nature of

the ionospheric current system, see Section 3.3.4. Our desire to understand the com-

plexities of the system, Paper I-II, and our future ability to resolve mesoscale structures,

Paper III, necessitates the development of techniques that can capture the complexities

of Eind. Paper IV presents a novel approach for estimating Eind utilizing ground-based

magnetic field measurements. This technique might bridge the gap between existing em-

pirical modeling techniques and the time-dependent behavior of the ionospheric current

system.

Technically, the assumption of steady-state is not required when utilizing the SH and

SECS techniques. The SH technique is based on an expression of the magnetic scalar

potential in the non-conductive region between the Earth’s surface and the ionosphere.

The SECS technique provides a linear relationship between an equivalent DF current and

observed ground magnetic perturbation. The steady-state assumption is first applied

when assuming E to be a potential electric field as done in AMIE and Lompe. Here, the

assumption is necessary to combine measurements of various quantities. Whether or not

SHs and SECSs are explicitly used to model Epot they are frequently used to examine the

temporal evolution of the ionospheric current system by modeling multiple consecutive

time-steps independently. The subsequent empirical models are often interpreted in

terms of steady-state making the assumption implicit, if not explicitly made prior to

the analysis. Furthermore, the independent treatment of each time step can result in

significant jumps/jitter in the perceived temporal evolution when comparing different

time steps. By acknowledging the time-dependent nature of the ionospheric system we

can utilize the difference between consecutive measurements to constrain the system’s

temporal evolution. Obtaining this information does not require extra work, it simply

hides in plain sight waiting for its utilization.

Previous methodologies, such as those presented by [e.g. Takeda, 2008; Vanhamäki et al.,

2005, 2006, 2007] have highlighted the local significance of Eind and its potential to reach

substantial fractions of the total electric field during dynamic events. The introduction

of the new technique for modeling the ionospheric induction electric field could mark

a significant step forward in ionospheric electrodynamics research. By acknowledging
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2005,2006,2007]havehighlightedthelocalsignificanceofEindanditspotentialtoreach

substantialfractionsofthetotalelectricfieldduringdynamicevents.Theintroduction

ofthenewtechniqueformodelingtheionosphericinductionelectricfieldcouldmark

asignificantstepforwardinionosphericelectrodynamicsresearch.Byacknowledging

66Empiricalmodelingoftheexternalmagneticfield

MappingofIonosphericElectrodynamics(AMIE)techniqueusingsphericalcapharmon-

ics[RichmondandKamide,1988]andLocalMappingofPolarIonosphericElectrody-

namics(Lompe)usingSECS[Hovlandetal.,2022;Laundaletal.,2022].Estimating

EpotallowsforthedecompositionoftheassociatedelectriccurrentintoitsCF/DFand

Hall/Pedersencomponents.Recall,thatweusedLompetocreateFigures3.6-3.7where

thesteady-statehorizontalcurrentwasdecomposed.

Despiteadvancesinempiricalmodelingofionosphericelectrodynamics,theassumption

ofsteady-stateremainsalimitation,especiallywhenconsideringthedynamicnatureof

theionosphericcurrentsystem,seeSection3.3.4.Ourdesiretounderstandthecom-

plexitiesofthesystem,PaperI-II,andourfutureabilitytoresolvemesoscalestructures,

PaperIII,necessitatesthedevelopmentoftechniquesthatcancapturethecomplexities

ofEind.PaperIVpresentsanovelapproachforestimatingEindutilizingground-based

magneticfieldmeasurements.Thistechniquemightbridgethegapbetweenexistingem-

piricalmodelingtechniquesandthetime-dependentbehavioroftheionosphericcurrent

system.

Technically,theassumptionofsteady-stateisnotrequiredwhenutilizingtheSHand

SECStechniques.TheSHtechniqueisbasedonanexpressionofthemagneticscalar

potentialinthenon-conductiveregionbetweentheEarth’ssurfaceandtheionosphere.

TheSECStechniqueprovidesalinearrelationshipbetweenanequivalentDFcurrentand

observedgroundmagneticperturbation.Thesteady-stateassumptionisfirstapplied

whenassumingEtobeapotentialelectricfieldasdoneinAMIEandLompe.Here,the

assumptionisnecessarytocombinemeasurementsofvariousquantities.Whetherornot

SHsandSECSsareexplicitlyusedtomodelEpottheyarefrequentlyusedtoexaminethe

temporalevolutionoftheionosphericcurrentsystembymodelingmultipleconsecutive

time-stepsindependently.Thesubsequentempiricalmodelsareofteninterpretedin

termsofsteady-statemakingtheassumptionimplicit,ifnotexplicitlymadepriorto

theanalysis.Furthermore,theindependenttreatmentofeachtimestepcanresultin

significantjumps/jitterintheperceivedtemporalevolutionwhencomparingdifferent

timesteps.Byacknowledgingthetime-dependentnatureoftheionosphericsystemwe

canutilizethedifferencebetweenconsecutivemeasurementstoconstrainthesystem’s

temporalevolution.Obtainingthisinformationdoesnotrequireextrawork,itsimply

hidesinplainsightwaitingforitsutilization.

Previousmethodologies,suchasthosepresentedby[e.g.Takeda,2008;Vanhamäkietal.,
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2005,2006,2007]havehighlightedthelocalsignificanceofEindanditspotentialtoreach

substantialfractionsofthetotalelectricfieldduringdynamicevents.Theintroduction

ofthenewtechniqueformodelingtheionosphericinductionelectricfieldcouldmark

asignificantstepforwardinionosphericelectrodynamicsresearch.Byacknowledging

66Empiricalmodelingoftheexternalmagneticfield

MappingofIonosphericElectrodynamics(AMIE)techniqueusingsphericalcapharmon-

ics[RichmondandKamide,1988]andLocalMappingofPolarIonosphericElectrody-

namics(Lompe)usingSECS[Hovlandetal.,2022;Laundaletal.,2022].Estimating

EpotallowsforthedecompositionoftheassociatedelectriccurrentintoitsCF/DFand

Hall/Pedersencomponents.Recall,thatweusedLompetocreateFigures3.6-3.7where

thesteady-statehorizontalcurrentwasdecomposed.

Despiteadvancesinempiricalmodelingofionosphericelectrodynamics,theassumption

ofsteady-stateremainsalimitation,especiallywhenconsideringthedynamicnatureof

theionosphericcurrentsystem,seeSection3.3.4.Ourdesiretounderstandthecom-

plexitiesofthesystem,PaperI-II,andourfutureabilitytoresolvemesoscalestructures,

PaperIII,necessitatesthedevelopmentoftechniquesthatcancapturethecomplexities

ofEind.PaperIVpresentsanovelapproachforestimatingEindutilizingground-based

magneticfieldmeasurements.Thistechniquemightbridgethegapbetweenexistingem-

piricalmodelingtechniquesandthetime-dependentbehavioroftheionosphericcurrent

system.

Technically,theassumptionofsteady-stateisnotrequiredwhenutilizingtheSHand

SECStechniques.TheSHtechniqueisbasedonanexpressionofthemagneticscalar

potentialinthenon-conductiveregionbetweentheEarth’ssurfaceandtheionosphere.

TheSECStechniqueprovidesalinearrelationshipbetweenanequivalentDFcurrentand

observedgroundmagneticperturbation.Thesteady-stateassumptionisfirstapplied

whenassumingEtobeapotentialelectricfieldasdoneinAMIEandLompe.Here,the

assumptionisnecessarytocombinemeasurementsofvariousquantities.Whetherornot

SHsandSECSsareexplicitlyusedtomodelEpottheyarefrequentlyusedtoexaminethe

temporalevolutionoftheionosphericcurrentsystembymodelingmultipleconsecutive

time-stepsindependently.Thesubsequentempiricalmodelsareofteninterpretedin

termsofsteady-statemakingtheassumptionimplicit,ifnotexplicitlymadepriorto

theanalysis.Furthermore,theindependenttreatmentofeachtimestepcanresultin

significantjumps/jitterintheperceivedtemporalevolutionwhencomparingdifferent

timesteps.Byacknowledgingthetime-dependentnatureoftheionosphericsystemwe

canutilizethedifferencebetweenconsecutivemeasurementstoconstrainthesystem’s

temporalevolution.Obtainingthisinformationdoesnotrequireextrawork,itsimply

hidesinplainsightwaitingforitsutilization.

Previousmethodologies,suchasthosepresentedby[e.g.Takeda,2008;Vanhamäkietal.,
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the inductive components of the ionospheric electric field, future studies can develop a

more complete understanding of the ionosphere’s response to external drivers. This ad-

vancement opens the door to integrating the technique with existing empirical modeling

techniques, such as AMIE and Lompe. The ability to co-estimate Epot and Eind will en-

hance our capability to predict and analyze the ionospheric behavior during both calm

and dynamic conditions.
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Chapter 5

Introduction to Papers

This chapter contains a summary of the four papers included in this thesis.

Paper I: Geomagnetic response to rapid increases in

solar wind dynamic pressure: Event detection and

large scale response

In this paper, we introduce a method that employs a random forest machine learning al-

gorithm to detect discontinuities in the solar wind. We analyze in situ solar wind data

from 1994 to 2019, identifying 3867 events characterized by rapid solar wind dynamic

pressure increases. We observe these events to induce a positive perturbation in the hor-

izontal geomagnetic field at low/mid latitudes, related to magnetospheric compression.

We conduct a superposed epoch analysis on the ground magnetic fields at low/mid-

latitudes including the SMR index and utilize the PCN index to evaluate the high-

latitude geomagnetic response. We find a dawn-dusk asymmetry at low/mid-latitudes

and a notable dependence on the IMF orientation. Specifically, we discover that the dawn

sector shows weaker magnetic perturbation, suggesting a difference in the ring current

influence between dawn and dusk. During northward IMF conditions, an initial asym-

metric geomagnetic response emerges, which then disappears after about 30 minutes. A

similar asymmetry is found during southward IMF conditions. However, it quickly flips,

making dawn experience the strongest perturbation, hinting at an amplification of the

partial ring current.

Our analysis also reveals a noon-midnight asymmetry during southward IMF, with the
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Thischaptercontainsasummaryofthefourpapersincludedinthisthesis.

PaperI:Geomagneticresponsetorapidincreasesin

solarwinddynamicpressure:Eventdetectionand

largescaleresponse

Inthispaper,weintroduceamethodthatemploysarandomforestmachinelearningal-

gorithmtodetectdiscontinuitiesinthesolarwind.Weanalyzeinsitusolarwinddata

from1994to2019,identifying3867eventscharacterizedbyrapidsolarwinddynamic

pressureincreases.Weobservetheseeventstoinduceapositiveperturbationinthehor-

izontalgeomagneticfieldatlow/midlatitudes,relatedtomagnetosphericcompression.

Weconductasuperposedepochanalysisonthegroundmagneticfieldsatlow/mid-

latitudesincludingtheSMRindexandutilizethePCNindextoevaluatethehigh-

latitudegeomagneticresponse.Wefindadawn-duskasymmetryatlow/mid-latitudes

andanotabledependenceontheIMForientation.Specifically,wediscoverthatthedawn

sectorshowsweakermagneticperturbation,suggestingadifferenceintheringcurrent

influencebetweendawnanddusk.DuringnorthwardIMFconditions,aninitialasym-

metricgeomagneticresponseemerges,whichthendisappearsafterabout30minutes.A

similarasymmetryisfoundduringsouthwardIMFconditions.However,itquicklyflips,

makingdawnexperiencethestrongestperturbation,hintingatanamplificationofthe

partialringcurrent.

Ouranalysisalsorevealsanoon-midnightasymmetryduringsouthwardIMF,withthe
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night side experiencing the strongest perturbation. This finding implies a significant

effect from the geomagnetic field’s dipolarization in the near tail. Our study outlines the

geomagnetic response’s complexity and the critical role of event lists for comprehensive

statistical analyses.

Paper II: Transient high latitude geomagnetic re-

sponse to rapid increases in solar wind dynamic pres-

sure

In this paper, we present an extensive analysis of the transient geomagnetic response at

high latitudes in the northern hemisphere to rapid solar wind dynamic pressure increases.

We carry out a superposed epoch analysis based on 2058 events from the list presented

in Paper I, sorting them by IMF clock angle and dipole tilt. Our SH model of the

geomagnetic perturbation field reveals transient current vortices, most evident during

northward IMF conditions, and specifically during equinox and winter.

We differentiate between the PI and MI of the geomagnetic response. The PI precedes

the low/mid-latitude response by 1–2 minutes with a rise time of 4–6 minutes, while the

MI commences about 2 minutes after the low/mid-latitude response and has a longer

rise time of 6–11 minutes. We detail the current vortices’ movement, noting the dawn-

side vortex moves westward at approximately 5 km/s, and the duskside vortex remains

relatively static. The asymmetric movement of the vortices contradicts current physical

models of SCs.

We recreate the SMR index and find a significant MLT dependence in the contribut-

ing magnetic field measurements above 40◦ and below 10◦ magnetic latitude. The effect

above 40◦ is attributable to high-latitude ionospheric electric currents. We suggest that

below 10◦ magnetic latitude, the variations could be due to the distribution of event oc-

currence probability and the South Atlantic Magnetic Anomaly’s effect on the equatorial
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night side experiencing the strongest perturbation. This finding implies a significant

effect from the geomagnetic field’s dipolarization in the near tail. Our study outlines the

geomagnetic response’s complexity and the critical role of event lists for comprehensive

statistical analyses.

Paper II: Transient high latitude geomagnetic re-

sponse to rapid increases in solar wind dynamic pres-

sure

In this paper, we present an extensive analysis of the transient geomagnetic response at

high latitudes in the northern hemisphere to rapid solar wind dynamic pressure increases.

We carry out a superposed epoch analysis based on 2058 events from the list presented

in Paper I, sorting them by IMF clock angle and dipole tilt. Our SH model of the

geomagnetic perturbation field reveals transient current vortices, most evident during

northward IMF conditions, and specifically during equinox and winter.

We differentiate between the PI and MI of the geomagnetic response. The PI precedes

the low/mid-latitude response by 1–2 minutes with a rise time of 4–6 minutes, while the

MI commences about 2 minutes after the low/mid-latitude response and has a longer

rise time of 6–11 minutes. We detail the current vortices’ movement, noting the dawn-

side vortex moves westward at approximately 5 km/s, and the duskside vortex remains

relatively static. The asymmetric movement of the vortices contradicts current physical

models of SCs.

We recreate the SMR index and find a significant MLT dependence in the contribut-

ing magnetic field measurements above 40◦ and below 10◦ magnetic latitude. The effect
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below 10◦ magnetic latitude, the variations could be due to the distribution of event oc-

currence probability and the South Atlantic Magnetic Anomaly’s effect on the equatorial

electrojet.

Our findings provide new insights into the high-latitude geomagnetic response to solar

wind pressure changes and the characteristics of the involved ionospheric currents.

70 Introduction to Papers

night side experiencing the strongest perturbation. This finding implies a significant

effect from the geomagnetic field’s dipolarization in the near tail. Our study outlines the

geomagnetic response’s complexity and the critical role of event lists for comprehensive

statistical analyses.

Paper II: Transient high latitude geomagnetic re-

sponse to rapid increases in solar wind dynamic pres-

sure

In this paper, we present an extensive analysis of the transient geomagnetic response at

high latitudes in the northern hemisphere to rapid solar wind dynamic pressure increases.

We carry out a superposed epoch analysis based on 2058 events from the list presented

in Paper I, sorting them by IMF clock angle and dipole tilt. Our SH model of the

geomagnetic perturbation field reveals transient current vortices, most evident during

northward IMF conditions, and specifically during equinox and winter.

We differentiate between the PI and MI of the geomagnetic response. The PI precedes

the low/mid-latitude response by 1–2 minutes with a rise time of 4–6 minutes, while the

MI commences about 2 minutes after the low/mid-latitude response and has a longer

rise time of 6–11 minutes. We detail the current vortices’ movement, noting the dawn-

side vortex moves westward at approximately 5 km/s, and the duskside vortex remains

relatively static. The asymmetric movement of the vortices contradicts current physical

models of SCs.

We recreate the SMR index and find a significant MLT dependence in the contribut-

ing magnetic field measurements above 40◦ and below 10◦ magnetic latitude. The effect

above 40◦ is attributable to high-latitude ionospheric electric currents. We suggest that

below 10◦ magnetic latitude, the variations could be due to the distribution of event oc-

currence probability and the South Atlantic Magnetic Anomaly’s effect on the equatorial

electrojet.

Our findings provide new insights into the high-latitude geomagnetic response to solar

wind pressure changes and the characteristics of the involved ionospheric currents.

70IntroductiontoPapers

nightsideexperiencingthestrongestperturbation.Thisfindingimpliesasignificant

effectfromthegeomagneticfield’sdipolarizationintheneartail.Ourstudyoutlinesthe

geomagneticresponse’scomplexityandthecriticalroleofeventlistsforcomprehensive

statisticalanalyses.

PaperII:Transienthighlatitudegeomagneticre-

sponsetorapidincreasesinsolarwinddynamicpres-

sure

Inthispaper,wepresentanextensiveanalysisofthetransientgeomagneticresponseat

highlatitudesinthenorthernhemispheretorapidsolarwinddynamicpressureincreases.

Wecarryoutasuperposedepochanalysisbasedon2058eventsfromthelistpresented

inPaperI,sortingthembyIMFclockangleanddipoletilt.OurSHmodelofthe

geomagneticperturbationfieldrevealstransientcurrentvortices,mostevidentduring

northwardIMFconditions,andspecificallyduringequinoxandwinter.

WedifferentiatebetweenthePIandMIofthegeomagneticresponse.ThePIprecedes

thelow/mid-latituderesponseby1–2minuteswitharisetimeof4–6minutes,whilethe

MIcommencesabout2minutesafterthelow/mid-latituderesponseandhasalonger

risetimeof6–11minutes.Wedetailthecurrentvortices’movement,notingthedawn-

sidevortexmoveswestwardatapproximately5km/s,andthedusksidevortexremains

relativelystatic.Theasymmetricmovementofthevorticescontradictscurrentphysical

modelsofSCs.

WerecreatetheSMRindexandfindasignificantMLTdependenceinthecontribut-

ingmagneticfieldmeasurementsabove40◦andbelow10◦magneticlatitude.Theeffect

above40◦isattributabletohigh-latitudeionosphericelectriccurrents.Wesuggestthat

below10◦magneticlatitude,thevariationscouldbeduetothedistributionofeventoc-

currenceprobabilityandtheSouthAtlanticMagneticAnomaly’seffectontheequatorial

electrojet.

Ourfindingsprovidenewinsightsintothehigh-latitudegeomagneticresponsetosolar

windpressurechangesandthecharacteristicsoftheinvolvedionosphericcurrents.

70IntroductiontoPapers

nightsideexperiencingthestrongestperturbation.Thisfindingimpliesasignificant

effectfromthegeomagneticfield’sdipolarizationintheneartail.Ourstudyoutlinesthe

geomagneticresponse’scomplexityandthecriticalroleofeventlistsforcomprehensive

statisticalanalyses.

PaperII:Transienthighlatitudegeomagneticre-

sponsetorapidincreasesinsolarwinddynamicpres-

sure

Inthispaper,wepresentanextensiveanalysisofthetransientgeomagneticresponseat

highlatitudesinthenorthernhemispheretorapidsolarwinddynamicpressureincreases.

Wecarryoutasuperposedepochanalysisbasedon2058eventsfromthelistpresented

inPaperI,sortingthembyIMFclockangleanddipoletilt.OurSHmodelofthe

geomagneticperturbationfieldrevealstransientcurrentvortices,mostevidentduring

northwardIMFconditions,andspecificallyduringequinoxandwinter.

WedifferentiatebetweenthePIandMIofthegeomagneticresponse.ThePIprecedes

thelow/mid-latituderesponseby1–2minuteswitharisetimeof4–6minutes,whilethe

MIcommencesabout2minutesafterthelow/mid-latituderesponseandhasalonger

risetimeof6–11minutes.Wedetailthecurrentvortices’movement,notingthedawn-

sidevortexmoveswestwardatapproximately5km/s,andthedusksidevortexremains

relativelystatic.Theasymmetricmovementofthevorticescontradictscurrentphysical

modelsofSCs.

WerecreatetheSMRindexandfindasignificantMLTdependenceinthecontribut-

ingmagneticfieldmeasurementsabove40◦andbelow10◦magneticlatitude.Theeffect

above40◦isattributabletohigh-latitudeionosphericelectriccurrents.Wesuggestthat

below10◦magneticlatitude,thevariationscouldbeduetothedistributionofeventoc-

currenceprobabilityandtheSouthAtlanticMagneticAnomaly’seffectontheequatorial

electrojet.

Ourfindingsprovidenewinsightsintothehigh-latitudegeomagneticresponsetosolar

windpressurechangesandthecharacteristicsoftheinvolvedionosphericcurrents.

70IntroductiontoPapers

nightsideexperiencingthestrongestperturbation.Thisfindingimpliesasignificant

effectfromthegeomagneticfield’sdipolarizationintheneartail.Ourstudyoutlinesthe

geomagneticresponse’scomplexityandthecriticalroleofeventlistsforcomprehensive

statisticalanalyses.

PaperII:Transienthighlatitudegeomagneticre-

sponsetorapidincreasesinsolarwinddynamicpres-

sure

Inthispaper,wepresentanextensiveanalysisofthetransientgeomagneticresponseat

highlatitudesinthenorthernhemispheretorapidsolarwinddynamicpressureincreases.

Wecarryoutasuperposedepochanalysisbasedon2058eventsfromthelistpresented

inPaperI,sortingthembyIMFclockangleanddipoletilt.OurSHmodelofthe

geomagneticperturbationfieldrevealstransientcurrentvortices,mostevidentduring

northwardIMFconditions,andspecificallyduringequinoxandwinter.

WedifferentiatebetweenthePIandMIofthegeomagneticresponse.ThePIprecedes

thelow/mid-latituderesponseby1–2minuteswitharisetimeof4–6minutes,whilethe

MIcommencesabout2minutesafterthelow/mid-latituderesponseandhasalonger

risetimeof6–11minutes.Wedetailthecurrentvortices’movement,notingthedawn-

sidevortexmoveswestwardatapproximately5km/s,andthedusksidevortexremains

relativelystatic.Theasymmetricmovementofthevorticescontradictscurrentphysical

modelsofSCs.

WerecreatetheSMRindexandfindasignificantMLTdependenceinthecontribut-

ingmagneticfieldmeasurementsabove40◦andbelow10◦magneticlatitude.Theeffect

above40◦isattributabletohigh-latitudeionosphericelectriccurrents.Wesuggestthat

below10◦magneticlatitude,thevariationscouldbeduetothedistributionofeventoc-

currenceprobabilityandtheSouthAtlanticMagneticAnomaly’seffectontheequatorial

electrojet.

Ourfindingsprovidenewinsightsintothehigh-latitudegeomagneticresponsetosolar

windpressurechangesandthecharacteristicsoftheinvolvedionosphericcurrents.

70IntroductiontoPapers

nightsideexperiencingthestrongestperturbation.Thisfindingimpliesasignificant

effectfromthegeomagneticfield’sdipolarizationintheneartail.Ourstudyoutlinesthe

geomagneticresponse’scomplexityandthecriticalroleofeventlistsforcomprehensive

statisticalanalyses.

PaperII:Transienthighlatitudegeomagneticre-

sponsetorapidincreasesinsolarwinddynamicpres-

sure

Inthispaper,wepresentanextensiveanalysisofthetransientgeomagneticresponseat

highlatitudesinthenorthernhemispheretorapidsolarwinddynamicpressureincreases.

Wecarryoutasuperposedepochanalysisbasedon2058eventsfromthelistpresented

inPaperI,sortingthembyIMFclockangleanddipoletilt.OurSHmodelofthe

geomagneticperturbationfieldrevealstransientcurrentvortices,mostevidentduring

northwardIMFconditions,andspecificallyduringequinoxandwinter.

WedifferentiatebetweenthePIandMIofthegeomagneticresponse.ThePIprecedes

thelow/mid-latituderesponseby1–2minuteswitharisetimeof4–6minutes,whilethe

MIcommencesabout2minutesafterthelow/mid-latituderesponseandhasalonger

risetimeof6–11minutes.Wedetailthecurrentvortices’movement,notingthedawn-

sidevortexmoveswestwardatapproximately5km/s,andthedusksidevortexremains

relativelystatic.Theasymmetricmovementofthevorticescontradictscurrentphysical

modelsofSCs.

WerecreatetheSMRindexandfindasignificantMLTdependenceinthecontribut-

ingmagneticfieldmeasurementsabove40◦andbelow10◦magneticlatitude.Theeffect

above40◦isattributabletohigh-latitudeionosphericelectriccurrents.Wesuggestthat

below10◦magneticlatitude,thevariationscouldbeduetothedistributionofeventoc-

currenceprobabilityandtheSouthAtlanticMagneticAnomaly’seffectontheequatorial

electrojet.

Ourfindingsprovidenewinsightsintothehigh-latitudegeomagneticresponsetosolar

windpressurechangesandthecharacteristicsoftheinvolvedionosphericcurrents.



71

Paper III: Spatial Resolution in Inverse Problems:

The EZIE satellite mission

In this paper, we develop a method for assessing spatial resolution in ionospheric elec-

trodynamics modeling using magnetic field measurements, with a focus on data from the

upcoming EZIE cubesat mission.

We estimate the spatial resolution of the ionospheric current model parameters to be

approximately 200-400 km in the cross-track direction and 100-300 km in the along-track

direction. These estimates lie within the 100-500 km range required to answer the EZIE

science questions. We demonstrate that incorporating just one ground magnetometer

measurement can improve the spatial resolution locally by up to 200 km, specifically for

the EZIE measurement configuration. We also introduce a technique that simplifies the

regularization process of the inverse problem by merging two regularization parameters

into one, thus enabling the straightforward application of the L-curve method to identify

optimal regularization values.

Our findings stress the significance of comprehending the limitations and capabilities of

inverse models to prevent false interpretations. The proposed method holds potential

for wide application in ionospheric science, especially with the enhanced measurement

capabilities anticipated from the EZIE mission.

Paper IV: Estimating the Induction Electric Field in

the Ionosphere Using Ground Magnetometer Data

In this paper, we address the often-neglected component of ionospheric electric field

models—the induction electric field. We introduce a new technique for estimating this

component from ground magnetometer data.

We demonstrate the technique on synthetic and real data from SCs, illustrating how the

induction electric field can make up a significant part of the total electric field during

dynamic ionospheric events. We find that including the induction electric field in Joule

heating calculations can lead to local changes of tens of percent, despite a modest global

increase. The energy dissipation due to the induction electric field during dynamic

events is currently not accounted for in existing models, emphasizing its critical role in

furthering empirical modeling capabilities in our community.
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P.Alken,E.Thébault,C.D.Beggan,H.Amit,J.Aubert,J.Baerenzung,T.N.Bon-

dar,W.J.Brown,S.Califf,A.Chambodut,A.Chulliat,G.A.Cox,C.C.Finlay,

A.Fournier,N.Gillet,A.Grayver,M.D.Hammer,M.Holschneider,L.Huder,

G.Hulot,T.Jager,C.Kloss,M.Korte,W.Kuang,A.Kuvshinov,B.Langlais,
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P.Alken,E.Thébault,C.D.Beggan,H.Amit,J.Aubert,J.Baerenzung,T.N.Bon-

dar,W.J.Brown,S.Califf,A.Chambodut,A.Chulliat,G.A.Cox,C.C.Finlay,

A.Fournier,N.Gillet,A.Grayver,M.D.Hammer,M.Holschneider,L.Huder,

G.Hulot,T.Jager,C.Kloss,M.Korte,W.Kuang,A.Kuvshinov,B.Langlais,
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H.Vanhamäki,O.Amm,andA.Viljanen.Newmethodforsolvinginductiveelectric

fieldsinthenon-uniformlyconductingionosphere.AnnalesGeophysicae,24(10):2573–

2582,2006.doi:10.5194/angeo-24-2573-2006.URLhttps://angeo.copernicus.

org/articles/24/2573/2006/.
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Transient high latitude
geomagnetic response to rapid
increases in solar wind dynamic
pressure

Michael Madelaire*, Karl M. Laundal, Jone P. Reistad,
Spencer M. Hatch and Anders Ohma

Birkeland Centre for Space Science, Bergen, Norway

Rapid changes in solar wind dynamic pressure can produce a transient

geomagnetic response in the high latitude ionosphere. In this study we carry

out a superposed epoch analysis of the geomagnetic response based on
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significantly. In addition, the models were used to recreate the SMR index
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mlat and below 10° mlat. The former is thought to be caused by high latitude
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1 Introduction

A (Storm) Sudden Commencement (SC) occurs when a rapid

increase in solar wind dynamic pressure (Pd) impinges on our

magnetosphere. These events are interesting as they allow us to

observe a perturbation of the system and the subsequent

transient response that unfolds in the following 10 s of

minutes. In this study we focus on the geomagnetic response

as observed from ground magnetometers and define SC as

independent of whether or not it is followed by a geomagnetic

storm as suggested by Curto et al. (2007).

SCs were initially thought to be associated with flux transfer

events, but their connection to rapid changes in Pd was later

shown in two case studies (Friis-Christensen et al., 1988;

Glassmeier et al., 1989). In each study ground magnetometers

were used to infer the ionospheric equivalent current which

revealed transient current vortices.

A few years later Sibeck (1990), Kivelson and Southwood

(1991) and Glassmeier and Heppner (1992) published theories

on a mechanism that generates transient ionospheric current

vortices. They all suggested that a shear flow close to the

magnetopause or low-latitude boundary layer would give rise

to Field Aligned Currents (FACs) that map to the ionosphere.

However, they disagreed on the expected response. Sibeck (1990)

and Kivelson and Southwood (1991) argue that the arrival of the

solar wind pressure structure will launch a compression wave in

the magnetosphere. This wave is faster than the solar wind in the

magnetosheath and results in an expansion followed by a

contraction of the magnetopause and thus two sets of twin

vortices are created. Glassmeier and Heppner (1992) argues

that a pressure pulse will create two sets of twin vortices while

a single pressure increase/decrease will only result in a single set

of twin vortices. Alternatively, it was suggested by Araki (1994),

building on Tamao (1964), that the compression wave undergoes

a mode conversion to a transverse mode inside the

magnetosphere where gradients in Alfvenic speeds are large.

Beside the theory of the underlying mechanism Araki (1994)

presented a model of the expected response, Dsc, which was

decomposed into two parts.

Dsc � DL + DP (1)
DL refers to a step-like increase in the horizontal magnetic field

component at low/mid latitudes due to an increased

magnetopause current. DP refers to the ionospheric response

dominant at high latitudes and is itself composed of two parts.

DP � DPPI + DPMI (2)

The preliminary impulse PI and main impulse MI both refer to

two sets of twin transient high latitude ionospheric current

vortices generated during the SC (Araki, 1994). The PI is the

first set of current vortices that are generated on the dayside i.e.

one at pre-noon and another at post-noon. The electric current in

the pre-noon vortex flows anti-clockwise while the current in the

post-noon vortex is clockwise, i.e., similar to the NBZ current

vortices generated during northward IMF due to lobe

reconnection (Cowley and Lockwood, 1992). The MI is the

second set of vortices, also generated at pre- and post-noon,

however, the current flows opposite to that of the PI vortices,

i.e., similar to that of the region 1/region 2 (R1/R2) current

vortices (Cowley and Lockwood, 1992).

Our goal is to determine the influence of environmental

parameters, such as Interplanetary Magnetic Field (IMF) clock

angle and dipole tilt, on the development of the high latitude

geomagnetic response to rapid increases in Pd. Due to the lack of

data (events) in previous studies it has not been possible to carry

out statistical studies onmore than one environmental parameter

without compromising the statistical integrity.

Many case studies of SCs have been conducted, e.g., Lam and

Rodger (2001) tested the physical model presented by Araki (1994)

against a single event. They found good correspondence between

predictions and observations at high latitudes on the dayside while

the predictions were less reliable at low latitudes and at night.

Moretto et al. (2000) modeled the high latitude ionospheric

response and resolved both growth and decay of current vortices,

however, their propagation did not agree with Araki (1994), thus

questioning the validity of the physical models with respect to real

events. They noted that the shock normal was not parallel to the

Sun-Earth line andmight therefore result in an asymmetric geospace

response which Araki (1994) did not take into account.

It is difficult to find instances where sensors are aligned

optimally in the solar wind, magnetosheath, magnetosphere and

on ground such that a full picture of the geospace response can be

observed. Magnetohydrodynamic (MHD) simulations are

therefore a very powerful tool as they provide a controlled

environment where everything can be observed. Many studies

have utilized MHD simulations in attempts to understand both

the magnetospheric origin and the ionospheric response during

rapid increases of Pd (Slinker et al., 1999; Keller et al., 2002; Fujita

et al., 2003a,b, 2005; Ridley et al., 2006; Samsonov et al., 2010;

Samsonov and Sibeck, 2013; Shi et al., 2014; Welling et al., 2021).

These studies differ in several aspects. TheMHD code used varies

and in some cases the solar wind parameters uphold the Rankine-

Hugoniot jump conditions and other times they do not. Some

studies model common pressure changes while others model

Carrington-like events. With these variabilities it is

understandable that the resulting conclusions as to the

magnetospheric origin also vary. Some studies agree with

Araki (1994) that the magnetospheric vortices are generated

inside the magnetosphere while others conclude that they are

generated at the magnetopause. The studies conducted by

Samsonov et al. (2010); Samsonov and Sibeck (2013) stand

out as they do not agree with any of the preexisting theories.

They suggest that the initial compression wave reflects on an

inner boundary, probably the ionosphere, resulting in a sunward

moving wave which by interacting with the anti-sunward flow

creates a shear.
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1Introduction

A(Storm)SuddenCommencement(SC)occurswhenarapid

increaseinsolarwinddynamicpressure(Pd)impingesonour

magnetosphere.Theseeventsareinterestingastheyallowusto

observeaperturbationofthesystemandthesubsequent

transientresponsethatunfoldsinthefollowing10sof

minutes.Inthisstudywefocusonthegeomagneticresponse

asobservedfromgroundmagnetometersanddefineSCas

independentofwhetherornotitisfollowedbyageomagnetic

stormassuggestedbyCurtoetal.(2007).

SCswereinitiallythoughttobeassociatedwithfluxtransfer

events,buttheirconnectiontorapidchangesinPdwaslater

shownintwocasestudies(Friis-Christensenetal.,1988;

Glassmeieretal.,1989).Ineachstudygroundmagnetometers

wereusedtoinfertheionosphericequivalentcurrentwhich

revealedtransientcurrentvortices.

AfewyearslaterSibeck(1990),KivelsonandSouthwood

(1991)andGlassmeierandHeppner(1992)publishedtheories

onamechanismthatgeneratestransientionosphericcurrent

vortices.Theyallsuggestedthatashearflowclosetothe

magnetopauseorlow-latitudeboundarylayerwouldgiverise

toFieldAlignedCurrents(FACs)thatmaptotheionosphere.

However,theydisagreedontheexpectedresponse.Sibeck(1990)

andKivelsonandSouthwood(1991)arguethatthearrivalofthe

solarwindpressurestructurewilllaunchacompressionwavein

themagnetosphere.Thiswaveisfasterthanthesolarwindinthe

magnetosheathandresultsinanexpansionfollowedbya

contractionofthemagnetopauseandthustwosetsoftwin

vorticesarecreated.GlassmeierandHeppner(1992)argues

thatapressurepulsewillcreatetwosetsoftwinvorticeswhile

asinglepressureincrease/decreasewillonlyresultinasingleset

oftwinvortices.Alternatively,itwassuggestedbyAraki(1994),

buildingonTamao(1964),thatthecompressionwaveundergoes

amodeconversiontoatransversemodeinsidethe

magnetospherewheregradientsinAlfvenicspeedsarelarge.

BesidethetheoryoftheunderlyingmechanismAraki(1994)

presentedamodeloftheexpectedresponse,Dsc,whichwas

decomposedintotwoparts.

Dsc�DL+DP(1)
DLreferstoastep-likeincreaseinthehorizontalmagneticfield

componentatlow/midlatitudesduetoanincreased

magnetopausecurrent.DPreferstotheionosphericresponse

dominantathighlatitudesandisitselfcomposedoftwoparts.

DP�DPPI+DPMI(2)

ThepreliminaryimpulsePIandmainimpulseMIbothreferto

twosetsoftwintransienthighlatitudeionosphericcurrent

vorticesgeneratedduringtheSC(Araki,1994).ThePIisthe

firstsetofcurrentvorticesthataregeneratedonthedaysidei.e.

oneatpre-noonandanotheratpost-noon.Theelectriccurrentin

thepre-noonvortexflowsanti-clockwisewhilethecurrentinthe

post-noonvortexisclockwise,i.e.,similartotheNBZcurrent

vorticesgeneratedduringnorthwardIMFduetolobe

reconnection(CowleyandLockwood,1992).TheMIisthe

secondsetofvortices,alsogeneratedatpre-andpost-noon,

however,thecurrentflowsoppositetothatofthePIvortices,

i.e.,similartothatoftheregion1/region2(R1/R2)current

vortices(CowleyandLockwood,1992).

Ourgoalistodeterminetheinfluenceofenvironmental

parameters,suchasInterplanetaryMagneticField(IMF)clock

angleanddipoletilt,onthedevelopmentofthehighlatitude

geomagneticresponsetorapidincreasesinPd.Duetothelackof

data(events)inpreviousstudiesithasnotbeenpossibletocarry

outstatisticalstudiesonmorethanoneenvironmentalparameter

withoutcompromisingthestatisticalintegrity.

ManycasestudiesofSCshavebeenconducted,e.g.,Lamand

Rodger(2001)testedthephysicalmodelpresentedbyAraki(1994)

againstasingleevent.Theyfoundgoodcorrespondencebetween

predictionsandobservationsathighlatitudesonthedaysidewhile

thepredictionswerelessreliableatlowlatitudesandatnight.

Morettoetal.(2000)modeledthehighlatitudeionospheric

responseandresolvedbothgrowthanddecayofcurrentvortices,

however,theirpropagationdidnotagreewithAraki(1994),thus

questioningthevalidityofthephysicalmodelswithrespecttoreal

events.Theynotedthattheshocknormalwasnotparalleltothe

Sun-Earthlineandmightthereforeresultinanasymmetricgeospace

responsewhichAraki(1994)didnottakeintoaccount.

Itisdifficulttofindinstanceswheresensorsarealigned

optimallyinthesolarwind,magnetosheath,magnetosphereand

ongroundsuchthatafullpictureofthegeospaceresponsecanbe

observed.Magnetohydrodynamic(MHD)simulationsare

thereforeaverypowerfultoolastheyprovideacontrolled

environmentwhereeverythingcanbeobserved.Manystudies

haveutilizedMHDsimulationsinattemptstounderstandboth

themagnetosphericoriginandtheionosphericresponseduring

rapidincreasesofPd(Slinkeretal.,1999;Kelleretal.,2002;Fujita

etal.,2003a,b,2005;Ridleyetal.,2006;Samsonovetal.,2010;

SamsonovandSibeck,2013;Shietal.,2014;Wellingetal.,2021).

Thesestudiesdifferinseveralaspects.TheMHDcodeusedvaries

andinsomecasesthesolarwindparametersupholdtheRankine-

Hugoniotjumpconditionsandothertimestheydonot.Some

studiesmodelcommonpressurechangeswhileothersmodel

Carrington-likeevents.Withthesevariabilitiesitis

understandablethattheresultingconclusionsastothe

magnetosphericoriginalsovary.Somestudiesagreewith

Araki(1994)thatthemagnetosphericvorticesaregenerated

insidethemagnetospherewhileothersconcludethattheyare

generatedatthemagnetopause.Thestudiesconductedby

Samsonovetal.(2010);SamsonovandSibeck(2013)stand

outastheydonotagreewithanyofthepreexistingtheories.

Theysuggestthattheinitialcompressionwavereflectsonan

innerboundary,probablytheionosphere,resultinginasunward

movingwavewhichbyinteractingwiththeanti-sunwardflow

createsashear.
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the magnetospheric origin and the ionospheric response during

rapid increases of Pd (Slinker et al., 1999; Keller et al., 2002; Fujita

et al., 2003a,b, 2005; Ridley et al., 2006; Samsonov et al., 2010;

Samsonov and Sibeck, 2013; Shi et al., 2014; Welling et al., 2021).

These studies differ in several aspects. TheMHD code used varies

and in some cases the solar wind parameters uphold the Rankine-

Hugoniot jump conditions and other times they do not. Some

studies model common pressure changes while others model

Carrington-like events. With these variabilities it is

understandable that the resulting conclusions as to the

magnetospheric origin also vary. Some studies agree with

Araki (1994) that the magnetospheric vortices are generated

inside the magnetosphere while others conclude that they are

generated at the magnetopause. The studies conducted by

Samsonov et al. (2010); Samsonov and Sibeck (2013) stand

out as they do not agree with any of the preexisting theories.

They suggest that the initial compression wave reflects on an

inner boundary, probably the ionosphere, resulting in a sunward

moving wave which by interacting with the anti-sunward flow

creates a shear.
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1Introduction

A(Storm)SuddenCommencement(SC)occurswhenarapid

increaseinsolarwinddynamicpressure(Pd)impingesonour

magnetosphere.Theseeventsareinterestingastheyallowusto

observeaperturbationofthesystemandthesubsequent

transientresponsethatunfoldsinthefollowing10sof

minutes.Inthisstudywefocusonthegeomagneticresponse

asobservedfromgroundmagnetometersanddefineSCas

independentofwhetherornotitisfollowedbyageomagnetic

stormassuggestedbyCurtoetal.(2007).

SCswereinitiallythoughttobeassociatedwithfluxtransfer

events,buttheirconnectiontorapidchangesinPdwaslater

shownintwocasestudies(Friis-Christensenetal.,1988;

Glassmeieretal.,1989).Ineachstudygroundmagnetometers

wereusedtoinfertheionosphericequivalentcurrentwhich

revealedtransientcurrentvortices.

AfewyearslaterSibeck(1990),KivelsonandSouthwood

(1991)andGlassmeierandHeppner(1992)publishedtheories

onamechanismthatgeneratestransientionosphericcurrent

vortices.Theyallsuggestedthatashearflowclosetothe

magnetopauseorlow-latitudeboundarylayerwouldgiverise

toFieldAlignedCurrents(FACs)thatmaptotheionosphere.

However,theydisagreedontheexpectedresponse.Sibeck(1990)

andKivelsonandSouthwood(1991)arguethatthearrivalofthe

solarwindpressurestructurewilllaunchacompressionwavein

themagnetosphere.Thiswaveisfasterthanthesolarwindinthe

magnetosheathandresultsinanexpansionfollowedbya

contractionofthemagnetopauseandthustwosetsoftwin

vorticesarecreated.GlassmeierandHeppner(1992)argues

thatapressurepulsewillcreatetwosetsoftwinvorticeswhile

asinglepressureincrease/decreasewillonlyresultinasingleset

oftwinvortices.Alternatively,itwassuggestedbyAraki(1994),

buildingonTamao(1964),thatthecompressionwaveundergoes

amodeconversiontoatransversemodeinsidethe

magnetospherewheregradientsinAlfvenicspeedsarelarge.

BesidethetheoryoftheunderlyingmechanismAraki(1994)

presentedamodeloftheexpectedresponse,Dsc,whichwas

decomposedintotwoparts.

Dsc�DL+DP(1)
DLreferstoastep-likeincreaseinthehorizontalmagneticfield

componentatlow/midlatitudesduetoanincreased

magnetopausecurrent.DPreferstotheionosphericresponse

dominantathighlatitudesandisitselfcomposedoftwoparts.

DP�DPPI+DPMI(2)

ThepreliminaryimpulsePIandmainimpulseMIbothreferto

twosetsoftwintransienthighlatitudeionosphericcurrent

vorticesgeneratedduringtheSC(Araki,1994).ThePIisthe

firstsetofcurrentvorticesthataregeneratedonthedaysidei.e.

oneatpre-noonandanotheratpost-noon.Theelectriccurrentin

thepre-noonvortexflowsanti-clockwisewhilethecurrentinthe

post-noonvortexisclockwise,i.e.,similartotheNBZcurrent

vorticesgeneratedduringnorthwardIMFduetolobe

reconnection(CowleyandLockwood,1992).TheMIisthe

secondsetofvortices,alsogeneratedatpre-andpost-noon,

however,thecurrentflowsoppositetothatofthePIvortices,

i.e.,similartothatoftheregion1/region2(R1/R2)current

vortices(CowleyandLockwood,1992).

Ourgoalistodeterminetheinfluenceofenvironmental

parameters,suchasInterplanetaryMagneticField(IMF)clock

angleanddipoletilt,onthedevelopmentofthehighlatitude

geomagneticresponsetorapidincreasesinPd.Duetothelackof

data(events)inpreviousstudiesithasnotbeenpossibletocarry

outstatisticalstudiesonmorethanoneenvironmentalparameter

withoutcompromisingthestatisticalintegrity.

ManycasestudiesofSCshavebeenconducted,e.g.,Lamand

Rodger(2001)testedthephysicalmodelpresentedbyAraki(1994)

againstasingleevent.Theyfoundgoodcorrespondencebetween

predictionsandobservationsathighlatitudesonthedaysidewhile

thepredictionswerelessreliableatlowlatitudesandatnight.

Morettoetal.(2000)modeledthehighlatitudeionospheric

responseandresolvedbothgrowthanddecayofcurrentvortices,

however,theirpropagationdidnotagreewithAraki(1994),thus

questioningthevalidityofthephysicalmodelswithrespecttoreal

events.Theynotedthattheshocknormalwasnotparalleltothe

Sun-Earthlineandmightthereforeresultinanasymmetricgeospace

responsewhichAraki(1994)didnottakeintoaccount.

Itisdifficulttofindinstanceswheresensorsarealigned

optimallyinthesolarwind,magnetosheath,magnetosphereand

ongroundsuchthatafullpictureofthegeospaceresponsecanbe

observed.Magnetohydrodynamic(MHD)simulationsare

thereforeaverypowerfultoolastheyprovideacontrolled

environmentwhereeverythingcanbeobserved.Manystudies

haveutilizedMHDsimulationsinattemptstounderstandboth

themagnetosphericoriginandtheionosphericresponseduring

rapidincreasesofPd(Slinkeretal.,1999;Kelleretal.,2002;Fujita

etal.,2003a,b,2005;Ridleyetal.,2006;Samsonovetal.,2010;

SamsonovandSibeck,2013;Shietal.,2014;Wellingetal.,2021).

Thesestudiesdifferinseveralaspects.TheMHDcodeusedvaries

andinsomecasesthesolarwindparametersupholdtheRankine-

Hugoniotjumpconditionsandothertimestheydonot.Some

studiesmodelcommonpressurechangeswhileothersmodel

Carrington-likeevents.Withthesevariabilitiesitis

understandablethattheresultingconclusionsastothe

magnetosphericoriginalsovary.Somestudiesagreewith

Araki(1994)thatthemagnetosphericvorticesaregenerated

insidethemagnetospherewhileothersconcludethattheyare

generatedatthemagnetopause.Thestudiesconductedby

Samsonovetal.(2010);SamsonovandSibeck(2013)stand

outastheydonotagreewithanyofthepreexistingtheories.

Theysuggestthattheinitialcompressionwavereflectsonan

innerboundary,probablytheionosphere,resultinginasunward

movingwavewhichbyinteractingwiththeanti-sunwardflow

createsashear.
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twosetsoftwintransienthighlatitudeionosphericcurrent

vorticesgeneratedduringtheSC(Araki,1994).ThePIisthe
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Russell et al. (1994a,b) and Russell and Ginskey (1995)

present statistical studies of the geomagnetic response at low/

mid latitudes during northward and southward IMF

conditions. They found the geomagnetic response to be

18.4 nT/nPa1/2 during northward IMF while it is 13.8 nT/

nPa1/2 (25% less) during southward IMF. Stauning and

Troshichev (2008), Huang (2005) and Madelaire et al.

(2022) carried out statistical studies of the transient high

latitude response using the PCN index (World Data Center

For Geomagnetism, Copenhagen, 2019), i.e., the Northern

Polar Cap and refers to an index based on a single ground

magnetometer station (Thule) close to the northern magnetic

pole that attempts to quantify anti-sunward plasma

convection in the polar cap. They found that the DPPI and

DPMI corresponds to a negative and positive excursion in the

PCN index, respectively. Madelaire et al. (2022) showed that

the DPPI and DPMI peaked around 3 and 9 min after onset of

the DL response. In addition, Stauning and Troshichev (2008)

created maps of the equivalent ionospheric current using

ground magnetometers showing the creation and decay of

ionospheric current vortices, however, no environmental

parameters were taken into account.

In this paper we carry out a superposed epoch analysis of the

transient high latitude geomagnetic response using the list of

rapid pressure increases presented by Madelaire et al. (2022). In

Section 2, we describe the list of events and ground

magnetometer data utilized to carry out the analysis. In

Section 3, we describe the modeling technique employed in

our superposed epoch analysis as well as how equivalent

ionospheric currents are retrieved. In Section 4, we discuss the

modeled transient high latitude geomagnetic response. In Section

5, we discuss the high latitude impact on low/mid latitude

geomagnetic perturbations and the differences between our

results and the physical models. Section 6 concludes the paper.

2 Data

The statistical analysis presented here is based on a list of

3,867 rapid increases in Pd presented by Madelaire et al. (2022).

The Earth arrival time of each event is based on a correlation

analysis between Pd and the SYM-H index. The moment Pd and

SYM-H begin to increase are both referred to as onset. The onset

is the common reference point used to combine data from

multiple events. The events are divided into 12 groups based

on IMF clock angle and dipole tilt, and are identical to those

defined byMadelaire et al. (2022). Dipole tilt, θd, is separated into

three groups and IMF clock angle, θc, into four groups which

when combined make 12 groups. Dipole tilt is positive when the

northern hemisphere points toward the Sun and the three

associated groups are referred to as season. Equation 3

summarize the criteria used,

Summer : (13°< θd)
Equinox : (−13°< θd < 13°)
Winter : (θd < −13°)
BZ+ : (−55°< θc,a < 55°) ∩ (−55°< θc,b < 55°)
BY+ : (55°< θc,a < 125°) ∩ (55°< θc,b < 125°)
BZ− : (125°< θc,a < −125°) ∩ (125°< θc,b < −125°)
BY− : (−125°< θc,a < −55°) ∩ (−125°< θc,b < −55°),

(3)

where θc,b and θc,a refer to the IMF clock angle before and after

the rapid increase in Pd. After imposing these event selection

criteria the list of events is reduced to 2058. Supplementary Table

S1 in the supplementary materials summarizes the number of

events in each group.

The focus of our analysis is the groundmagnetic perturbation

associated with the identified events. Superposing multiple events

allows for global coverage of the geomagnetic response.

Measurements of the magnetic perturbation field are provided

by the SuperMAG web service (https://supermag.jhuapl.edu/). It

is given in a local magnetic coordinate system, assumed to be

aligned with the Earth’s main field, with a 1-min temporal

resolution (Gjerloev, 2012). We further processed the data by

rotating it into geocentric coordinates using the CHAOS-7.

2 model (Finlay et al., 2020) and then into Quasi-Dipole

(QD) coordinates. The QD reference frame is height

dependent and maps along field lines; it is therefore useful

when studying phenomena at a specific height such as

ionospheric currents (Laundal and Richmond, 2017). Only

data from the northern hemisphere is used in this study as

data coverage in the southern hemisphere is sparse, especially at

high latitudes.

3 Methods

The main purpose of the list of rapid Pd increases published

in Madelaire et al. (2022) was to facilitate a superposed epoch

analysis of SCs. Madelaire et al. (2022) presented such an analysis

based on geomagnetic indices, which is difficult at high latitude

since the complexity of the polar ionospheric current can hardly

be summarized in a single index. In this study we aim to represent

ground magnetometer data in terms of a spherical harmonic

(SH) expansion and then calculate the equivalent horizontal

currents and FACs. This section will provide a summary of

SHs, how the inverse problem is solved and finally how

equivalent currents are calculated.

3.1 Spherical harmonics

If the divergence and curl of a vector field are zero it can be

fully described by a scalar potential field which will satisfy

Laplace’s equation. It can be argued that this is true for the

magnetic field measured on ground. A rigorous presentation of
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presentstatisticalstudiesofthegeomagneticresponseatlow/

midlatitudesduringnorthwardandsouthwardIMF

conditions.Theyfoundthegeomagneticresponsetobe

18.4nT/nPa1/2duringnorthwardIMFwhileitis13.8nT/

nPa1/2(25%less)duringsouthwardIMF.Stauningand

Troshichev(2008),Huang(2005)andMadelaireetal.

(2022)carriedoutstatisticalstudiesofthetransienthigh

latituderesponseusingthePCNindex(WorldDataCenter

ForGeomagnetism,Copenhagen,2019),i.e.,theNorthern

PolarCapandreferstoanindexbasedonasingleground

magnetometerstation(Thule)closetothenorthernmagnetic

polethatattemptstoquantifyanti-sunwardplasma

convectioninthepolarcap.TheyfoundthattheDPPIand

DPMIcorrespondstoanegativeandpositiveexcursioninthe

PCNindex,respectively.Madelaireetal.(2022)showedthat

theDPPIandDPMIpeakedaround3and9minafteronsetof

theDLresponse.Inaddition,StauningandTroshichev(2008)

createdmapsoftheequivalentionosphericcurrentusing

groundmagnetometersshowingthecreationanddecayof

ionosphericcurrentvortices,however,noenvironmental

parametersweretakenintoaccount.

Inthispaperwecarryoutasuperposedepochanalysisofthe

transienthighlatitudegeomagneticresponseusingthelistof

rapidpressureincreasespresentedbyMadelaireetal.(2022).In

Section2,wedescribethelistofeventsandground

magnetometerdatautilizedtocarryouttheanalysis.In

Section3,wedescribethemodelingtechniqueemployedin

oursuperposedepochanalysisaswellashowequivalent

ionosphericcurrentsareretrieved.InSection4,wediscussthe

modeledtransienthighlatitudegeomagneticresponse.InSection

5,wediscussthehighlatitudeimpactonlow/midlatitude

geomagneticperturbationsandthedifferencesbetweenour

resultsandthephysicalmodels.Section6concludesthepaper.

2Data

Thestatisticalanalysispresentedhereisbasedonalistof

3,867rapidincreasesinPdpresentedbyMadelaireetal.(2022).

TheEartharrivaltimeofeacheventisbasedonacorrelation

analysisbetweenPdandtheSYM-Hindex.ThemomentPdand

SYM-Hbegintoincreasearebothreferredtoasonset.Theonset

isthecommonreferencepointusedtocombinedatafrom

multipleevents.Theeventsaredividedinto12groupsbased

onIMFclockangleanddipoletilt,andareidenticaltothose

definedbyMadelaireetal.(2022).Dipoletilt,θd,isseparatedinto

threegroupsandIMFclockangle,θc,intofourgroupswhich

whencombinedmake12groups.Dipoletiltispositivewhenthe

northernhemispherepointstowardtheSunandthethree

associatedgroupsarereferredtoasseason.Equation3

summarizethecriteriaused,

Summer:(13°<θd)
Equinox:(−13°<θd<13°)
Winter:(θd<−13°)
BZ+:(−55°<θc,a<55°)∩(−55°<θc,b<55°)
BY+:(55°<θc,a<125°)∩(55°<θc,b<125°)
BZ−:(125°<θc,a<−125°)∩(125°<θc,b<−125°)
BY−:(−125°<θc,a<−55°)∩(−125°<θc,b<−55°),

(3)

whereθc,bandθc,arefertotheIMFclockanglebeforeandafter

therapidincreaseinPd.Afterimposingtheseeventselection

criteriathelistofeventsisreducedto2058.SupplementaryTable

S1inthesupplementarymaterialssummarizesthenumberof

eventsineachgroup.

Thefocusofouranalysisisthegroundmagneticperturbation

associatedwiththeidentifiedevents.Superposingmultipleevents

allowsforglobalcoverageofthegeomagneticresponse.

Measurementsofthemagneticperturbationfieldareprovided

bytheSuperMAGwebservice(https://supermag.jhuapl.edu/).It

isgiveninalocalmagneticcoordinatesystem,assumedtobe

alignedwiththeEarth’smainfield,witha1-mintemporal

resolution(Gjerloev,2012).Wefurtherprocessedthedataby

rotatingitintogeocentriccoordinatesusingtheCHAOS-7.

2model(Finlayetal.,2020)andthenintoQuasi-Dipole

(QD)coordinates.TheQDreferenceframeisheight

dependentandmapsalongfieldlines;itisthereforeuseful

whenstudyingphenomenaataspecificheightsuchas

ionosphericcurrents(LaundalandRichmond,2017).Only

datafromthenorthernhemisphereisusedinthisstudyas

datacoverageinthesouthernhemisphereissparse,especiallyat

highlatitudes.

3Methods

ThemainpurposeofthelistofrapidPdincreasespublished

inMadelaireetal.(2022)wastofacilitateasuperposedepoch

analysisofSCs.Madelaireetal.(2022)presentedsuchananalysis

basedongeomagneticindices,whichisdifficultathighlatitude

sincethecomplexityofthepolarionosphericcurrentcanhardly

besummarizedinasingleindex.Inthisstudyweaimtorepresent

groundmagnetometerdataintermsofasphericalharmonic

(SH)expansionandthencalculatetheequivalenthorizontal

currentsandFACs.Thissectionwillprovideasummaryof

SHs,howtheinverseproblemissolvedandfinallyhow

equivalentcurrentsarecalculated.

3.1Sphericalharmonics

Ifthedivergenceandcurlofavectorfieldarezeroitcanbe

fullydescribedbyascalarpotentialfieldwhichwillsatisfy

Laplace’sequation.Itcanbearguedthatthisistrueforthe

magneticfieldmeasuredonground.Arigorouspresentationof
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Section 3, we describe the modeling technique employed in
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ionospheric currents are retrieved. In Section 4, we discuss the

modeled transient high latitude geomagnetic response. In Section

5, we discuss the high latitude impact on low/mid latitude

geomagnetic perturbations and the differences between our

results and the physical models. Section 6 concludes the paper.

2 Data

The statistical analysis presented here is based on a list of

3,867 rapid increases in Pd presented by Madelaire et al. (2022).

The Earth arrival time of each event is based on a correlation

analysis between Pd and the SYM-H index. The moment Pd and

SYM-H begin to increase are both referred to as onset. The onset

is the common reference point used to combine data from

multiple events. The events are divided into 12 groups based

on IMF clock angle and dipole tilt, and are identical to those

defined byMadelaire et al. (2022). Dipole tilt, θd, is separated into

three groups and IMF clock angle, θc, into four groups which

when combined make 12 groups. Dipole tilt is positive when the

northern hemisphere points toward the Sun and the three

associated groups are referred to as season. Equation 3

summarize the criteria used,
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Equinox : (−13°< θd < 13°)
Winter : (θd < −13°)
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where θc,b and θc,a refer to the IMF clock angle before and after

the rapid increase in Pd. After imposing these event selection

criteria the list of events is reduced to 2058. Supplementary Table

S1 in the supplementary materials summarizes the number of

events in each group.

The focus of our analysis is the groundmagnetic perturbation

associated with the identified events. Superposing multiple events

allows for global coverage of the geomagnetic response.

Measurements of the magnetic perturbation field are provided

by the SuperMAG web service (https://supermag.jhuapl.edu/). It

is given in a local magnetic coordinate system, assumed to be

aligned with the Earth’s main field, with a 1-min temporal

resolution (Gjerloev, 2012). We further processed the data by

rotating it into geocentric coordinates using the CHAOS-7.

2 model (Finlay et al., 2020) and then into Quasi-Dipole

(QD) coordinates. The QD reference frame is height

dependent and maps along field lines; it is therefore useful

when studying phenomena at a specific height such as

ionospheric currents (Laundal and Richmond, 2017). Only

data from the northern hemisphere is used in this study as

data coverage in the southern hemisphere is sparse, especially at

high latitudes.

3 Methods

The main purpose of the list of rapid Pd increases published

in Madelaire et al. (2022) was to facilitate a superposed epoch

analysis of SCs. Madelaire et al. (2022) presented such an analysis

based on geomagnetic indices, which is difficult at high latitude

since the complexity of the polar ionospheric current can hardly

be summarized in a single index. In this study we aim to represent

ground magnetometer data in terms of a spherical harmonic

(SH) expansion and then calculate the equivalent horizontal

currents and FACs. This section will provide a summary of

SHs, how the inverse problem is solved and finally how

equivalent currents are calculated.

3.1 Spherical harmonics

If the divergence and curl of a vector field are zero it can be

fully described by a scalar potential field which will satisfy

Laplace’s equation. It can be argued that this is true for the

magnetic field measured on ground. A rigorous presentation of

Frontiers in Astronomy and Space Sciences frontiersin.org03

Madelaire et al. 10.3389/fspas.2022.953954

Russell et al. (1994a,b) and Russell and Ginskey (1995)

present statistical studies of the geomagnetic response at low/

mid latitudes during northward and southward IMF

conditions. They found the geomagnetic response to be

18.4 nT/nPa
1/2

during northward IMF while it is 13.8 nT/

nPa
1/2

(25% less) during southward IMF. Stauning and

Troshichev (2008), Huang (2005) and Madelaire et al.

(2022) carried out statistical studies of the transient high

latitude response using the PCN index (World Data Center

For Geomagnetism, Copenhagen, 2019), i.e., the Northern

Polar Cap and refers to an index based on a single ground

magnetometer station (Thule) close to the northern magnetic

pole that attempts to quantify anti-sunward plasma

convection in the polar cap. They found that the DPPI and

DPMI corresponds to a negative and positive excursion in the

PCN index, respectively. Madelaire et al. (2022) showed that

the DPPI and DPMI peaked around 3 and 9 min after onset of

the DL response. In addition, Stauning and Troshichev (2008)

created maps of the equivalent ionospheric current using

ground magnetometers showing the creation and decay of

ionospheric current vortices, however, no environmental

parameters were taken into account.

In this paper we carry out a superposed epoch analysis of the

transient high latitude geomagnetic response using the list of

rapid pressure increases presented by Madelaire et al. (2022). In

Section 2, we describe the list of events and ground

magnetometer data utilized to carry out the analysis. In

Section 3, we describe the modeling technique employed in

our superposed epoch analysis as well as how equivalent

ionospheric currents are retrieved. In Section 4, we discuss the

modeled transient high latitude geomagnetic response. In Section

5, we discuss the high latitude impact on low/mid latitude

geomagnetic perturbations and the differences between our

results and the physical models. Section 6 concludes the paper.

2 Data

The statistical analysis presented here is based on a list of

3,867 rapid increases in Pd presented by Madelaire et al. (2022).

The Earth arrival time of each event is based on a correlation

analysis between Pd and the SYM-H index. The moment Pd and

SYM-H begin to increase are both referred to as onset. The onset

is the common reference point used to combine data from

multiple events. The events are divided into 12 groups based

on IMF clock angle and dipole tilt, and are identical to those

defined byMadelaire et al. (2022). Dipole tilt, θd, is separated into

three groups and IMF clock angle, θc, into four groups which

when combined make 12 groups. Dipole tilt is positive when the

northern hemisphere points toward the Sun and the three

associated groups are referred to as season. Equation 3

summarize the criteria used,

Summer : (13°< θd)
Equinox : (−13°< θd < 13°)
Winter : (θd < −13°)
BZ+ : (−55°< θc,a < 55°) ∩ (−55°< θc,b < 55°)
BY+ : (55°< θc,a < 125°) ∩ (55°< θc,b < 125°)
BZ− : (125°< θc,a < −125°) ∩ (125°< θc,b < −125°)
BY− : (−125°< θc,a < −55°) ∩ (−125°< θc,b < −55°),

(3)

where θc,b and θc,a refer to the IMF clock angle before and after

the rapid increase in Pd. After imposing these event selection

criteria the list of events is reduced to 2058. Supplementary Table

S1 in the supplementary materials summarizes the number of

events in each group.

The focus of our analysis is the groundmagnetic perturbation

associated with the identified events. Superposing multiple events

allows for global coverage of the geomagnetic response.

Measurements of the magnetic perturbation field are provided

by the SuperMAG web service (https://supermag.jhuapl.edu/). It

is given in a local magnetic coordinate system, assumed to be

aligned with the Earth’s main field, with a 1-min temporal

resolution (Gjerloev, 2012). We further processed the data by

rotating it into geocentric coordinates using the CHAOS-7.

2 model (Finlay et al., 2020) and then into Quasi-Dipole

(QD) coordinates. The QD reference frame is height

dependent and maps along field lines; it is therefore useful

when studying phenomena at a specific height such as

ionospheric currents (Laundal and Richmond, 2017). Only

data from the northern hemisphere is used in this study as

data coverage in the southern hemisphere is sparse, especially at

high latitudes.

3 Methods

The main purpose of the list of rapid Pd increases published

in Madelaire et al. (2022) was to facilitate a superposed epoch

analysis of SCs. Madelaire et al. (2022) presented such an analysis

based on geomagnetic indices, which is difficult at high latitude

since the complexity of the polar ionospheric current can hardly

be summarized in a single index. In this study we aim to represent

ground magnetometer data in terms of a spherical harmonic

(SH) expansion and then calculate the equivalent horizontal

currents and FACs. This section will provide a summary of

SHs, how the inverse problem is solved and finally how

equivalent currents are calculated.

3.1 Spherical harmonics

If the divergence and curl of a vector field are zero it can be

fully described by a scalar potential field which will satisfy

Laplace’s equation. It can be argued that this is true for the

magnetic field measured on ground. A rigorous presentation of

Frontiers in Astronomy and Space Sciences frontiersin.org03

Madelaire et al. 10.3389/fspas.2022.953954

Russelletal.(1994a,b)andRussellandGinskey(1995)

presentstatisticalstudiesofthegeomagneticresponseatlow/

midlatitudesduringnorthwardandsouthwardIMF

conditions.Theyfoundthegeomagneticresponsetobe

18.4nT/nPa
1/2

duringnorthwardIMFwhileitis13.8nT/

nPa
1/2

(25%less)duringsouthwardIMF.Stauningand

Troshichev(2008),Huang(2005)andMadelaireetal.

(2022)carriedoutstatisticalstudiesofthetransienthigh

latituderesponseusingthePCNindex(WorldDataCenter

ForGeomagnetism,Copenhagen,2019),i.e.,theNorthern

PolarCapandreferstoanindexbasedonasingleground

magnetometerstation(Thule)closetothenorthernmagnetic

polethatattemptstoquantifyanti-sunwardplasma

convectioninthepolarcap.TheyfoundthattheDPPIand

DPMIcorrespondstoanegativeandpositiveexcursioninthe

PCNindex,respectively.Madelaireetal.(2022)showedthat

theDPPIandDPMIpeakedaround3and9minafteronsetof

theDLresponse.Inaddition,StauningandTroshichev(2008)

createdmapsoftheequivalentionosphericcurrentusing

groundmagnetometersshowingthecreationanddecayof

ionosphericcurrentvortices,however,noenvironmental

parametersweretakenintoaccount.

Inthispaperwecarryoutasuperposedepochanalysisofthe

transienthighlatitudegeomagneticresponseusingthelistof

rapidpressureincreasespresentedbyMadelaireetal.(2022).In

Section2,wedescribethelistofeventsandground

magnetometerdatautilizedtocarryouttheanalysis.In

Section3,wedescribethemodelingtechniqueemployedin

oursuperposedepochanalysisaswellashowequivalent

ionosphericcurrentsareretrieved.InSection4,wediscussthe

modeledtransienthighlatitudegeomagneticresponse.InSection

5,wediscussthehighlatitudeimpactonlow/midlatitude

geomagneticperturbationsandthedifferencesbetweenour

resultsandthephysicalmodels.Section6concludesthepaper.

2Data

Thestatisticalanalysispresentedhereisbasedonalistof

3,867rapidincreasesinPdpresentedbyMadelaireetal.(2022).

TheEartharrivaltimeofeacheventisbasedonacorrelation

analysisbetweenPdandtheSYM-Hindex.ThemomentPdand

SYM-Hbegintoincreasearebothreferredtoasonset.Theonset

isthecommonreferencepointusedtocombinedatafrom

multipleevents.Theeventsaredividedinto12groupsbased

onIMFclockangleanddipoletilt,andareidenticaltothose

definedbyMadelaireetal.(2022).Dipoletilt,θd,isseparatedinto

threegroupsandIMFclockangle,θc,intofourgroupswhich

whencombinedmake12groups.Dipoletiltispositivewhenthe

northernhemispherepointstowardtheSunandthethree

associatedgroupsarereferredtoasseason.Equation3

summarizethecriteriaused,

Summer:(13°<θd)
Equinox:(−13°<θd<13°)
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(3)

whereθc,bandθc,arefertotheIMFclockanglebeforeandafter

therapidincreaseinPd.Afterimposingtheseeventselection

criteriathelistofeventsisreducedto2058.SupplementaryTable

S1inthesupplementarymaterialssummarizesthenumberof

eventsineachgroup.

Thefocusofouranalysisisthegroundmagneticperturbation

associatedwiththeidentifiedevents.Superposingmultipleevents

allowsforglobalcoverageofthegeomagneticresponse.

Measurementsofthemagneticperturbationfieldareprovided

bytheSuperMAGwebservice(https://supermag.jhuapl.edu/).It

isgiveninalocalmagneticcoordinatesystem,assumedtobe

alignedwiththeEarth’smainfield,witha1-mintemporal

resolution(Gjerloev,2012).Wefurtherprocessedthedataby

rotatingitintogeocentriccoordinatesusingtheCHAOS-7.

2model(Finlayetal.,2020)andthenintoQuasi-Dipole

(QD)coordinates.TheQDreferenceframeisheight

dependentandmapsalongfieldlines;itisthereforeuseful

whenstudyingphenomenaataspecificheightsuchas

ionosphericcurrents(LaundalandRichmond,2017).Only

datafromthenorthernhemisphereisusedinthisstudyas

datacoverageinthesouthernhemisphereissparse,especiallyat

highlatitudes.

3Methods

ThemainpurposeofthelistofrapidPdincreasespublished

inMadelaireetal.(2022)wastofacilitateasuperposedepoch

analysisofSCs.Madelaireetal.(2022)presentedsuchananalysis

basedongeomagneticindices,whichisdifficultathighlatitude

sincethecomplexityofthepolarionosphericcurrentcanhardly

besummarizedinasingleindex.Inthisstudyweaimtorepresent

groundmagnetometerdataintermsofasphericalharmonic

(SH)expansionandthencalculatetheequivalenthorizontal

currentsandFACs.Thissectionwillprovideasummaryof

SHs,howtheinverseproblemissolvedandfinallyhow

equivalentcurrentsarecalculated.

3.1Sphericalharmonics

Ifthedivergenceandcurlofavectorfieldarezeroitcanbe

fullydescribedbyascalarpotentialfieldwhichwillsatisfy

Laplace’sequation.Itcanbearguedthatthisistrueforthe

magneticfieldmeasuredonground.Arigorouspresentationof
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this is given in Chapman and Bartels (1940). The magnetic

potential field can be expanded in terms of spherical harmonic:

V r, θ, ϕ( ) � a∑∞
n�1

∑n
m�0

gm
n cos mϕ( ) + hmn sin mϕ( )[ ] a

r
( )n+1(

+ qmn cos mϕ( ) + smn sin mϕ( )[ ] r

a
( )n)Pm

n cos θ( )( )
(4)

where a is the reference radius, r is radius, θ co-latitude, ϕ

longitude, (gm
n , h

m
n ) are the SH coefficients related to the internal

field, (qmn , smn ) are the SH coefficients related to the external field,

Pm
n (cos(θ)) are Schmidt quasi-normalized Legendre functions,

and n and m are the SH-degree and -order, respectively.

3.2 Inverse problem

The magnetic field components are easily retrieved by

evaluating the negative derivative of the potential. This

presents a linear relationship between magnetic field

observations and the SH coefficients that can be expressed in

matrix format as

d � Gm (5)
where d and m contain observations and SH coefficients,

respectively,

d � Br ,Bθ,Bϕ[ ]T, m � g0
1, q

0
1, g

1
1, h

1
1, . . . , q

m
n , s

m
n[ ]T (6)

while G, the data kernel, describes the linear relation between

the two.

The inverse problem, to isolate m in Eq. 5, can conveniently

be solved using a least squares approach where the 2-norm of the

data misfit is minimized. Depending on the nature of the

observations this approach can be prone to overfitting. In this

study the inversion method is modified with a combination of

iterative reweighting and Tikhonov regularization. The resulting

objective function becomes

Φ m( ) � d − Gm( )TW d − Gm( ) + α2mTLTLm (7)
where W are data weights, α is the regularization parameter

determining the trade-off between minimizing data misfit and

the model norm, and L describes the nature of the regularization.

When minimizing the model 2-norm LTL is a diagonal matrix

and commonly the identity matrix. A minimum in Φ can be

found by imposing z
zmΦ(m) � 0 on Eq. 7 and isolating for m.

m � GTWG + α2LTL( )−1GTWd (8)

HereW is decomposed intoW =Wd◦Wr whereWd andWr refer

to weights related to data coverage and iterative reweighting,

respectively.

The iterative reweighted scheme used in this study applies

Huber weights (Constable, 1988; Huber and Ronchetti, 2009)

that are iteratively updated until the maximum percentage

change of the model 2-norm between the previous and

current iteration is equal to or less than 0.01% (Aster et al.,

2013b). The weights based on data coverage are unchanging

throughout the iterations and used to reduce spatial bias. They

are determined as the inverse of the amount of observations in

each cell of an equal area grid.

The Tikhonov regularization scheme applied here assumes

R = LTL to be diagonal. The values that populate the diagonal of R
is based on the Lowes-Mauersberger power spectrum (Sabaka

et al., 2014) for internalWi
n(r) and externalWe

n(r) sources, Eq. 9,
evaluated at ionospheric heights. Due to a dependence on height

relative to the reference height and SH degree, the external field

and higher harmonic terms will be dampened more severely than

the internal field and lower harmonic terms, respectively.

Wi
n r( ) � Ri n( ) ∑n

m�0
gm
n( )2 + hmn( )2[ ], Ri n( ) � n + 1( ) a

r
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We
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qmn( )2 + smn( )2[ ], Re n( ) � n

r

a
( )2n−2
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Applying regularization necessitates choosing a value for the

regularization parameter. This is done automatically for each

epoch using Generalized Cross-Validation (GCV) (Aster et al.,

2013a) to ensure reproducibility and reduce human bias. The

optimal value for the regularization parameter can be found by

solving the inverse problem, Eq. 8, for a series of α-values and

evaluate the GCV score, Eq. 10 where N is the number of

observations. The optimal value of α is related to the lowest

GCV score. As this approach can be computational very heavy,

we implemented a simple steepest descent algorithm to minimize

unnecessary computations.

GCV α2( ) � N

Tr I − GG−α[ ]2 ∑N
k�1

d − Gm( )TW d − Gm( )[ ]
k

G−α � GTWG + α2LTL( )−1GTW

(10)
In addition to reducing the model 2-norm the inverse problem

is constrained by truncating the SH-degree at 40 resulting in

1,680 model parameters. The model is further constrained by

1) using only n − m odd terms which enforces hemispheric

symmetry. 2) truncating the SH-order at 3 under the

assumption that the east/west gradient is more smooth

than the north/south gradient (Laundal et al., 2016). As a

result of these two constraints the amount of model

parameters is reduced to 272.The combination of iterative

reweighting and Tikhonov regularization has been sketched

out in Algorithm 1.In order to evaluate the variance in the

model solutions a bootstrapping approach was taken. The

inverse problem for each group of events was repeated

50 times while resampling the events going into the

solution with replacement. Predictions from the various

model realizations thus provide a variance estimate.
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thisisgiveninChapmanandBartels(1940).Themagnetic

potentialfieldcanbeexpandedintermsofsphericalharmonic:

Vr,θ,ϕ ()�a∑∞
n�1

∑n
m�0

gm
ncosmϕ ()+hmnsinmϕ () []a

r
()n+1 (

+qmncosmϕ ()+smnsinmϕ () []r

a
()n)Pm

ncosθ() ()
(4)

whereaisthereferenceradius,risradius,θco-latitude,ϕ

longitude,(gm
n,h

m
n)aretheSHcoefficientsrelatedtotheinternal

field,(qmn,smn)aretheSHcoefficientsrelatedtotheexternalfield,

Pm
n(cos(θ))areSchmidtquasi-normalizedLegendrefunctions,

andnandmaretheSH-degreeand-order,respectively.

3.2Inverseproblem

Themagneticfieldcomponentsareeasilyretrievedby

evaluatingthenegativederivativeofthepotential.This

presentsalinearrelationshipbetweenmagneticfield

observationsandtheSHcoefficientsthatcanbeexpressedin

matrixformatas

d�Gm(5)
wheredandmcontainobservationsandSHcoefficients,

respectively,

d�Br,Bθ,Bϕ []T,m�g0
1,q

0
1,g

1
1,h

1
1,...,q

m
n,s

m
n []T(6)

whileG,thedatakernel,describesthelinearrelationbetween

thetwo.

Theinverseproblem,toisolateminEq.5,canconveniently

besolvedusingaleastsquaresapproachwherethe2-normofthe

datamisfitisminimized.Dependingonthenatureofthe

observationsthisapproachcanbepronetooverfitting.Inthis

studytheinversionmethodismodifiedwithacombinationof

iterativereweightingandTikhonovregularization.Theresulting

objectivefunctionbecomes

Φm()�d−Gm ()TWd−Gm ()+α2mTLTLm(7)
whereWaredataweights,αistheregularizationparameter

determiningthetrade-offbetweenminimizingdatamisfitand

themodelnorm,andLdescribesthenatureoftheregularization.

Whenminimizingthemodel2-normLTLisadiagonalmatrix

andcommonlytheidentitymatrix.AminimuminΦcanbe

foundbyimposingz
zmΦ(m)�0onEq.7andisolatingform.

m�GTWG+α2LTL ()−1GTWd(8)

HereWisdecomposedintoW=Wd◦WrwhereWdandWrrefer

toweightsrelatedtodatacoverageanditerativereweighting,

respectively.

Theiterativereweightedschemeusedinthisstudyapplies

Huberweights(Constable,1988;HuberandRonchetti,2009)

thatareiterativelyupdateduntilthemaximumpercentage

changeofthemodel2-normbetweenthepreviousand

currentiterationisequaltoorlessthan0.01%(Asteretal.,

2013b).Theweightsbasedondatacoverageareunchanging

throughouttheiterationsandusedtoreducespatialbias.They

aredeterminedastheinverseoftheamountofobservationsin

eachcellofanequalareagrid.

TheTikhonovregularizationschemeappliedhereassumes

R=LTLtobediagonal.ThevaluesthatpopulatethediagonalofR
isbasedontheLowes-Mauersbergerpowerspectrum(Sabaka

etal.,2014)forinternalWi
n(r)andexternalWe

n(r)sources,Eq.9,
evaluatedationosphericheights.Duetoadependenceonheight

relativetothereferenceheightandSHdegree,theexternalfield

andhigherharmonictermswillbedampenedmoreseverelythan

theinternalfieldandlowerharmonicterms,respectively.

Wi
nr()�Rin()∑n

m�0
gm

n ()2+hmn ()2 [],Rin()�n+1 ()a

r
()2n+4

We
nr()�Ren()∑n

m�0
qmn ()2+smn ()2 [],Ren()�n

r

a
()2n−2

(9)
Applyingregularizationnecessitateschoosingavalueforthe

regularizationparameter.Thisisdoneautomaticallyforeach

epochusingGeneralizedCross-Validation(GCV)(Asteretal.,

2013a)toensurereproducibilityandreducehumanbias.The

optimalvaluefortheregularizationparametercanbefoundby

solvingtheinverseproblem,Eq.8,foraseriesofα-valuesand

evaluatetheGCVscore,Eq.10whereNisthenumberof

observations.Theoptimalvalueofαisrelatedtothelowest

GCVscore.Asthisapproachcanbecomputationalveryheavy,

weimplementedasimplesteepestdescentalgorithmtominimize

unnecessarycomputations.

GCVα2 ()�N

TrI−GG−α []2∑N
k�1

d−Gm ()TWd−Gm () []
k

G−α�GTWG+α2LTL ()−1GTW

(10)
Inadditiontoreducingthemodel2-normtheinverseproblem

isconstrainedbytruncatingtheSH-degreeat40resultingin

1,680modelparameters.Themodelisfurtherconstrainedby

1)usingonlyn−moddtermswhichenforceshemispheric

symmetry.2)truncatingtheSH-orderat3underthe

assumptionthattheeast/westgradientismoresmooth

thanthenorth/southgradient(Laundaletal.,2016).Asa

resultofthesetwoconstraintstheamountofmodel

parametersisreducedto272.Thecombinationofiterative

reweightingandTikhonovregularizationhasbeensketched

outinAlgorithm1.Inordertoevaluatethevarianceinthe

modelsolutionsabootstrappingapproachwastaken.The

inverseproblemforeachgroupofeventswasrepeated

50timeswhileresamplingtheeventsgoingintothe

solutionwithreplacement.Predictionsfromthevarious

modelrealizationsthusprovideavarianceestimate.
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this is given in Chapman and Bartels (1940). The magnetic

potential field can be expanded in terms of spherical harmonic:

V r, θ, ϕ( ) � a∑
∞

n�1 ∑
n

m�0
g
m
n cos mϕ( ) + h

m
n sin mϕ( )[ ]

a

r( )
n+1

(
+ q

m
n cos mϕ( ) + s

m
n sin mϕ( )[ ]

r

a( )
n

)P
m
n cos θ( )( )

(4)

where a is the reference radius, r is radius, θ co-latitude, ϕ

longitude, (gm
n , h

m
n ) are the SH coefficients related to the internal

field, (qmn , smn ) are the SH coefficients related to the external field,

Pm
n (cos(θ)) are Schmidt quasi-normalized Legendre functions,

and n and m are the SH-degree and -order, respectively.

3.2 Inverse problem

The magnetic field components are easily retrieved by

evaluating the negative derivative of the potential. This

presents a linear relationship between magnetic field

observations and the SH coefficients that can be expressed in

matrix format as

d � Gm (5)
where d and m contain observations and SH coefficients,

respectively,

d � Br ,Bθ,Bϕ[ ]
T
, m � g

0
1, q

0
1, g

1
1, h

1
1, . . . , q

m
n , s

m
n[ ]

T
(6)

while G, the data kernel, describes the linear relation between

the two.

The inverse problem, to isolate m in Eq. 5, can conveniently

be solved using a least squares approach where the 2-norm of the

data misfit is minimized. Depending on the nature of the

observations this approach can be prone to overfitting. In this

study the inversion method is modified with a combination of

iterative reweighting and Tikhonov regularization. The resulting

objective function becomes

Φ m( ) � d − Gm( )
T
W d − Gm( ) + α

2
m

T
L
T
Lm (7)

where W are data weights, α is the regularization parameter

determining the trade-off between minimizing data misfit and

the model norm, and L describes the nature of the regularization.

When minimizing the model 2-norm L
T
L is a diagonal matrix

and commonly the identity matrix. A minimum in Φ can be

found by imposing
z
zmΦ(m) � 0 on Eq. 7 and isolating for m.

m � G
T
WG + α

2
L
T
L( )

−1GT
Wd (8)

HereW is decomposed intoW =Wd◦Wr whereWd andWr refer

to weights related to data coverage and iterative reweighting,

respectively.

The iterative reweighted scheme used in this study applies

Huber weights (Constable, 1988; Huber and Ronchetti, 2009)

that are iteratively updated until the maximum percentage

change of the model 2-norm between the previous and

current iteration is equal to or less than 0.01% (Aster et al.,

2013b). The weights based on data coverage are unchanging

throughout the iterations and used to reduce spatial bias. They

are determined as the inverse of the amount of observations in

each cell of an equal area grid.

The Tikhonov regularization scheme applied here assumes

R = L
T
L to be diagonal. The values that populate the diagonal of R

is based on the Lowes-Mauersberger power spectrum (Sabaka

et al., 2014) for internalWi
n(r) and externalWe

n(r) sources, Eq. 9,
evaluated at ionospheric heights. Due to a dependence on height

relative to the reference height and SH degree, the external field

and higher harmonic terms will be dampened more severely than

the internal field and lower harmonic terms, respectively.

W
i
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2
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r
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(9)
Applying regularization necessitates choosing a value for the

regularization parameter. This is done automatically for each

epoch using Generalized Cross-Validation (GCV) (Aster et al.,

2013a) to ensure reproducibility and reduce human bias. The

optimal value for the regularization parameter can be found by

solving the inverse problem, Eq. 8, for a series of α-values and

evaluate the GCV score, Eq. 10 where N is the number of

observations. The optimal value of α is related to the lowest

GCV score. As this approach can be computational very heavy,

we implemented a simple steepest descent algorithm to minimize

unnecessary computations.

GCV α
2

( ) �
N

Tr I − GG−α[ ]
2 ∑

N

k�1
d − Gm( )

T
W d − Gm( )[ ]k

G−α � G
T
WG + α

2
L
T
L( )

−1GT
W

(10)
In addition to reducing the model 2-norm the inverse problem

is constrained by truncating the SH-degree at 40 resulting in

1,680 model parameters. The model is further constrained by

1) using only n − m odd terms which enforces hemispheric

symmetry. 2) truncating the SH-order at 3 under the

assumption that the east/west gradient is more smooth

than the north/south gradient (Laundal et al., 2016). As a

result of these two constraints the amount of model

parameters is reduced to 272.The combination of iterative

reweighting and Tikhonov regularization has been sketched

out in Algorithm 1.In order to evaluate the variance in the

model solutions a bootstrapping approach was taken. The

inverse problem for each group of events was repeated

50 times while resampling the events going into the

solution with replacement. Predictions from the various

model realizations thus provide a variance estimate.
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isconstrainedbytruncatingtheSH-degreeat40resultingin
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parametersisreducedto272.Thecombinationofiterative

reweightingandTikhonovregularizationhasbeensketched

outinAlgorithm1.Inordertoevaluatethevarianceinthe

modelsolutionsabootstrappingapproachwastaken.The

inverseproblemforeachgroupofeventswasrepeated

50timeswhileresamplingtheeventsgoingintothe

solutionwithreplacement.Predictionsfromthevarious

modelrealizationsthusprovideavarianceestimate.
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Algorithm 1. Inversion scheme.

3.3 Equivalent currents

The equivalent horizontal ionospheric current (EHIC) can

similarly be represented by a scalar potential (Laundal et al.,

2016) and therefore expressed in terms of the same SH

coefficients as in Eq. 4.

Ψ � a

μ0
∑
n,m

2n + 1
n + 1

a + h

a
( )

n

Pm
n cos θ( )( ) qmn cos mϕ( ) + smn sin mϕ( )[ ]

(11)

Here h is the height with respect to a where the potential is

evaluated. It is important to point out that Eq. 11 is the current

potential expressed by the external magnetic field and h is

therefore set to 110 km.

Evaluating the horizontal gradient of Ψ gives the EHIC.

j⊥ � r̂ ×∇Ψ (12)

Where r̂ is a unit vector in the radial direction. The magnetic

perturbation as a result of the ionospheric Hall current can be set

equal to j⊥ if the magnetic field lines are assumed to be radial and the

conductance uniform (Fukushima, 1969, 1976). Additionally,

following Amm et al. (2002) an expression for the FACs can be

written as

j‖ � β−1 ∇× j⊥[ ]r (13)

where β is the Hall and Pedersen conductance ratio and assumed

to be constant. Equation 13 can be written in terms of Ψ by

applying the relation from equation 34 in Sabaka et al. (2014).

j‖ � n n + 1( )
βr2

Ψ (14)

β is still unknown and will later be assumed to be 1 resulting in

what we will refer to as equivalent field aligned currents (EFACs).

Thus providing estimates of the EHIC and EFAC in terms of SH

coefficients.

4 Results

A rapid increase in Pd can cause a SC which is commonly

decomposed into two main parts; the low/mid and high latitude

geomagnetic response, Eq. 1, with varying spatial and temporal

scales. Madelaire et al. (2022) carried out a superposed epoch

analysis of the SMR and PCN index in order to examine these

geomagnetic responses. In this study we carry out a superposed

epoch analysis using SH modeling. With this approach we create

a continuous model, in space, based on multiple events allowing

us to estimate magnetic field perturbations and ionospheric

equivalent currents. In this section we 1) present model

results prior to onset to illustrate the methods ability to

recreate IMF and dipole tilt dependent current patterns and

2) examine incoherent and coherent high latitude ionospheric

responses and the dependence on IMF orientation and dipole tilt.

4.1 Prior patterns

This study builds on the premise that a superposed epoch

analysis using a spherical harmonic modeling technique is

capable of robustly reproducing the underlying pattern

common for a majority of events in a group. As an initial

assessment Figure 1 shows the mean and standard deviation

of the external radial magnetic field perturbation Br across all

50 model realizations at epoch −5 (5 min prior to onset) for all

12 event groups above 50° mlat (magnetic latitude). The figure is

divided into three rows indicating dipole tilt and four columns

indicating IMF clock angle. The magnitude of the model

predictions vary significantly across groups and the maps have

therefore been given individual colorbars. The number in the

upper right corner of each map indicate the maximum of their

respective colorbars, in units of nT.

Maps of the mean are in good agreement with previous

studies on current patterns and their dependency on IMF clock

angle and dipole tilt (Cowley and Lockwood, 1992; Pettigrew

et al., 2010; Weimer, 2013; Laundal et al., 2018). Predictions

during summer are of higher magnitude than equinox and winter

mainly as a result of variations in sunlight-induced conductivity

and auroral precipitation with decreasing dipole tilt (Moen and

Brekke, 1993; Liou et al., 2001). During BZ+ there are strong NBZ

currents and overall stronger currents on the duskside as a result

of co-rotation (Förster et al., 2017). During BZ-region 1 and 2

(R1/R2) currents are strong as a result of reconnection on both

day and nightside giving rise to a two-cell current pattern. During

BY± conditions the dawn and dusk cells become more circular or

crescent as a result of the dayside reconnection geometry, giving

rise to alternate current paths.
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j⊥�r̂×∇Ψ(12)

Wherer̂isaunitvectorintheradialdirection.Themagnetic

perturbationasaresultoftheionosphericHallcurrentcanbeset

equaltoj⊥ifthemagneticfieldlinesareassumedtoberadialandthe

conductanceuniform(Fukushima,1969,1976).Additionally,

followingAmmetal.(2002)anexpressionfortheFACscanbe

writtenas

j‖�β−1∇×j⊥ []r(13)

whereβistheHallandPedersenconductanceratioandassumed

tobeconstant.Equation13canbewrittenintermsofΨby

applyingtherelationfromequation34inSabakaetal.(2014).

j‖�nn+1 ()
βr2

Ψ(14)

βisstillunknownandwilllaterbeassumedtobe1resultingin

whatwewillrefertoasequivalentfieldalignedcurrents(EFACs).

ThusprovidingestimatesoftheEHICandEFACintermsofSH

coefficients.

4Results

ArapidincreaseinPdcancauseaSCwhichiscommonly

decomposedintotwomainparts;thelow/midandhighlatitude

geomagneticresponse,Eq.1,withvaryingspatialandtemporal

scales.Madelaireetal.(2022)carriedoutasuperposedepoch

analysisoftheSMRandPCNindexinordertoexaminethese

geomagneticresponses.Inthisstudywecarryoutasuperposed

epochanalysisusingSHmodeling.Withthisapproachwecreate

acontinuousmodel,inspace,basedonmultipleeventsallowing

ustoestimatemagneticfieldperturbationsandionospheric

equivalentcurrents.Inthissectionwe1)presentmodel

resultspriortoonsettoillustratethemethodsabilityto

recreateIMFanddipoletiltdependentcurrentpatternsand

2)examineincoherentandcoherenthighlatitudeionospheric

responsesandthedependenceonIMForientationanddipoletilt.

4.1Priorpatterns

Thisstudybuildsonthepremisethatasuperposedepoch

analysisusingasphericalharmonicmodelingtechniqueis

capableofrobustlyreproducingtheunderlyingpattern

commonforamajorityofeventsinagroup.Asaninitial

assessmentFigure1showsthemeanandstandarddeviation

oftheexternalradialmagneticfieldperturbationBracrossall

50modelrealizationsatepoch−5(5minpriortoonset)forall

12eventgroupsabove50°mlat(magneticlatitude).Thefigureis

dividedintothreerowsindicatingdipoletiltandfourcolumns

indicatingIMFclockangle.Themagnitudeofthemodel

predictionsvarysignificantlyacrossgroupsandthemapshave

thereforebeengivenindividualcolorbars.Thenumberinthe

upperrightcornerofeachmapindicatethemaximumoftheir

respectivecolorbars,inunitsofnT.

Mapsofthemeanareingoodagreementwithprevious

studiesoncurrentpatternsandtheirdependencyonIMFclock

angleanddipoletilt(CowleyandLockwood,1992;Pettigrew

etal.,2010;Weimer,2013;Laundaletal.,2018).Predictions

duringsummerareofhighermagnitudethanequinoxandwinter

mainlyasaresultofvariationsinsunlight-inducedconductivity

andauroralprecipitationwithdecreasingdipoletilt(Moenand

Brekke,1993;Liouetal.,2001).DuringBZ+therearestrongNBZ

currentsandoverallstrongercurrentsonthedusksideasaresult

ofco-rotation(Försteretal.,2017).DuringBZ-region1and2

(R1/R2)currentsarestrongasaresultofreconnectiononboth

dayandnightsidegivingrisetoatwo-cellcurrentpattern.During

BY±conditionsthedawnandduskcellsbecomemorecircularor

crescentasaresultofthedaysidereconnectiongeometry,giving

risetoalternatecurrentpaths.
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Algorithm 1. Inversion scheme.

3.3 Equivalent currents

The equivalent horizontal ionospheric current (EHIC) can

similarly be represented by a scalar potential (Laundal et al.,

2016) and therefore expressed in terms of the same SH

coefficients as in Eq. 4.
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Here h is the height with respect to a where the potential is

evaluated. It is important to point out that Eq. 11 is the current

potential expressed by the external magnetic field and h is

therefore set to 110 km.

Evaluating the horizontal gradient of Ψ gives the EHIC.

j⊥ � r̂ ×∇Ψ (12)

Where r̂ is a unit vector in the radial direction. The magnetic

perturbation as a result of the ionospheric Hall current can be set

equal to j⊥ if the magnetic field lines are assumed to be radial and the

conductance uniform (Fukushima, 1969, 1976). Additionally,

following Amm et al. (2002) an expression for the FACs can be

written as

j‖ � β−1 ∇× j⊥[ ]r (13)

where β is the Hall and Pedersen conductance ratio and assumed

to be constant. Equation 13 can be written in terms of Ψ by

applying the relation from equation 34 in Sabaka et al. (2014).

j‖ �
n n + 1( )

βr2 Ψ (14)

β is still unknown and will later be assumed to be 1 resulting in

what we will refer to as equivalent field aligned currents (EFACs).

Thus providing estimates of the EHIC and EFAC in terms of SH

coefficients.

4 Results

A rapid increase in Pd can cause a SC which is commonly

decomposed into two main parts; the low/mid and high latitude

geomagnetic response, Eq. 1, with varying spatial and temporal

scales. Madelaire et al. (2022) carried out a superposed epoch

analysis of the SMR and PCN index in order to examine these

geomagnetic responses. In this study we carry out a superposed

epoch analysis using SH modeling. With this approach we create

a continuous model, in space, based on multiple events allowing

us to estimate magnetic field perturbations and ionospheric

equivalent currents. In this section we 1) present model

results prior to onset to illustrate the methods ability to

recreate IMF and dipole tilt dependent current patterns and

2) examine incoherent and coherent high latitude ionospheric

responses and the dependence on IMF orientation and dipole tilt.

4.1 Prior patterns

This study builds on the premise that a superposed epoch

analysis using a spherical harmonic modeling technique is

capable of robustly reproducing the underlying pattern

common for a majority of events in a group. As an initial

assessment Figure 1 shows the mean and standard deviation

of the external radial magnetic field perturbation Br across all

50 model realizations at epoch −5 (5 min prior to onset) for all

12 event groups above 50° mlat (magnetic latitude). The figure is

divided into three rows indicating dipole tilt and four columns

indicating IMF clock angle. The magnitude of the model

predictions vary significantly across groups and the maps have

therefore been given individual colorbars. The number in the

upper right corner of each map indicate the maximum of their

respective colorbars, in units of nT.

Maps of the mean are in good agreement with previous

studies on current patterns and their dependency on IMF clock

angle and dipole tilt (Cowley and Lockwood, 1992; Pettigrew

et al., 2010; Weimer, 2013; Laundal et al., 2018). Predictions

during summer are of higher magnitude than equinox and winter

mainly as a result of variations in sunlight-induced conductivity

and auroral precipitation with decreasing dipole tilt (Moen and

Brekke, 1993; Liou et al., 2001). During BZ+ there are strong NBZ

currents and overall stronger currents on the duskside as a result

of co-rotation (Förster et al., 2017). During BZ-region 1 and 2

(R1/R2) currents are strong as a result of reconnection on both

day and nightside giving rise to a two-cell current pattern. During

BY± conditions the dawn and dusk cells become more circular or

crescent as a result of the dayside reconnection geometry, giving

rise to alternate current paths.
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βisstillunknownandwilllaterbeassumedtobe1resultingin

whatwewillrefertoasequivalentfieldalignedcurrents(EFACs).

ThusprovidingestimatesoftheEHICandEFACintermsofSH

coefficients.

4Results

ArapidincreaseinPdcancauseaSCwhichiscommonly

decomposedintotwomainparts;thelow/midandhighlatitude

geomagneticresponse,Eq.1,withvaryingspatialandtemporal

scales.Madelaireetal.(2022)carriedoutasuperposedepoch

analysisoftheSMRandPCNindexinordertoexaminethese

geomagneticresponses.Inthisstudywecarryoutasuperposed

epochanalysisusingSHmodeling.Withthisapproachwecreate

acontinuousmodel,inspace,basedonmultipleeventsallowing

ustoestimatemagneticfieldperturbationsandionospheric

equivalentcurrents.Inthissectionwe1)presentmodel

resultspriortoonsettoillustratethemethodsabilityto

recreateIMFanddipoletiltdependentcurrentpatternsand

2)examineincoherentandcoherenthighlatitudeionospheric

responsesandthedependenceonIMForientationanddipoletilt.

4.1Priorpatterns

Thisstudybuildsonthepremisethatasuperposedepoch

analysisusingasphericalharmonicmodelingtechniqueis

capableofrobustlyreproducingtheunderlyingpattern

commonforamajorityofeventsinagroup.Asaninitial

assessmentFigure1showsthemeanandstandarddeviation

oftheexternalradialmagneticfieldperturbationBracrossall

50modelrealizationsatepoch−5(5minpriortoonset)forall

12eventgroupsabove50°mlat(magneticlatitude).Thefigureis

dividedintothreerowsindicatingdipoletiltandfourcolumns

indicatingIMFclockangle.Themagnitudeofthemodel

predictionsvarysignificantlyacrossgroupsandthemapshave

thereforebeengivenindividualcolorbars.Thenumberinthe

upperrightcornerofeachmapindicatethemaximumoftheir

respectivecolorbars,inunitsofnT.

Mapsofthemeanareingoodagreementwithprevious

studiesoncurrentpatternsandtheirdependencyonIMFclock

angleanddipoletilt(CowleyandLockwood,1992;Pettigrew

etal.,2010;Weimer,2013;Laundaletal.,2018).Predictions

duringsummerareofhighermagnitudethanequinoxandwinter

mainlyasaresultofvariationsinsunlight-inducedconductivity

andauroralprecipitationwithdecreasingdipoletilt(Moenand

Brekke,1993;Liouetal.,2001).DuringBZ+therearestrongNBZ

currentsandoverallstrongercurrentsonthedusksideasaresult

ofco-rotation(Försteretal.,2017).DuringBZ-region1and2

(R1/R2)currentsarestrongasaresultofreconnectiononboth

dayandnightsidegivingrisetoatwo-cellcurrentpattern.During

BY±conditionsthedawnandduskcellsbecomemorecircularor

crescentasaresultofthedaysidereconnectiongeometry,giving

risetoalternatecurrentpaths.
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4.1Priorpatterns

Thisstudybuildsonthepremisethatasuperposedepoch

analysisusingasphericalharmonicmodelingtechniqueis

capableofrobustlyreproducingtheunderlyingpattern

commonforamajorityofeventsinagroup.Asaninitial

assessmentFigure1showsthemeanandstandarddeviation

oftheexternalradialmagneticfieldperturbationBracrossall

50modelrealizationsatepoch−5(5minpriortoonset)forall

12eventgroupsabove50°mlat(magneticlatitude).Thefigureis

dividedintothreerowsindicatingdipoletiltandfourcolumns

indicatingIMFclockangle.Themagnitudeofthemodel

predictionsvarysignificantlyacrossgroupsandthemapshave

thereforebeengivenindividualcolorbars.Thenumberinthe

upperrightcornerofeachmapindicatethemaximumoftheir

respectivecolorbars,inunitsofnT.

Mapsofthemeanareingoodagreementwithprevious

studiesoncurrentpatternsandtheirdependencyonIMFclock

angleanddipoletilt(CowleyandLockwood,1992;Pettigrew

etal.,2010;Weimer,2013;Laundaletal.,2018).Predictions

duringsummerareofhighermagnitudethanequinoxandwinter

mainlyasaresultofvariationsinsunlight-inducedconductivity

andauroralprecipitationwithdecreasingdipoletilt(Moenand

Brekke,1993;Liouetal.,2001).DuringBZ+therearestrongNBZ

currentsandoverallstrongercurrentsonthedusksideasaresult

ofco-rotation(Försteretal.,2017).DuringBZ-region1and2

(R1/R2)currentsarestrongasaresultofreconnectiononboth

dayandnightsidegivingrisetoatwo-cellcurrentpattern.During

BY±conditionsthedawnandduskcellsbecomemorecircularor

crescentasaresultofthedaysidereconnectiongeometry,giving

risetoalternatecurrentpaths.
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j⊥�r̂×∇Ψ(12)
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FIGURE 1
Illustration of the average model and its variation 5 min prior to onset. Each map shows either the mean or standard deviation of Br as predicted
by the 50model realizations. The number in the upper right corner of eachmap indicates themagnitude of the colorbars for that specificmap in units
of nT. The columns and rows indicate the IMF clock and dipole tilt angle, respectively.
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FIGURE1
Illustrationoftheaveragemodelanditsvariation5minpriortoonset.EachmapshowseitherthemeanorstandarddeviationofBraspredicted
bythe50modelrealizations.Thenumberintheupperrightcornerofeachmapindicatesthemagnitudeofthecolorbarsforthatspecificmapinunits
ofnT.ThecolumnsandrowsindicatetheIMFclockanddipoletiltangle,respectively.
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Variation between model realizations is generally low,

but can become large near the edges of current cells as a result

of a varying latitudinal extent of the cells. The variations

might be reduced if the magnitude of the IMF and

increase in Pd was taken into account when creating the

event groups.

4.2 High latitude geomagnetic response

The geomagnetic response is divided in two, Eq. 1. DP is

further divided into PI (preliminary impulse) and MI (main

impulse), Eq. 2, representing two sets of transient convection

vortices. The resulting magnetic perturbation is superimposed

FIGURE 2
Maps of EHIC and EFAC 5 min before and after onset for the BZ groups. The colored contour indicates EFACs while Ψ is shown by the black
equipotential lines. Each set of figures is described by the two numbers written between them. The first indicates the step size of Ψ in kA while the
second indicates the maximum of their unique colorbar.
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Variationbetweenmodelrealizationsisgenerallylow,

butcanbecomelargeneartheedgesofcurrentcellsasaresult

ofavaryinglatitudinalextentofthecells.Thevariations

mightbereducedifthemagnitudeoftheIMFand

increaseinPdwastakenintoaccountwhencreatingthe

eventgroups.

4.2Highlatitudegeomagneticresponse

Thegeomagneticresponseisdividedintwo,Eq.1.DPis

furtherdividedintoPI(preliminaryimpulse)andMI(main

impulse),Eq.2,representingtwosetsoftransientconvection

vortices.Theresultingmagneticperturbationissuperimposed

FIGURE2
MapsofEHICandEFAC5minbeforeandafteronsetfortheBZgroups.ThecoloredcontourindicatesEFACswhileΨisshownbytheblack
equipotentiallines.Eachsetoffiguresisdescribedbythetwonumberswrittenbetweenthem.ThefirstindicatesthestepsizeofΨinkAwhilethe
secondindicatesthemaximumoftheiruniquecolorbar.
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on the pre-existing perturbation magnetic field shown in Figure 1.

The signal from these transient convection vortices will in most

cases be overshadowed by the dominant pre-existing signal.

Figures 2, 3 show Ψ, Eq. 11, and EFACs (equivalent field

aligned currents), Eq. 14, at epoch −5 and 5 (5 min before and

after onset). The colored contours are EFACs, where red (blue)

indicate an upward (downward) FAC, andΨ is illustrated in terms

of equipotential lines.

BZ+ models during equinox (Figures 2B,E) and winter (Figures

2C,F) show clear differences before and after onset. After onset the

area around the NBZ currents intensifies and the current vortices

extend towards the nightside. These vortices are confined by a

second set of current vortices on their equatorward edge that have

opposite orientation. The orientation, spatial extent and temporal

evolution of these two set of current vortices are in agreement with

previous case studies (Friis-Christensen et al., 1988; Moretto et al.,

FIGURE 3
Similar to Figure 2, but for BY dominated IMF.
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casesbeovershadowedbythedominantpre-existingsignal.

Figures2,3showΨ,Eq.11,andEFACs(equivalentfield

alignedcurrents),Eq.14,atepoch−5and5(5minbeforeand

afteronset).ThecoloredcontoursareEFACs,wherered(blue)

indicateanupward(downward)FAC,andΨisillustratedinterms

ofequipotentiallines.

BZ+modelsduringequinox(Figures2B,E)andwinter(Figures

2C,F)showcleardifferencesbeforeandafteronset.Afteronsetthe

areaaroundtheNBZcurrentsintensifiesandthecurrentvortices

extendtowardsthenightside.Thesevorticesareconfinedbya

secondsetofcurrentvorticesontheirequatorwardedgethathave

oppositeorientation.Theorientation,spatialextentandtemporal

evolutionofthesetwosetofcurrentvorticesareinagreementwith

previouscasestudies(Friis-Christensenetal.,1988;Morettoetal.,

FIGURE3
SimilartoFigure2,butforBYdominatedIMF.
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2000), statistical studies (Stauning and Troshichev, 2008) and

MHD simulation studies (Slinker et al., 1999; Keller et al., 2002;

Fujita et al., 2003a,b, 2005; Ridley et al., 2006; Samsonov et al., 2010;

Samsonov and Sibeck, 2013; Shi et al., 2014; Welling et al., 2021).

For all other event groups the general magnitude increases, but no

transient response is observed (Figures 2A,D,G–L and

FIGURE 4
(A) Time series of ΔΨ for all 12 groups. The mean and 90% confidence interval across all 50 mode realizations is shown as a solid line and a
shaded area, respectively. The time series was set to zero with respect to when the response initiates indicated by the asterisk on the y-axis. (B–D)
Summary of statistics related to Figure 4A shown as box plots. (B) shows the epoch at which response initiates for the 12 groups. (C) shows when the
ΔΨ time series peaks. (D) shows the rise time [difference between (A and B)]. During equinox and winter BZ+ is given by two (red and blue)
boxplots which are related to a decomposition illustrated in Figure 5.
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Forallothereventgroupsthegeneralmagnitudeincreases,butno

transientresponseisobserved(Figures2A,D,G–Land

FIGURE4
(A)TimeseriesofΔΨforall12groups.Themeanand90%confidenceintervalacrossall50moderealizationsisshownasasolidlineanda
shadedarea,respectively.Thetimeserieswassettozerowithrespecttowhentheresponseinitiatesindicatedbytheasteriskonthey-axis.(B–D)
SummaryofstatisticsrelatedtoFigure4Ashownasboxplots.(B)showstheepochatwhichresponseinitiatesforthe12groups.(C)showswhenthe
ΔΨtimeseriespeaks.(D)showstherisetime[differencebetween(AandB)].DuringequinoxandwinterBZ+isgivenbytwo(redandblue)
boxplotswhicharerelatedtoadecompositionillustratedinFigure5.
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Figures 3A–L). One factor that could play a role in the lack of a

transient response is the increased dayside reconnection which

enhances the preexisting convection pattern. The lack of a visible

transient response is likely due to stronger pre-existing convection

as a result of dayside reconnection.

4.2.1 Incoherent ionospheric response
In this section we attempt to look past the pre-existing

magnetic field in order to examine the temporal evolution of

the transient ionospheric response. This is more easily achieved

by summarizing it by a single parameter. Here we use ΔΨ, the
maximum difference in the current potential given by Eq. 11.

Under normal circumstances the potential will be bi-modal with

the global min/max coinciding with the current pattern allowing

for easy determination of the maximum difference. Changes to

the system will often manifest themselves as an increase or

decrease in ΔΨ making it convenient for an analysis of the

temporal evolution. Figure 4A shows the mean ΔΨ across all

model realizations along with the 90% confidence interval. The

time series was set to zero with respect to when the response

initiates. The time at which the response initiates was determined

using the rise time algorithm described byMadelaire et al. (2022).

The algorithm also provides the peak (when the time series

begins to plateau) allowing for the rise time to be determined.

The shape, size and temporal evolution changes significantly

with IMF clock angle and dipole tilt. In the rest of this section we

take a closer look at the characteristics of Figure 4A.

4.2.1.1 Initialization

The epoch at which ΔΨ, in Figure 4A, begins to increase is

illustrated as box plots in Figure 4B. The red and blue box plots

relate to a decomposition done later in this section and the reader

should disregard the blue box plot for now. The signal initiates

around epoch 1–3 for all event groups except for BZ+ groups

where the initialization occurs around epoch −2 to −1.

Determining ΔΨ is normally easy due to the bi-modal

nature of Ψ. However, when multiple cells of similar

magnitude grow and decay, as is the case for BZ+ during

equinox and winter, the global min/max will jump around

thus making the current method invalid. In these two cases

we observed an increase in and around the NBZ cells,

consistent with the PI (preliminary impulse), followed by

an increase at 65°–75° mlat similar to R1/R2 starting on the

dayside, consistent with the MI. We constrained the area

within which ΔΨ was computed so as to separate the PI and

MI. The PI was isolated by evaluating Ψ above 72° mlat and

between 6 and 18 mlt (magnetic local time). The MI was

isolated by evaluating Ψ between 65° and 80° mlat. Separate

constraints were applied to the dawn and dusk cell due to an

asymmetric response which will be further discussed in

Section 4.2.2. At dusk Ψ was evaluated between 12 and

18 mlt while dawn was constrained to 6–12 mlt until

epoch 5 whereafter it was relaxed to 0–12 mlt. The result

of hard-coding where Ψ was evaluated allows for the

separation of the two responses as shown in Figure 5.

Here the mean PI (MI) is shown in red (blue) with a 90%

confidence interval, and the maximum of the two is shown in

black. We have labeled the two time series PI and MI as the

current vortices observed correspond to the expected

orientation and location of the convection vortices

associated with PI and MI.

Returning to Figure 4B the PI (MI) is shown with red (blue)

box plots. The PI values fit very well with those determined for

BZ+ during summer where the response near the NBZ cells is

dominant. The MI initialization fits very well with the

initialization of ΔΨ for all other IMF clock angles. One might

question why there is no PI for non-BZ+ groups. This is likely

because the PI occurs poleward of the global min/max where ΔΨ
is evaluated and its magnitude is not large enough to shift their

location.

FIGURE 5
Decomposition ΔΨ for BZ+ during equinox and winter into PI and MI.
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Figures3A–L).Onefactorthatcouldplayaroleinthelackofa

transientresponseistheincreaseddaysidereconnectionwhich

enhancesthepreexistingconvectionpattern.Thelackofavisible

transientresponseislikelyduetostrongerpre-existingconvection

asaresultofdaysidereconnection.

4.2.1Incoherentionosphericresponse
Inthissectionweattempttolookpastthepre-existing

magneticfieldinordertoexaminethetemporalevolutionof

thetransientionosphericresponse.Thisismoreeasilyachieved

bysummarizingitbyasingleparameter.HereweuseΔΨ,the
maximumdifferenceinthecurrentpotentialgivenbyEq.11.

Undernormalcircumstancesthepotentialwillbebi-modalwith

theglobalmin/maxcoincidingwiththecurrentpatternallowing

foreasydeterminationofthemaximumdifference.Changesto

thesystemwilloftenmanifestthemselvesasanincreaseor

decreaseinΔΨmakingitconvenientforananalysisofthe

temporalevolution.Figure4AshowsthemeanΔΨacrossall

modelrealizationsalongwiththe90%confidenceinterval.The

timeserieswassettozerowithrespecttowhentheresponse

initiates.Thetimeatwhichtheresponseinitiateswasdetermined

usingtherisetimealgorithmdescribedbyMadelaireetal.(2022).

Thealgorithmalsoprovidesthepeak(whenthetimeseries

beginstoplateau)allowingfortherisetimetobedetermined.

Theshape,sizeandtemporalevolutionchangessignificantly

withIMFclockangleanddipoletilt.Intherestofthissectionwe

takeacloserlookatthecharacteristicsofFigure4A.

4.2.1.1Initialization

TheepochatwhichΔΨ,inFigure4A,beginstoincreaseis

illustratedasboxplotsinFigure4B.Theredandblueboxplots

relatetoadecompositiondonelaterinthissectionandthereader

shoulddisregardtheblueboxplotfornow.Thesignalinitiates

aroundepoch1–3foralleventgroupsexceptforBZ+groups

wheretheinitializationoccursaroundepoch−2to−1.

DeterminingΔΨisnormallyeasyduetothebi-modal

natureofΨ.However,whenmultiplecellsofsimilar

magnitudegrowanddecay,asisthecaseforBZ+during

equinoxandwinter,theglobalmin/maxwilljumparound

thusmakingthecurrentmethodinvalid.Inthesetwocases

weobservedanincreaseinandaroundtheNBZcells,

consistentwiththePI(preliminaryimpulse),followedby

anincreaseat65°–75°mlatsimilartoR1/R2startingonthe

dayside,consistentwiththeMI.Weconstrainedthearea

withinwhichΔΨwascomputedsoastoseparatethePIand

MI.ThePIwasisolatedbyevaluatingΨabove72°mlatand

between6and18mlt(magneticlocaltime).TheMIwas

isolatedbyevaluatingΨbetween65°and80°mlat.Separate

constraintswereappliedtothedawnandduskcellduetoan

asymmetricresponsewhichwillbefurtherdiscussedin

Section4.2.2.AtduskΨwasevaluatedbetween12and

18mltwhiledawnwasconstrainedto6–12mltuntil

epoch5whereafteritwasrelaxedto0–12mlt.Theresult

ofhard-codingwhereΨwasevaluatedallowsforthe

separationofthetworesponsesasshowninFigure5.

HerethemeanPI(MI)isshowninred(blue)witha90%

confidenceinterval,andthemaximumofthetwoisshownin

black.WehavelabeledthetwotimeseriesPIandMIasthe

currentvorticesobservedcorrespondtotheexpected

orientationandlocationoftheconvectionvortices

associatedwithPIandMI.

ReturningtoFigure4BthePI(MI)isshownwithred(blue)

boxplots.ThePIvaluesfitverywellwiththosedeterminedfor

BZ+duringsummerwheretheresponseneartheNBZcellsis

dominant.TheMIinitializationfitsverywellwiththe

initializationofΔΨforallotherIMFclockangles.Onemight

questionwhythereisnoPIfornon-BZ+groups.Thisislikely

becausethePIoccurspolewardoftheglobalmin/maxwhereΔΨ
isevaluatedanditsmagnitudeisnotlargeenoughtoshifttheir

location.

FIGURE5
DecompositionΔΨforBZ+duringequinoxandwinterintoPIandMI.
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equinox and winter, the global min/max will jump around

thus making the current method invalid. In these two cases

we observed an increase in and around the NBZ cells,

consistent with the PI (preliminary impulse), followed by

an increase at 65°–75° mlat similar to R1/R2 starting on the

dayside, consistent with the MI. We constrained the area

within which ΔΨ was computed so as to separate the PI and

MI. The PI was isolated by evaluating Ψ above 72° mlat and

between 6 and 18 mlt (magnetic local time). The MI was

isolated by evaluating Ψ between 65° and 80° mlat. Separate

constraints were applied to the dawn and dusk cell due to an

asymmetric response which will be further discussed in

Section 4.2.2. At dusk Ψ was evaluated between 12 and

18 mlt while dawn was constrained to 6–12 mlt until

epoch 5 whereafter it was relaxed to 0–12 mlt. The result

of hard-coding where Ψ was evaluated allows for the

separation of the two responses as shown in Figure 5.

Here the mean PI (MI) is shown in red (blue) with a 90%

confidence interval, and the maximum of the two is shown in

black. We have labeled the two time series PI and MI as the

current vortices observed correspond to the expected

orientation and location of the convection vortices

associated with PI and MI.

Returning to Figure 4B the PI (MI) is shown with red (blue)

box plots. The PI values fit very well with those determined for

BZ+ during summer where the response near the NBZ cells is

dominant. The MI initialization fits very well with the

initialization of ΔΨ for all other IMF clock angles. One might

question why there is no PI for non-BZ+ groups. This is likely

because the PI occurs poleward of the global min/max where ΔΨ
is evaluated and its magnitude is not large enough to shift their

location.

FIGURE 5
Decomposition ΔΨ for BZ+ during equinox and winter into PI and MI.
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Figures3A–L).Onefactorthatcouldplayaroleinthelackofa

transientresponseistheincreaseddaysidereconnectionwhich

enhancesthepreexistingconvectionpattern.Thelackofavisible

transientresponseislikelyduetostrongerpre-existingconvection

asaresultofdaysidereconnection.

4.2.1Incoherentionosphericresponse
Inthissectionweattempttolookpastthepre-existing

magneticfieldinordertoexaminethetemporalevolutionof

thetransientionosphericresponse.Thisismoreeasilyachieved

bysummarizingitbyasingleparameter.HereweuseΔΨ,the
maximumdifferenceinthecurrentpotentialgivenbyEq.11.

Undernormalcircumstancesthepotentialwillbebi-modalwith

theglobalmin/maxcoincidingwiththecurrentpatternallowing

foreasydeterminationofthemaximumdifference.Changesto

thesystemwilloftenmanifestthemselvesasanincreaseor

decreaseinΔΨmakingitconvenientforananalysisofthe

temporalevolution.Figure4AshowsthemeanΔΨacrossall

modelrealizationsalongwiththe90%confidenceinterval.The

timeserieswassettozerowithrespecttowhentheresponse

initiates.Thetimeatwhichtheresponseinitiateswasdetermined

usingtherisetimealgorithmdescribedbyMadelaireetal.(2022).

Thealgorithmalsoprovidesthepeak(whenthetimeseries

beginstoplateau)allowingfortherisetimetobedetermined.

Theshape,sizeandtemporalevolutionchangessignificantly

withIMFclockangleanddipoletilt.Intherestofthissectionwe

takeacloserlookatthecharacteristicsofFigure4A.

4.2.1.1Initialization

TheepochatwhichΔΨ,inFigure4A,beginstoincreaseis

illustratedasboxplotsinFigure4B.Theredandblueboxplots

relatetoadecompositiondonelaterinthissectionandthereader

shoulddisregardtheblueboxplotfornow.Thesignalinitiates

aroundepoch1–3foralleventgroupsexceptforBZ+groups

wheretheinitializationoccursaroundepoch−2to−1.

DeterminingΔΨisnormallyeasyduetothebi-modal

natureofΨ.However,whenmultiplecellsofsimilar

magnitudegrowanddecay,asisthecaseforBZ+during

equinoxandwinter,theglobalmin/maxwilljumparound

thusmakingthecurrentmethodinvalid.Inthesetwocases

weobservedanincreaseinandaroundtheNBZcells,

consistentwiththePI(preliminaryimpulse),followedby

anincreaseat65°–75°mlatsimilartoR1/R2startingonthe

dayside,consistentwiththeMI.Weconstrainedthearea

withinwhichΔΨwascomputedsoastoseparatethePIand

MI.ThePIwasisolatedbyevaluatingΨabove72°mlatand

between6and18mlt(magneticlocaltime).TheMIwas

isolatedbyevaluatingΨbetween65°and80°mlat.Separate

constraintswereappliedtothedawnandduskcellduetoan

asymmetricresponsewhichwillbefurtherdiscussedin

Section4.2.2.AtduskΨwasevaluatedbetween12and

18mltwhiledawnwasconstrainedto6–12mltuntil

epoch5whereafteritwasrelaxedto0–12mlt.Theresult

ofhard-codingwhereΨwasevaluatedallowsforthe

separationofthetworesponsesasshowninFigure5.

HerethemeanPI(MI)isshowninred(blue)witha90%

confidenceinterval,andthemaximumofthetwoisshownin

black.WehavelabeledthetwotimeseriesPIandMIasthe

currentvorticesobservedcorrespondtotheexpected

orientationandlocationoftheconvectionvortices

associatedwithPIandMI.

ReturningtoFigure4BthePI(MI)isshownwithred(blue)

boxplots.ThePIvaluesfitverywellwiththosedeterminedfor

BZ+duringsummerwheretheresponseneartheNBZcellsis

dominant.TheMIinitializationfitsverywellwiththe

initializationofΔΨforallotherIMFclockangles.Onemight

questionwhythereisnoPIfornon-BZ+groups.Thisislikely

becausethePIoccurspolewardoftheglobalmin/maxwhereΔΨ
isevaluatedanditsmagnitudeisnotlargeenoughtoshifttheir

location.

FIGURE5
DecompositionΔΨforBZ+duringequinoxandwinterintoPIandMI.
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4.2.1.2 Peak and rise time

The peak and rise time of ΔΨ are shown in Figures 4C,D. For

BZ+ the peak occurs around epoch 4 while for all other IMF

conditions it occurs around epoch 7–11. The difference is not

surprising considering how clearly the PI can be observed

during BZ+. The results are consistent with the superposed

epoch analysis of the PCN index conducted by Madelaire et al.

(2022). The rise time for the PI is around 5 min while it is

6–10 min for the MI. When comparing Figures 4B–D, the

largest source of variation in rise time is from the peak

determination. This is consistent with Takeuchi et al. (2002)

who studied the rise time of the low/mid latitude geomagnetic

response and found it to be around 2–10 min with one event

reaching 30 min, presumably due to a highly inclined shock

normal.

4.2.1.3 Magnitude and decay

The average increase in Pd across event groups is of similar

size, one might therefore assume that the magnitude of the

geomagnetic response would be of similar magnitude across

all IMF groups in a particular season. Comparing ΔΨ within

the individual seasons shows BZ-to have a magnitude around 2

(3) times larger than BY± (BZ+). The solar wind-

magnetosphere coupling efficiency is highly dependent on

the IMF clock angle (Newell et al., 2007) and it is therefore no

surprise that ΔΨ is significantly larger for BZ-due to dayside

reconnection.

The ΔΨ ratio between summer and winter is ~1.8 for all IMF

clock angles. The ratio of the PI for BZ+ is 2.4 indicating a much

higher seasonal dependence. Samsonov et al. (2010) studied the

effects of an interplanetary shock using a MHD simulation and

concluded that the PI was associated with lobe reconnection. If

this finding is true the larger variation in the PI can be controlled

partly by dipole tilt as it has a large impact on the lobe coupling

efficiency (Reistad et al., 2019).

Similar to the magnitude, the decay is IMF clock angle

dependent. The decay during BZ+ is quicker compared to

other event groups. The BY± groups plateau or decay slowly

while BZ-plateau or trend upwards. The longer lived response

for BY± and BZ-is most probably a consequence of increased

dayside reconnection brought on by the new pressure

balance.

4.2.2 Northward IMF case
In Section 4.2.1 we examined the ionospheric response to

rapid increases in Pd and found dependencies on both IMF

clock angle and dipole tilt. Here we examine the temporal

evolution using the model during BZ+ as the transient event is

strongest relative to the background for these environmental

conditions.

The decomposition of ΔΨ in Figure 5 illustrates the

magnitude of PI and MI along with their temporal extent.

The decomposition was made by evaluating the local min/max

of Ψ. The positions used in that calculation can be visualized to

show how the cells move and the variation between model

realizations. Figure 6 shows the location of the current

potential min/max in orange/purple dots. Superimposed is the

average path where the green (red) dots indicate the beginning

(end). The PI is shown from epoch −2–10 and the MI is shown

from 0 to 15. It is clear that the center of the PI current vortices

and theMI vortex at dusk do not movemuch. However, theMI at

dawn moves from around 10 to 6.5 mlt between epoch 2–8

(6 min) at 67° mlat leading to a westward velocity of 6.3 km/s.

This is similar in size to the estimates of 3–5 km/s by Friis-

Christensen et al. (1988) and 5 km/s by Slinker et al. (1999). After

epoch 8 the center jumps from 6 to 2 mlt as the current vortex

weakens and becomes indistinguishable from the pre-existing

feature on the night side.

Figures 7, 8 show maps of EHIC and EFAC

superimposed. Here model predictions are shown with

1–min resolution spanning epoch −1–6 and then with

2–min resolution from epoch 6–14. Before onset there is a

set of NBZ cells with centers located around (9 mlt, 80° mlat)

and (14 mlt, 82° mlat). There appears to be virtually no

westward electrojet, while there is an eastward electrojet,

possibly due to co-rotation (Förster et al., 2017). On the

nightside there are 2 cells located around (1 mlt, 75° mlat)

FIGURE 6
Illustration of the PI and MI current vortex centers resulting
from the decomposition of ΔΨ during BZ+ Winter in Figure 5. The
poleward (equatorward) purple/orange dots indicate convection
cell centers for PI (MI) across all 50 model realizations
between epochs −2–8 (0–10). The black lines indicated the
average path of the convection cell where the green and red dots
indicate the start and end, respectively.
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4.2.1.2Peakandrisetime

ThepeakandrisetimeofΔΨareshowninFigures4C,D.For

BZ+thepeakoccursaroundepoch4whileforallotherIMF

conditionsitoccursaroundepoch7–11.Thedifferenceisnot

surprisingconsideringhowclearlythePIcanbeobserved

duringBZ+.Theresultsareconsistentwiththesuperposed

epochanalysisofthePCNindexconductedbyMadelaireetal.

(2022).TherisetimeforthePIisaround5minwhileitis

6–10minfortheMI.WhencomparingFigures4B–D,the

largestsourceofvariationinrisetimeisfromthepeak

determination.ThisisconsistentwithTakeuchietal.(2002)

whostudiedtherisetimeofthelow/midlatitudegeomagnetic

responseandfoundittobearound2–10minwithoneevent

reaching30min,presumablyduetoahighlyinclinedshock

normal.

4.2.1.3Magnitudeanddecay

TheaverageincreaseinPdacrosseventgroupsisofsimilar

size,onemightthereforeassumethatthemagnitudeofthe

geomagneticresponsewouldbeofsimilarmagnitudeacross

allIMFgroupsinaparticularseason.ComparingΔΨwithin

theindividualseasonsshowsBZ-tohaveamagnitudearound2

(3)timeslargerthanBY±(BZ+).Thesolarwind-

magnetospherecouplingefficiencyishighlydependenton

theIMFclockangle(Newelletal.,2007)anditisthereforeno

surprisethatΔΨissignificantlylargerforBZ-duetodayside

reconnection.

TheΔΨratiobetweensummerandwinteris~1.8forallIMF

clockangles.TheratioofthePIforBZ+is2.4indicatingamuch

higherseasonaldependence.Samsonovetal.(2010)studiedthe

effectsofaninterplanetaryshockusingaMHDsimulationand

concludedthatthePIwasassociatedwithlobereconnection.If

thisfindingistruethelargervariationinthePIcanbecontrolled

partlybydipoletiltasithasalargeimpactonthelobecoupling

efficiency(Reistadetal.,2019).

Similartothemagnitude,thedecayisIMFclockangle

dependent.ThedecayduringBZ+isquickercomparedto

othereventgroups.TheBY±groupsplateauordecayslowly

whileBZ-plateauortrendupwards.Thelongerlivedresponse

forBY±andBZ-ismostprobablyaconsequenceofincreased

daysidereconnectionbroughtonbythenewpressure

balance.

4.2.2NorthwardIMFcase
InSection4.2.1weexaminedtheionosphericresponseto

rapidincreasesinPdandfounddependenciesonbothIMF

clockangleanddipoletilt.Hereweexaminethetemporal

evolutionusingthemodelduringBZ+asthetransienteventis

strongestrelativetothebackgroundfortheseenvironmental

conditions.

ThedecompositionofΔΨinFigure5illustratesthe

magnitudeofPIandMIalongwiththeirtemporalextent.

Thedecompositionwasmadebyevaluatingthelocalmin/max

ofΨ.Thepositionsusedinthatcalculationcanbevisualizedto

showhowthecellsmoveandthevariationbetweenmodel

realizations.Figure6showsthelocationofthecurrent

potentialmin/maxinorange/purpledots.Superimposedisthe

averagepathwherethegreen(red)dotsindicatethebeginning

(end).ThePIisshownfromepoch−2–10andtheMIisshown

from0to15.ItisclearthatthecenterofthePIcurrentvortices

andtheMIvortexatduskdonotmovemuch.However,theMIat

dawnmovesfromaround10to6.5mltbetweenepoch2–8

(6min)at67°mlatleadingtoawestwardvelocityof6.3km/s.

Thisissimilarinsizetotheestimatesof3–5km/sbyFriis-

Christensenetal.(1988)and5km/sbySlinkeretal.(1999).After

epoch8thecenterjumpsfrom6to2mltasthecurrentvortex

weakensandbecomesindistinguishablefromthepre-existing

featureonthenightside.

Figures7,8showmapsofEHICandEFAC

superimposed.Heremodelpredictionsareshownwith

1–minresolutionspanningepoch−1–6andthenwith

2–minresolutionfromepoch6–14.Beforeonsetthereisa

setofNBZcellswithcenterslocatedaround(9mlt,80°mlat)

and(14mlt,82°mlat).Thereappearstobevirtuallyno

westwardelectrojet,whilethereisaneastwardelectrojet,

possiblyduetoco-rotation(Försteretal.,2017).Onthe

nightsidethereare2cellslocatedaround(1mlt,75°mlat)

FIGURE6
IllustrationofthePIandMIcurrentvortexcentersresulting
fromthedecompositionofΔΨduringBZ+WinterinFigure5.The
poleward(equatorward)purple/orangedotsindicateconvection
cellcentersforPI(MI)acrossall50modelrealizations
betweenepochs−2–8(0–10).Theblacklinesindicatedthe
averagepathoftheconvectioncellwherethegreenandreddots
indicatethestartandend,respectively.
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fromthedecompositionofΔΨduringBZ+WinterinFigure5.The
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4.2.1.2 Peak and rise time

The peak and rise time of ΔΨ are shown in Figures 4C,D. For

BZ+ the peak occurs around epoch 4 while for all other IMF

conditions it occurs around epoch 7–11. The difference is not

surprising considering how clearly the PI can be observed

during BZ+. The results are consistent with the superposed

epoch analysis of the PCN index conducted by Madelaire et al.

(2022). The rise time for the PI is around 5 min while it is

6–10 min for the MI. When comparing Figures 4B–D, the

largest source of variation in rise time is from the peak

determination. This is consistent with Takeuchi et al. (2002)

who studied the rise time of the low/mid latitude geomagnetic

response and found it to be around 2–10 min with one event

reaching 30 min, presumably due to a highly inclined shock

normal.

4.2.1.3 Magnitude and decay

The average increase in Pd across event groups is of similar

size, one might therefore assume that the magnitude of the

geomagnetic response would be of similar magnitude across

all IMF groups in a particular season. Comparing ΔΨ within

the individual seasons shows BZ-to have a magnitude around 2

(3) times larger than BY± (BZ+). The solar wind-

magnetosphere coupling efficiency is highly dependent on

the IMF clock angle (Newell et al., 2007) and it is therefore no

surprise that ΔΨ is significantly larger for BZ-due to dayside

reconnection.

The ΔΨ ratio between summer and winter is ~1.8 for all IMF

clock angles. The ratio of the PI for BZ+ is 2.4 indicating a much

higher seasonal dependence. Samsonov et al. (2010) studied the

effects of an interplanetary shock using a MHD simulation and

concluded that the PI was associated with lobe reconnection. If

this finding is true the larger variation in the PI can be controlled

partly by dipole tilt as it has a large impact on the lobe coupling

efficiency (Reistad et al., 2019).

Similar to the magnitude, the decay is IMF clock angle

dependent. The decay during BZ+ is quicker compared to

other event groups. The BY± groups plateau or decay slowly

while BZ-plateau or trend upwards. The longer lived response

for BY± and BZ-is most probably a consequence of increased

dayside reconnection brought on by the new pressure

balance.

4.2.2 Northward IMF case
In Section 4.2.1 we examined the ionospheric response to

rapid increases in Pd and found dependencies on both IMF

clock angle and dipole tilt. Here we examine the temporal

evolution using the model during BZ+ as the transient event is

strongest relative to the background for these environmental

conditions.

The decomposition of ΔΨ in Figure 5 illustrates the

magnitude of PI and MI along with their temporal extent.

The decomposition was made by evaluating the local min/max

of Ψ. The positions used in that calculation can be visualized to

show how the cells move and the variation between model

realizations. Figure 6 shows the location of the current

potential min/max in orange/purple dots. Superimposed is the

average path where the green (red) dots indicate the beginning

(end). The PI is shown from epoch −2–10 and the MI is shown

from 0 to 15. It is clear that the center of the PI current vortices

and theMI vortex at dusk do not movemuch. However, theMI at

dawn moves from around 10 to 6.5 mlt between epoch 2–8

(6 min) at 67° mlat leading to a westward velocity of 6.3 km/s.

This is similar in size to the estimates of 3–5 km/s by Friis-

Christensen et al. (1988) and 5 km/s by Slinker et al. (1999). After

epoch 8 the center jumps from 6 to 2 mlt as the current vortex

weakens and becomes indistinguishable from the pre-existing

feature on the night side.

Figures 7, 8 show maps of EHIC and EFAC

superimposed. Here model predictions are shown with

1–min resolution spanning epoch −1–6 and then with

2–min resolution from epoch 6–14. Before onset there is a

set of NBZ cells with centers located around (9 mlt, 80° mlat)

and (14 mlt, 82° mlat). There appears to be virtually no

westward electrojet, while there is an eastward electrojet,

possibly due to co-rotation (Förster et al., 2017). On the

nightside there are 2 cells located around (1 mlt, 75° mlat)

FIGURE 6
Illustration of the PI and MI current vortex centers resulting
from the decomposition of ΔΨ during BZ+ Winter in Figure 5. The
poleward (equatorward) purple/orange dots indicate convection
cell centers for PI (MI) across all 50 model realizations
between epochs −2–8 (0–10). The black lines indicated the
average path of the convection cell where the green and red dots
indicate the start and end, respectively.
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BZ+ the peak occurs around epoch 4 while for all other IMF

conditions it occurs around epoch 7–11. The difference is not

surprising considering how clearly the PI can be observed

during BZ+. The results are consistent with the superposed

epoch analysis of the PCN index conducted by Madelaire et al.

(2022). The rise time for the PI is around 5 min while it is

6–10 min for the MI. When comparing Figures 4B–D, the

largest source of variation in rise time is from the peak

determination. This is consistent with Takeuchi et al. (2002)

who studied the rise time of the low/mid latitude geomagnetic

response and found it to be around 2–10 min with one event

reaching 30 min, presumably due to a highly inclined shock

normal.

4.2.1.3 Magnitude and decay

The average increase in Pd across event groups is of similar

size, one might therefore assume that the magnitude of the

geomagnetic response would be of similar magnitude across

all IMF groups in a particular season. Comparing ΔΨ within

the individual seasons shows BZ-to have a magnitude around 2

(3) times larger than BY± (BZ+). The solar wind-

magnetosphere coupling efficiency is highly dependent on

the IMF clock angle (Newell et al., 2007) and it is therefore no

surprise that ΔΨ is significantly larger for BZ-due to dayside

reconnection.

The ΔΨ ratio between summer and winter is ~1.8 for all IMF

clock angles. The ratio of the PI for BZ+ is 2.4 indicating a much

higher seasonal dependence. Samsonov et al. (2010) studied the

effects of an interplanetary shock using a MHD simulation and

concluded that the PI was associated with lobe reconnection. If

this finding is true the larger variation in the PI can be controlled

partly by dipole tilt as it has a large impact on the lobe coupling

efficiency (Reistad et al., 2019).

Similar to the magnitude, the decay is IMF clock angle

dependent. The decay during BZ+ is quicker compared to

other event groups. The BY± groups plateau or decay slowly

while BZ-plateau or trend upwards. The longer lived response

for BY± and BZ-is most probably a consequence of increased

dayside reconnection brought on by the new pressure

balance.

4.2.2 Northward IMF case
In Section 4.2.1 we examined the ionospheric response to

rapid increases in Pd and found dependencies on both IMF

clock angle and dipole tilt. Here we examine the temporal

evolution using the model during BZ+ as the transient event is

strongest relative to the background for these environmental

conditions.

The decomposition of ΔΨ in Figure 5 illustrates the

magnitude of PI and MI along with their temporal extent.

The decomposition was made by evaluating the local min/max

of Ψ. The positions used in that calculation can be visualized to

show how the cells move and the variation between model

realizations. Figure 6 shows the location of the current

potential min/max in orange/purple dots. Superimposed is the

average path where the green (red) dots indicate the beginning

(end). The PI is shown from epoch −2–10 and the MI is shown

from 0 to 15. It is clear that the center of the PI current vortices

and theMI vortex at dusk do not movemuch. However, theMI at

dawn moves from around 10 to 6.5 mlt between epoch 2–8

(6 min) at 67° mlat leading to a westward velocity of 6.3 km/s.

This is similar in size to the estimates of 3–5 km/s by Friis-

Christensen et al. (1988) and 5 km/s by Slinker et al. (1999). After

epoch 8 the center jumps from 6 to 2 mlt as the current vortex

weakens and becomes indistinguishable from the pre-existing

feature on the night side.

Figures 7, 8 show maps of EHIC and EFAC

superimposed. Here model predictions are shown with

1–min resolution spanning epoch −1–6 and then with

2–min resolution from epoch 6–14. Before onset there is a

set of NBZ cells with centers located around (9 mlt, 80° mlat)

and (14 mlt, 82° mlat). There appears to be virtually no

westward electrojet, while there is an eastward electrojet,

possibly due to co-rotation (Förster et al., 2017). On the

nightside there are 2 cells located around (1 mlt, 75° mlat)

FIGURE 6
Illustration of the PI and MI current vortex centers resulting
from the decomposition of ΔΨ during BZ+ Winter in Figure 5. The
poleward (equatorward) purple/orange dots indicate convection
cell centers for PI (MI) across all 50 model realizations
between epochs −2–8 (0–10). The black lines indicated the
average path of the convection cell where the green and red dots
indicate the start and end, respectively.
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4.2.1.2Peakandrisetime

ThepeakandrisetimeofΔΨareshowninFigures4C,D.For

BZ+thepeakoccursaroundepoch4whileforallotherIMF

conditionsitoccursaroundepoch7–11.Thedifferenceisnot

surprisingconsideringhowclearlythePIcanbeobserved

duringBZ+.Theresultsareconsistentwiththesuperposed

epochanalysisofthePCNindexconductedbyMadelaireetal.

(2022).TherisetimeforthePIisaround5minwhileitis

6–10minfortheMI.WhencomparingFigures4B–D,the

largestsourceofvariationinrisetimeisfromthepeak

determination.ThisisconsistentwithTakeuchietal.(2002)

whostudiedtherisetimeofthelow/midlatitudegeomagnetic

responseandfoundittobearound2–10minwithoneevent

reaching30min,presumablyduetoahighlyinclinedshock

normal.

4.2.1.3Magnitudeanddecay

TheaverageincreaseinPdacrosseventgroupsisofsimilar

size,onemightthereforeassumethatthemagnitudeofthe

geomagneticresponsewouldbeofsimilarmagnitudeacross

allIMFgroupsinaparticularseason.ComparingΔΨwithin

theindividualseasonsshowsBZ-tohaveamagnitudearound2

(3)timeslargerthanBY±(BZ+).Thesolarwind-

magnetospherecouplingefficiencyishighlydependenton

theIMFclockangle(Newelletal.,2007)anditisthereforeno

surprisethatΔΨissignificantlylargerforBZ-duetodayside

reconnection.

TheΔΨratiobetweensummerandwinteris~1.8forallIMF

clockangles.TheratioofthePIforBZ+is2.4indicatingamuch

higherseasonaldependence.Samsonovetal.(2010)studiedthe

effectsofaninterplanetaryshockusingaMHDsimulationand

concludedthatthePIwasassociatedwithlobereconnection.If

thisfindingistruethelargervariationinthePIcanbecontrolled

partlybydipoletiltasithasalargeimpactonthelobecoupling

efficiency(Reistadetal.,2019).

Similartothemagnitude,thedecayisIMFclockangle

dependent.ThedecayduringBZ+isquickercomparedto

othereventgroups.TheBY±groupsplateauordecayslowly

whileBZ-plateauortrendupwards.Thelongerlivedresponse

forBY±andBZ-ismostprobablyaconsequenceofincreased

daysidereconnectionbroughtonbythenewpressure

balance.

4.2.2NorthwardIMFcase
InSection4.2.1weexaminedtheionosphericresponseto

rapidincreasesinPdandfounddependenciesonbothIMF

clockangleanddipoletilt.Hereweexaminethetemporal

evolutionusingthemodelduringBZ+asthetransienteventis

strongestrelativetothebackgroundfortheseenvironmental

conditions.

ThedecompositionofΔΨinFigure5illustratesthe

magnitudeofPIandMIalongwiththeirtemporalextent.

Thedecompositionwasmadebyevaluatingthelocalmin/max

ofΨ.Thepositionsusedinthatcalculationcanbevisualizedto

showhowthecellsmoveandthevariationbetweenmodel

realizations.Figure6showsthelocationofthecurrent

potentialmin/maxinorange/purpledots.Superimposedisthe

averagepathwherethegreen(red)dotsindicatethebeginning

(end).ThePIisshownfromepoch−2–10andtheMIisshown

from0to15.ItisclearthatthecenterofthePIcurrentvortices

andtheMIvortexatduskdonotmovemuch.However,theMIat

dawnmovesfromaround10to6.5mltbetweenepoch2–8

(6min)at67°mlatleadingtoawestwardvelocityof6.3km/s.

Thisissimilarinsizetotheestimatesof3–5km/sbyFriis-

Christensenetal.(1988)and5km/sbySlinkeretal.(1999).After

epoch8thecenterjumpsfrom6to2mltasthecurrentvortex

weakensandbecomesindistinguishablefromthepre-existing

featureonthenightside.

Figures7,8showmapsofEHICandEFAC

superimposed.Heremodelpredictionsareshownwith

1–minresolutionspanningepoch−1–6andthenwith

2–minresolutionfromepoch6–14.Beforeonsetthereisa

setofNBZcellswithcenterslocatedaround(9mlt,80°mlat)

and(14mlt,82°mlat).Thereappearstobevirtuallyno

westwardelectrojet,whilethereisaneastwardelectrojet,

possiblyduetoco-rotation(Försteretal.,2017).Onthe

nightsidethereare2cellslocatedaround(1mlt,75°mlat)

FIGURE6
IllustrationofthePIandMIcurrentvortexcentersresulting
fromthedecompositionofΔΨduringBZ+WinterinFigure5.The
poleward(equatorward)purple/orangedotsindicateconvection
cellcentersforPI(MI)acrossall50modelrealizations
betweenepochs−2–8(0–10).Theblacklinesindicatedthe
averagepathoftheconvectioncellwherethegreenandreddots
indicatethestartandend,respectively.
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4.2.1.2Peakandrisetime

ThepeakandrisetimeofΔΨareshowninFigures4C,D.For

BZ+thepeakoccursaroundepoch4whileforallotherIMF

conditionsitoccursaroundepoch7–11.Thedifferenceisnot

surprisingconsideringhowclearlythePIcanbeobserved

duringBZ+.Theresultsareconsistentwiththesuperposed

epochanalysisofthePCNindexconductedbyMadelaireetal.

(2022).TherisetimeforthePIisaround5minwhileitis

6–10minfortheMI.WhencomparingFigures4B–D,the

largestsourceofvariationinrisetimeisfromthepeak

determination.ThisisconsistentwithTakeuchietal.(2002)

whostudiedtherisetimeofthelow/midlatitudegeomagnetic

responseandfoundittobearound2–10minwithoneevent

reaching30min,presumablyduetoahighlyinclinedshock

normal.

4.2.1.3Magnitudeanddecay

TheaverageincreaseinPdacrosseventgroupsisofsimilar

size,onemightthereforeassumethatthemagnitudeofthe

geomagneticresponsewouldbeofsimilarmagnitudeacross

allIMFgroupsinaparticularseason.ComparingΔΨwithin

theindividualseasonsshowsBZ-tohaveamagnitudearound2

(3)timeslargerthanBY±(BZ+).Thesolarwind-

magnetospherecouplingefficiencyishighlydependenton

theIMFclockangle(Newelletal.,2007)anditisthereforeno

surprisethatΔΨissignificantlylargerforBZ-duetodayside

reconnection.

TheΔΨratiobetweensummerandwinteris~1.8forallIMF

clockangles.TheratioofthePIforBZ+is2.4indicatingamuch

higherseasonaldependence.Samsonovetal.(2010)studiedthe

effectsofaninterplanetaryshockusingaMHDsimulationand

concludedthatthePIwasassociatedwithlobereconnection.If

thisfindingistruethelargervariationinthePIcanbecontrolled

partlybydipoletiltasithasalargeimpactonthelobecoupling

efficiency(Reistadetal.,2019).

Similartothemagnitude,thedecayisIMFclockangle

dependent.ThedecayduringBZ+isquickercomparedto

othereventgroups.TheBY±groupsplateauordecayslowly

whileBZ-plateauortrendupwards.Thelongerlivedresponse

forBY±andBZ-ismostprobablyaconsequenceofincreased

daysidereconnectionbroughtonbythenewpressure

balance.

4.2.2NorthwardIMFcase
InSection4.2.1weexaminedtheionosphericresponseto

rapidincreasesinPdandfounddependenciesonbothIMF

clockangleanddipoletilt.Hereweexaminethetemporal

evolutionusingthemodelduringBZ+asthetransienteventis

strongestrelativetothebackgroundfortheseenvironmental

conditions.

ThedecompositionofΔΨinFigure5illustratesthe

magnitudeofPIandMIalongwiththeirtemporalextent.

Thedecompositionwasmadebyevaluatingthelocalmin/max

ofΨ.Thepositionsusedinthatcalculationcanbevisualizedto

showhowthecellsmoveandthevariationbetweenmodel

realizations.Figure6showsthelocationofthecurrent

potentialmin/maxinorange/purpledots.Superimposedisthe

averagepathwherethegreen(red)dotsindicatethebeginning

(end).ThePIisshownfromepoch−2–10andtheMIisshown

from0to15.ItisclearthatthecenterofthePIcurrentvortices

andtheMIvortexatduskdonotmovemuch.However,theMIat

dawnmovesfromaround10to6.5mltbetweenepoch2–8

(6min)at67°mlatleadingtoawestwardvelocityof6.3km/s.

Thisissimilarinsizetotheestimatesof3–5km/sbyFriis-

Christensenetal.(1988)and5km/sbySlinkeretal.(1999).After

epoch8thecenterjumpsfrom6to2mltasthecurrentvortex

weakensandbecomesindistinguishablefromthepre-existing

featureonthenightside.

Figures7,8showmapsofEHICandEFAC

superimposed.Heremodelpredictionsareshownwith

1–minresolutionspanningepoch−1–6andthenwith

2–minresolutionfromepoch6–14.Beforeonsetthereisa

setofNBZcellswithcenterslocatedaround(9mlt,80°mlat)

and(14mlt,82°mlat).Thereappearstobevirtuallyno

westwardelectrojet,whilethereisaneastwardelectrojet,

possiblyduetoco-rotation(Försteretal.,2017).Onthe

nightsidethereare2cellslocatedaround(1mlt,75°mlat)

FIGURE6
IllustrationofthePIandMIcurrentvortexcentersresulting
fromthedecompositionofΔΨduringBZ+WinterinFigure5.The
poleward(equatorward)purple/orangedotsindicateconvection
cellcentersforPI(MI)acrossall50modelrealizations
betweenepochs−2–8(0–10).Theblacklinesindicatedthe
averagepathoftheconvectioncellwherethegreenandreddots
indicatethestartandend,respectively.
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FIGURE 7
Maps of BZ+ during Winter from epoch −1–4. The contours and arrows indicated EFACs and EHICs, respectively.
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FIGURE 8
Maps of BZ+ during Winter from epoch 5–14. The contours and arrows indicated EFACs and EHICs, respectively.
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FIGURE8
MapsofBZ+duringWinterfromepoch5–14.ThecontoursandarrowsindicatedEFACsandEHICs,respectively.
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and (21 mlt, 70° mlat) and are likely related to nightside

reconnection.

There is no apparent difference when comparing epochs

−1 and 0 (Figures 7A,B). One minute after onset, Figures 7A,C

small intensification is observed at pre- and post-noon around

65°–80° mlat as indicated by the annotations. Two minutes after

onset, Figure 7D, the equatorward boundary of the

pre-noon structure has moved poleward to 70° mlat and

merged with the pre-existing NBZ cell with its center located

around (8 mlt, 78° mlat). Additionally, a current vortex with

opposite orientation has appeared at (10 mlt, 65° mlat). At post-

noon we see a general intensification of the pre-existing current

FIGURE 9
Relative change from epoch −2 to epoch 1, 2, and 5 for BZ+. The blue/red contour illustrates EFAC while the black contour is Ψ. Each column
represents a specific dipole tilt range and the number at the bottom of each column is the maximum value of the associated colorbar in units nA/m2.
The number in the top right of each map is the step size of the black contour in kA.
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and(21mlt,70°mlat)andarelikelyrelatedtonightside

reconnection.

Thereisnoapparentdifferencewhencomparingepochs

−1and0(Figures7A,B).Oneminuteafteronset,Figures7A,C

smallintensificationisobservedatpre-andpost-noonaround

65°–80°mlatasindicatedbytheannotations.Twominutesafter

onset,Figure7D,theequatorwardboundaryofthe

pre-noonstructurehasmovedpolewardto70°mlatand

mergedwiththepre-existingNBZcellwithitscenterlocated

around(8mlt,78°mlat).Additionally,acurrentvortexwith

oppositeorientationhasappearedat(10mlt,65°mlat).Atpost-

noonweseeageneralintensificationofthepre-existingcurrent

FIGURE9
Relativechangefromepoch−2toepoch1,2,and5forBZ+.Theblue/redcontourillustratesEFACwhiletheblackcontourisΨ.Eachcolumn
representsaspecificdipoletiltrangeandthenumberatthebottomofeachcolumnisthemaximumvalueoftheassociatedcolorbarinunitsnA/m2.
ThenumberinthetoprightofeachmapisthestepsizeoftheblackcontourinkA.
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pattern. It is possible that the pre-existing eastward electrojet

obscures the PI which therefore is manifested as a general

increase of the pre-existing current pattern. Between epoch

3 and 4, Figures 7E,F, the PI current vortices intensify, move

poleward and start draping towards the nightside while their

centers do not move. At dawn the MI current vortices intensifies,

extending toward the night side while its center moves 1–2 MLT

westward. At dusk the center of the MI current vortex appears

and as it intensifies it moves poleward, from (15 mlt, 65° mlat) to

(15 mlt, 70° mlat), and merges with the pre-existing nightside

current vortex. Between epoch 5 and 6, Figures 8A,B, the PI cell

intensifies while their equatorward extent decrease. At the same

time the MI also intensifies and the center of the dawnside vortex

moves westward. The duskside MI current vortex becomes more

well defined and moves poleward. Between epoch 8 and 10,

Figures 8C,D, the PI decreases in intensity and at dawn the PI

vortex merges with the MI vortex at dusk. The center of the MI

vortex at dawn moves westward and becomes less well defined.

At dusk the MI cell intensifies and moves slightly westward

towards the noon meridian. Between epoch 12 and 14, Figures

FIGURE 10
Similar to Figure 9, but for BY+.
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pattern.Itispossiblethatthepre-existingeastwardelectrojet

obscuresthePIwhichthereforeismanifestedasageneral

increaseofthepre-existingcurrentpattern.Betweenepoch

3and4,Figures7E,F,thePIcurrentvorticesintensify,move

polewardandstartdrapingtowardsthenightsidewhiletheir

centersdonotmove.AtdawntheMIcurrentvorticesintensifies,

extendingtowardthenightsidewhileitscentermoves1–2MLT

westward.AtduskthecenteroftheMIcurrentvortexappears

andasitintensifiesitmovespoleward,from(15mlt,65°mlat)to

(15mlt,70°mlat),andmergeswiththepre-existingnightside
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8E,F, the PI response continues to decrease in strength. The MI

response slowly disappears at dawn while it remains strong

at dusk.

In our examination of the BZ+ during winter a transient high

latitude geomagnetic response was observed and will be discussed

further in Section 5.

4.2.3 Coherent ionospheric response
Despite the lack of a visible transient response in amajority of

the event groups it might very well still be there, hidden under a

more dominant current pattern. A weak transient signal can be

examined by evaluating the relative change as long as the

contribution from the change of the transient signal is larger

than that of the background signal.

In Figures 2E,F the MI-associated current vortices

appears to extend far equatorward. This, to some extent,

is an artifact caused by how DL geomagnetic response maps

into the horizontal magnetic field at subauroral latitudes,

mainly the north/south component, resulting in what

appears to be large scale east/west aligned ionospheric

current. We remove this effect by approximating the

magnetic perturbation from magnetospheric sources as an

FIGURE 11
Similar to Figure 9, but for BY-.
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theeventgroupsitmightverywellstillbethere,hiddenundera

moredominantcurrentpattern.Aweaktransientsignalcanbe

examinedbyevaluatingtherelativechangeaslongasthe

contributionfromthechangeofthetransientsignalislarger
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InFigures2E,FtheMI-associatedcurrentvortices

appearstoextendfarequatorward.This,tosomeextent,

isanartifactcausedbyhowDLgeomagneticresponsemaps

intothehorizontalmagneticfieldatsubaurorallatitudes,

mainlythenorth/southcomponent,resultinginwhat

appearstobelargescaleeast/westalignedionospheric

current.Weremovethiseffectbyapproximatingthe
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external dipole field. The external dipole field can be seen as

uniform magnetic field in ẑ,

Bm � Br sin θ( ) − Bθ cos θ( ), (15)

which except for a sign difference is the same as the SH expansion

of the external magnetic field to degree 1 and order 0. Bm is

determined at each epoch as the average of 1,000 model

predictions at 30° mlat that are evenly spaced in mlt. The

effect of the magnetospheric compression is then isolated by

subtracting a baseline prior to onset. Finally, a corrected SH

model is created,

q0p1 � q01 + Bm. (16)

Figures 9–12 shows the relative change from epoch −2 to

epoch 1, 2 and 5 using the corrected model for BZ+, BY+, BY-

and BZ-, respectively. Each column represents a season and

the rows different epochs i.e., each column pertains to one

of the 12 groups. The number below the maps in the last

rows indicate the maximum value of the colorbar for that

group in nA/m2. The number in the upper

right corner of each map is the step size of the black

contour in kA.

FIGURE 12
Similar to Figure 9, but for BZ-.
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predictions at 30° mlat that are evenly spaced in mlt. The

effect of the magnetospheric compression is then isolated by

subtracting a baseline prior to onset. Finally, a corrected SH

model is created,

q
0p
1 � q

0
1 + Bm. (16)

Figures 9–12 shows the relative change from epoch −2 to

epoch 1, 2 and 5 using the corrected model for BZ+, BY+, BY-

and BZ-, respectively. Each column represents a season and

the rows different epochs i.e., each column pertains to one

of the 12 groups. The number below the maps in the last

rows indicate the maximum value of the colorbar for that

group in nA/m
2
. The number in the upper

right corner of each map is the step size of the black

contour in kA.

FIGURE 12
Similar to Figure 9, but for BZ-.
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externaldipolefield.Theexternaldipolefieldcanbeseenas

uniformmagneticfieldinẑ,

Bm�Brsinθ()−Bθcosθ(),(15)

whichexceptforasigndifferenceisthesameastheSHexpansion

oftheexternalmagneticfieldtodegree1andorder0.Bmis

determinedateachepochastheaverageof1,000model

predictionsat30°mlatthatareevenlyspacedinmlt.The

effectofthemagnetosphericcompressionisthenisolatedby

subtractingabaselinepriortoonset.Finally,acorrectedSH

modeliscreated,

q
0p
1�q

0
1+Bm.(16)

Figures9–12showstherelativechangefromepoch−2to

epoch1,2and5usingthecorrectedmodelforBZ+,BY+,BY-

andBZ-,respectively.Eachcolumnrepresentsaseasonand

therowsdifferentepochsi.e.,eachcolumnpertainstoone

ofthe12groups.Thenumberbelowthemapsinthelast

rowsindicatethemaximumvalueofthecolorbarforthat

groupinnA/m
2
.Thenumberintheupper

rightcornerofeachmapisthestepsizeoftheblack

contourinkA.

FIGURE12
SimilartoFigure9,butforBZ-.
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When comparing BZ+ between Figure 9 to Figure 2A–F it

is clear that the transient high latitude response shows very

little dipole tilt dependence. At epoch 1 (Figure 9A–C) only

the PI is present. At epoch 2 (Figure 9D–F) the MI starts

forming around 60°–65° mlat. At epoch 5 (Figure 9G–I) both

PI and MI increase in magnitude and the center of the MI

vortex at post-noon has moves poleward by 5° mlat while the

vortex at pre-noon moves westward.

The BY± groups at epoch 1 (Figures 10A–C and Figure

11A–C) show PI current vortices. They are not as well

defined when comparing with BZ+, but there does not appear

to be any favoring of one vortex over the other as might be

expected when comparing BY+ and BY-. At epoch 2 (Figures

10D–F and Figures 11D–F) the PI moves slightly poleward as the

MI forms on its equatorward edge. In some cases, Figures 10D,

11D,E, one of the PI vortices disappear or merge with one of the

MI vortices. This might be attributed to the model’s spatial

resolution, the fact that we are looking at a relative change or

the combination of northward and southward IMF in BY± groups

causing higher variation between events close to the pole. At

epoch 5 (Figures 10G–I, 11G–I) the PI is almost completely gone

and theMI is well defined with the exception of BY+winter where

no clear MI current vortex appear on the dusk side. Under these

environmental conditions it is also only the MI vortex on the

dawnside that moves toward the nightside.

The current potential for BZ- at epoch 1 (Figures 12A–C) is

highly variable, i.e. many local min/max, and it is therefore

difficult to associate any of the structures to PI or MI. During

summer (Figures 12A,D,G) the current pattern is very similar to

the expected current pattern during southward IMF (Laundal

et al., 2018). The center of the 2 cells are shifted towards the

dayside indicating some similarity to the MI current vortices.

During equinox and winter current vortices appear on the night

side at epoch 1 and increase in strength at epoch 2 (Figures

12B,C,E,F). At epoch 2 during equinox (Figure 12E) two MI

associated vortices appear on the dayside; one on the dawnside

and another very close to noon on the duskside. At epoch 5

(Figure 12H) the dawnside MI vortex merges with that on the

nightside. The same can be observed during winter, however, the

post-noon current vortex first appears at epoch 5 (Figure 12I).

Common for all BZ-groups is a general lack of the PI current

vortices and a very strong nightside geomagnetic response

possibly associated with dipolarization of the tail magnetic

field as observed by Lee and Lyons (2004).

5 Discussion

In our examination of the transient high latitude response we

looked closely at the model for northward IMF during winter as

these are the conditions under which the transient response is

strongest relative to the background. The model shows vortices

that evolve on a minute time scale. The spatial extent of the

vortices vary with time, however, the center of the vortices tend

not to move except for the MI-associated vortex on the dawnside

which moves westward with an estimated velocity of 6.3 km/s.

The shock impact angle is surprisingly not one of the factors

controlling the motion of the MI-associated vortices at dawn and

dusk. Our reasoning is as follows. Madelaire et al. (2022) argued

that the majority of the events in their list of rapid increases in Pd
are not interplanetary shock. It is therefore likely that our results

represent an average impact angle that is skewed toward dusk, in

agreement with the statistical survey of rapid solar wind pressure

changes presented by Dalin et al. (2002). In contrast the case

study of Moretto et al. (2000), which used the AMIE technique to

model the ionospheric response of an inclined shock arriving first

at the dawn side, also found that the MI-associated convection

vortex at dusk did not move, while that at dawn did. If the impact

angle controlled which vortex convects toward the nightside, the

response of the vortices reported by Moretto et al. (2000) would

presumably be opposite the observed response; that is, the dusk

vortex would have moved toward the nightside while the dawn

vortex remained stationary. Existing simulation-based studies of

interplanetary shocks unfortunately do not lend much insight

(Slinker et al., 1999; Keller et al., 2002; Fujita et al., 2003a,b; Ridley

et al., 2006; Samsonov et al., 2010;Welling et al., 2021): while they

universally show a symmetric ionospheric response across the

noon-midnight meridian with both MI cells moving anti

sunward, all have been carried out with an interplanetary

shock aligned with the Sun-Earth line.

5.1 Coherent high-latitude response

A coherent transient high latitude geomagnetic response

is observed for all groups when examining the relative

change with respect to epoch −2 (Figures 9–12). When

comparing different groups we find the EFAC magnitude

and PI current vortices to be more dominant during BZ+

likely due to a higher contribution from lobe reconnection.

During BZ-there is a general lack of PI and the MI is poorly

resolved due to a significant enhancement of the pre-

existing current pattern. The appearance of MI current

vortices during BZ+ and BY± is very consistent. We

estimate the westward velocity of the dawnside associated

MI current vortex based on epoch 2–5 (Figures 9–11) to be

between 3.6 and 7.8 km/s with a mean of 5 km/s and a

standard deviation of 1.4 km/s. The initial appearance of

the MI current vortex on the dawnside occurs at (9.3 ±

0.5 mlt, 64.8° ± 1.5° mlat) while it on the duskside occurs at

(15.3 ± 0.9 mlt, 65.8° ± 2.5° mlat) with the majority of the mlt

variation caused by Figure 11D.

The SH model is a global representation of the magnetic

potential. It is important to understand the benefits and

shortcomings of the method such that results can be

interpreted in the correct context and improvements or
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WhencomparingBZ+betweenFigure9toFigure2A–Fit

isclearthatthetransienthighlatituderesponseshowsvery

littledipoletiltdependence.Atepoch1(Figure9A–C)only

thePIispresent.Atepoch2(Figure9D–F)theMIstarts

formingaround60°–65°mlat.Atepoch5(Figure9G–I)both

PIandMIincreaseinmagnitudeandthecenteroftheMI

vortexatpost-noonhasmovespolewardby5°mlatwhilethe

vortexatpre-noonmoveswestward.

TheBY±groupsatepoch1(Figures10A–CandFigure

11A–C)showPIcurrentvortices.Theyarenotaswell

definedwhencomparingwithBZ+,buttheredoesnotappear

tobeanyfavoringofonevortexovertheotherasmightbe

expectedwhencomparingBY+andBY-.Atepoch2(Figures

10D–FandFigures11D–F)thePImovesslightlypolewardasthe

MIformsonitsequatorwardedge.Insomecases,Figures10D,

11D,E,oneofthePIvorticesdisappearormergewithoneofthe

MIvortices.Thismightbeattributedtothemodel’sspatial

resolution,thefactthatwearelookingatarelativechangeor

thecombinationofnorthwardandsouthwardIMFinBY±groups

causinghighervariationbetweeneventsclosetothepole.At

epoch5(Figures10G–I,11G–I)thePIisalmostcompletelygone

andtheMIiswelldefinedwiththeexceptionofBY+winterwhere

noclearMIcurrentvortexappearontheduskside.Underthese

environmentalconditionsitisalsoonlytheMIvortexonthe

dawnsidethatmovestowardthenightside.

ThecurrentpotentialforBZ-atepoch1(Figures12A–C)is

highlyvariable,i.e.manylocalmin/max,anditistherefore

difficulttoassociateanyofthestructurestoPIorMI.During

summer(Figures12A,D,G)thecurrentpatternisverysimilarto

theexpectedcurrentpatternduringsouthwardIMF(Laundal

etal.,2018).Thecenterofthe2cellsareshiftedtowardsthe

daysideindicatingsomesimilaritytotheMIcurrentvortices.

Duringequinoxandwintercurrentvorticesappearonthenight

sideatepoch1andincreaseinstrengthatepoch2(Figures

12B,C,E,F).Atepoch2duringequinox(Figure12E)twoMI

associatedvorticesappearonthedayside;oneonthedawnside

andanotherveryclosetonoonontheduskside.Atepoch5

(Figure12H)thedawnsideMIvortexmergeswiththatonthe

nightside.Thesamecanbeobservedduringwinter,however,the

post-nooncurrentvortexfirstappearsatepoch5(Figure12I).

CommonforallBZ-groupsisagenerallackofthePIcurrent

vorticesandaverystrongnightsidegeomagneticresponse

possiblyassociatedwithdipolarizationofthetailmagnetic

fieldasobservedbyLeeandLyons(2004).

5Discussion

Inourexaminationofthetransienthighlatituderesponsewe

lookedcloselyatthemodelfornorthwardIMFduringwinteras

thesearetheconditionsunderwhichthetransientresponseis

strongestrelativetothebackground.Themodelshowsvortices

thatevolveonaminutetimescale.Thespatialextentofthe

vorticesvarywithtime,however,thecenterofthevorticestend

nottomoveexceptfortheMI-associatedvortexonthedawnside

whichmoveswestwardwithanestimatedvelocityof6.3km/s.

Theshockimpactangleissurprisinglynotoneofthefactors

controllingthemotionoftheMI-associatedvorticesatdawnand

dusk.Ourreasoningisasfollows.Madelaireetal.(2022)argued

thatthemajorityoftheeventsintheirlistofrapidincreasesinPd
arenotinterplanetaryshock.Itisthereforelikelythatourresults

representanaverageimpactanglethatisskewedtowarddusk,in

agreementwiththestatisticalsurveyofrapidsolarwindpressure

changespresentedbyDalinetal.(2002).Incontrastthecase

studyofMorettoetal.(2000),whichusedtheAMIEtechniqueto

modeltheionosphericresponseofaninclinedshockarrivingfirst

atthedawnside,alsofoundthattheMI-associatedconvection

vortexatduskdidnotmove,whilethatatdawndid.Iftheimpact

anglecontrolledwhichvortexconvectstowardthenightside,the

responseofthevorticesreportedbyMorettoetal.(2000)would

presumablybeoppositetheobservedresponse;thatis,thedusk

vortexwouldhavemovedtowardthenightsidewhilethedawn

vortexremainedstationary.Existingsimulation-basedstudiesof

interplanetaryshocksunfortunatelydonotlendmuchinsight

(Slinkeretal.,1999;Kelleretal.,2002;Fujitaetal.,2003a,b;Ridley

etal.,2006;Samsonovetal.,2010;Wellingetal.,2021):whilethey

universallyshowasymmetricionosphericresponseacrossthe

noon-midnightmeridianwithbothMIcellsmovinganti

sunward,allhavebeencarriedoutwithaninterplanetary

shockalignedwiththeSun-Earthline.

5.1Coherenthigh-latituderesponse

Acoherenttransienthighlatitudegeomagneticresponse

isobservedforallgroupswhenexaminingtherelative

changewithrespecttoepoch−2(Figures9–12).When

comparingdifferentgroupswefindtheEFACmagnitude

andPIcurrentvorticestobemoredominantduringBZ+

likelyduetoahighercontributionfromlobereconnection.

DuringBZ-thereisagenerallackofPIandtheMIispoorly

resolvedduetoasignificantenhancementofthepre-

existingcurrentpattern.TheappearanceofMIcurrent

vorticesduringBZ+andBY±isveryconsistent.We

estimatethewestwardvelocityofthedawnsideassociated

MIcurrentvortexbasedonepoch2–5(Figures9–11)tobe

between3.6and7.8km/swithameanof5km/sanda

standarddeviationof1.4km/s.Theinitialappearanceof

theMIcurrentvortexonthedawnsideoccursat(9.3±

0.5mlt,64.8°±1.5°mlat)whileitonthedusksideoccursat

(15.3±0.9mlt,65.8°±2.5°mlat)withthemajorityofthemlt

variationcausedbyFigure11D.

TheSHmodelisaglobalrepresentationofthemagnetic

potential.Itisimportanttounderstandthebenefitsand

shortcomingsofthemethodsuchthatresultscanbe

interpretedinthecorrectcontextandimprovementsor
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When comparing BZ+ between Figure 9 to Figure 2A–F it

is clear that the transient high latitude response shows very

little dipole tilt dependence. At epoch 1 (Figure 9A–C) only

the PI is present. At epoch 2 (Figure 9D–F) the MI starts

forming around 60°–65° mlat. At epoch 5 (Figure 9G–I) both

PI and MI increase in magnitude and the center of the MI

vortex at post-noon has moves poleward by 5° mlat while the

vortex at pre-noon moves westward.

The BY± groups at epoch 1 (Figures 10A–C and Figure

11A–C) show PI current vortices. They are not as well

defined when comparing with BZ+, but there does not appear

to be any favoring of one vortex over the other as might be

expected when comparing BY+ and BY-. At epoch 2 (Figures

10D–F and Figures 11D–F) the PI moves slightly poleward as the

MI forms on its equatorward edge. In some cases, Figures 10D,

11D,E, one of the PI vortices disappear or merge with one of the

MI vortices. This might be attributed to the model’s spatial

resolution, the fact that we are looking at a relative change or

the combination of northward and southward IMF in BY± groups

causing higher variation between events close to the pole. At

epoch 5 (Figures 10G–I, 11G–I) the PI is almost completely gone

and theMI is well defined with the exception of BY+winter where

no clear MI current vortex appear on the dusk side. Under these

environmental conditions it is also only the MI vortex on the

dawnside that moves toward the nightside.

The current potential for BZ- at epoch 1 (Figures 12A–C) is

highly variable, i.e. many local min/max, and it is therefore

difficult to associate any of the structures to PI or MI. During

summer (Figures 12A,D,G) the current pattern is very similar to

the expected current pattern during southward IMF (Laundal

et al., 2018). The center of the 2 cells are shifted towards the

dayside indicating some similarity to the MI current vortices.

During equinox and winter current vortices appear on the night

side at epoch 1 and increase in strength at epoch 2 (Figures

12B,C,E,F). At epoch 2 during equinox (Figure 12E) two MI

associated vortices appear on the dayside; one on the dawnside

and another very close to noon on the duskside. At epoch 5

(Figure 12H) the dawnside MI vortex merges with that on the

nightside. The same can be observed during winter, however, the

post-noon current vortex first appears at epoch 5 (Figure 12I).

Common for all BZ-groups is a general lack of the PI current

vortices and a very strong nightside geomagnetic response

possibly associated with dipolarization of the tail magnetic

field as observed by Lee and Lyons (2004).

5 Discussion

In our examination of the transient high latitude response we

looked closely at the model for northward IMF during winter as

these are the conditions under which the transient response is

strongest relative to the background. The model shows vortices

that evolve on a minute time scale. The spatial extent of the

vortices vary with time, however, the center of the vortices tend

not to move except for the MI-associated vortex on the dawnside

which moves westward with an estimated velocity of 6.3 km/s.

The shock impact angle is surprisingly not one of the factors

controlling the motion of the MI-associated vortices at dawn and

dusk. Our reasoning is as follows. Madelaire et al. (2022) argued

that the majority of the events in their list of rapid increases in Pd
are not interplanetary shock. It is therefore likely that our results

represent an average impact angle that is skewed toward dusk, in

agreement with the statistical survey of rapid solar wind pressure

changes presented by Dalin et al. (2002). In contrast the case

study of Moretto et al. (2000), which used the AMIE technique to

model the ionospheric response of an inclined shock arriving first

at the dawn side, also found that the MI-associated convection

vortex at dusk did not move, while that at dawn did. If the impact

angle controlled which vortex convects toward the nightside, the

response of the vortices reported by Moretto et al. (2000) would

presumably be opposite the observed response; that is, the dusk

vortex would have moved toward the nightside while the dawn

vortex remained stationary. Existing simulation-based studies of

interplanetary shocks unfortunately do not lend much insight

(Slinker et al., 1999; Keller et al., 2002; Fujita et al., 2003a,b; Ridley

et al., 2006; Samsonov et al., 2010;Welling et al., 2021): while they

universally show a symmetric ionospheric response across the

noon-midnight meridian with both MI cells moving anti

sunward, all have been carried out with an interplanetary

shock aligned with the Sun-Earth line.

5.1 Coherent high-latitude response

A coherent transient high latitude geomagnetic response

is observed for all groups when examining the relative

change with respect to epoch −2 (Figures 9–12). When

comparing different groups we find the EFAC magnitude

and PI current vortices to be more dominant during BZ+

likely due to a higher contribution from lobe reconnection.

During BZ-there is a general lack of PI and the MI is poorly

resolved due to a significant enhancement of the pre-

existing current pattern. The appearance of MI current

vortices during BZ+ and BY± is very consistent. We

estimate the westward velocity of the dawnside associated

MI current vortex based on epoch 2–5 (Figures 9–11) to be

between 3.6 and 7.8 km/s with a mean of 5 km/s and a

standard deviation of 1.4 km/s. The initial appearance of

the MI current vortex on the dawnside occurs at (9.3 ±

0.5 mlt, 64.8° ± 1.5° mlat) while it on the duskside occurs at

(15.3 ± 0.9 mlt, 65.8° ± 2.5° mlat) with the majority of the mlt

variation caused by Figure 11D.

The SH model is a global representation of the magnetic

potential. It is important to understand the benefits and

shortcomings of the method such that results can be

interpreted in the correct context and improvements or
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WhencomparingBZ+betweenFigure9toFigure2A–Fit

isclearthatthetransienthighlatituderesponseshowsvery

littledipoletiltdependence.Atepoch1(Figure9A–C)only

thePIispresent.Atepoch2(Figure9D–F)theMIstarts

formingaround60°–65°mlat.Atepoch5(Figure9G–I)both

PIandMIincreaseinmagnitudeandthecenteroftheMI

vortexatpost-noonhasmovespolewardby5°mlatwhilethe

vortexatpre-noonmoveswestward.

TheBY±groupsatepoch1(Figures10A–CandFigure

11A–C)showPIcurrentvortices.Theyarenotaswell

definedwhencomparingwithBZ+,buttheredoesnotappear

tobeanyfavoringofonevortexovertheotherasmightbe

expectedwhencomparingBY+andBY-.Atepoch2(Figures

10D–FandFigures11D–F)thePImovesslightlypolewardasthe

MIformsonitsequatorwardedge.Insomecases,Figures10D,

11D,E,oneofthePIvorticesdisappearormergewithoneofthe

MIvortices.Thismightbeattributedtothemodel’sspatial

resolution,thefactthatwearelookingatarelativechangeor

thecombinationofnorthwardandsouthwardIMFinBY±groups

causinghighervariationbetweeneventsclosetothepole.At

epoch5(Figures10G–I,11G–I)thePIisalmostcompletelygone

andtheMIiswelldefinedwiththeexceptionofBY+winterwhere

noclearMIcurrentvortexappearontheduskside.Underthese

environmentalconditionsitisalsoonlytheMIvortexonthe

dawnsidethatmovestowardthenightside.

ThecurrentpotentialforBZ-atepoch1(Figures12A–C)is

highlyvariable,i.e.manylocalmin/max,anditistherefore

difficulttoassociateanyofthestructurestoPIorMI.During

summer(Figures12A,D,G)thecurrentpatternisverysimilarto

theexpectedcurrentpatternduringsouthwardIMF(Laundal

etal.,2018).Thecenterofthe2cellsareshiftedtowardsthe

daysideindicatingsomesimilaritytotheMIcurrentvortices.

Duringequinoxandwintercurrentvorticesappearonthenight

sideatepoch1andincreaseinstrengthatepoch2(Figures

12B,C,E,F).Atepoch2duringequinox(Figure12E)twoMI

associatedvorticesappearonthedayside;oneonthedawnside

andanotherveryclosetonoonontheduskside.Atepoch5

(Figure12H)thedawnsideMIvortexmergeswiththatonthe

nightside.Thesamecanbeobservedduringwinter,however,the

post-nooncurrentvortexfirstappearsatepoch5(Figure12I).

CommonforallBZ-groupsisagenerallackofthePIcurrent

vorticesandaverystrongnightsidegeomagneticresponse

possiblyassociatedwithdipolarizationofthetailmagnetic

fieldasobservedbyLeeandLyons(2004).

5Discussion

Inourexaminationofthetransienthighlatituderesponsewe

lookedcloselyatthemodelfornorthwardIMFduringwinteras

thesearetheconditionsunderwhichthetransientresponseis

strongestrelativetothebackground.Themodelshowsvortices

thatevolveonaminutetimescale.Thespatialextentofthe

vorticesvarywithtime,however,thecenterofthevorticestend

nottomoveexceptfortheMI-associatedvortexonthedawnside

whichmoveswestwardwithanestimatedvelocityof6.3km/s.

Theshockimpactangleissurprisinglynotoneofthefactors

controllingthemotionoftheMI-associatedvorticesatdawnand

dusk.Ourreasoningisasfollows.Madelaireetal.(2022)argued

thatthemajorityoftheeventsintheirlistofrapidincreasesinPd
arenotinterplanetaryshock.Itisthereforelikelythatourresults

representanaverageimpactanglethatisskewedtowarddusk,in

agreementwiththestatisticalsurveyofrapidsolarwindpressure

changespresentedbyDalinetal.(2002).Incontrastthecase

studyofMorettoetal.(2000),whichusedtheAMIEtechniqueto

modeltheionosphericresponseofaninclinedshockarrivingfirst

atthedawnside,alsofoundthattheMI-associatedconvection

vortexatduskdidnotmove,whilethatatdawndid.Iftheimpact

anglecontrolledwhichvortexconvectstowardthenightside,the

responseofthevorticesreportedbyMorettoetal.(2000)would

presumablybeoppositetheobservedresponse;thatis,thedusk

vortexwouldhavemovedtowardthenightsidewhilethedawn

vortexremainedstationary.Existingsimulation-basedstudiesof

interplanetaryshocksunfortunatelydonotlendmuchinsight

(Slinkeretal.,1999;Kelleretal.,2002;Fujitaetal.,2003a,b;Ridley

etal.,2006;Samsonovetal.,2010;Wellingetal.,2021):whilethey

universallyshowasymmetricionosphericresponseacrossthe

noon-midnightmeridianwithbothMIcellsmovinganti

sunward,allhavebeencarriedoutwithaninterplanetary

shockalignedwiththeSun-Earthline.

5.1Coherenthigh-latituderesponse

Acoherenttransienthighlatitudegeomagneticresponse

isobservedforallgroupswhenexaminingtherelative

changewithrespecttoepoch−2(Figures9–12).When

comparingdifferentgroupswefindtheEFACmagnitude

andPIcurrentvorticestobemoredominantduringBZ+

likelyduetoahighercontributionfromlobereconnection.

DuringBZ-thereisagenerallackofPIandtheMIispoorly

resolvedduetoasignificantenhancementofthepre-

existingcurrentpattern.TheappearanceofMIcurrent

vorticesduringBZ+andBY±isveryconsistent.We

estimatethewestwardvelocityofthedawnsideassociated

MIcurrentvortexbasedonepoch2–5(Figures9–11)tobe

between3.6and7.8km/swithameanof5km/sanda

standarddeviationof1.4km/s.Theinitialappearanceof

theMIcurrentvortexonthedawnsideoccursat(9.3±

0.5mlt,64.8°±1.5°mlat)whileitonthedusksideoccursat

(15.3±0.9mlt,65.8°±2.5°mlat)withthemajorityofthemlt

variationcausedbyFigure11D.

TheSHmodelisaglobalrepresentationofthemagnetic

potential.Itisimportanttounderstandthebenefitsand

shortcomingsofthemethodsuchthatresultscanbe

interpretedinthecorrectcontextandimprovementsor
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resolution,thefactthatwearelookingatarelativechangeor
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noclearMIcurrentvortexappearontheduskside.Underthese
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universallyshowasymmetricionosphericresponseacrossthe

noon-midnightmeridianwithbothMIcellsmovinganti

sunward,allhavebeencarriedoutwithaninterplanetary

shockalignedwiththeSun-Earthline.

5.1Coherenthigh-latituderesponse

Acoherenttransienthighlatitudegeomagneticresponse

isobservedforallgroupswhenexaminingtherelative

changewithrespecttoepoch−2(Figures9–12).When
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TheSHmodelisaglobalrepresentationofthemagnetic

potential.Itisimportanttounderstandthebenefitsand

shortcomingsofthemethodsuchthatresultscanbe

interpretedinthecorrectcontextandimprovementsor
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alternatives might be proposed. The spatial resolution of any

modeling method will partly depend on data coverage. When

using ground magnetometers the data coverage is seldom

uniform and the spatial resolution is highly dependent on the

area with the lowest data density. By combining multiple events,

as done here, we can achieve much denser data coverage resulting

in a better spatial resolution. Combining multiple events

generates inconsistencies as observations that are spatially very

close can vary significantly. The variation is reduced by only

combining events thought to be of similar nature. The model will

inevitably be an average highlighting features common for all the

events.We have tried to quantify the variation in ourmodel using

bootstrapping (Figure 1), but in order to understand how and

why events vary from the average they need to be analyzed

individually. The spherical elementary current system

technique (Amm et al., 2002) is ideal for analyzing single

events as it is not globally defined and can take advantage of

the regions with dense data coverage. This method is

implemented by Laundal et al. (2022); they combine

magnetic perturbation and convection measurements

from space and ground with conductance measurements

via ionospheric Ohm’s law to significantly improve data

coverage and information retrieved. This will be a very

useful tool when the EZIE satellite mission (Laundal

et al., 2021) launches in the near future providing

measurements of the magnetic field in the mesosphere. In

the future we intend to carry out a regional analysis of events

to study their variation in more detail.

FIGURE 13
Huber weights at epoch 5 for each event. In (A) illustrated as function of the Newell coupling function and SYM-H before onset and in (B) as
function Δ


Pd

√
and SYM-H before onset. Each dot indicates an event and the size of each dot illustrates the weight of each event. A large (small) dot

indicates an event that is weighted low (high).
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alternativesmightbeproposed.Thespatialresolutionofany

modelingmethodwillpartlydependondatacoverage.When

usinggroundmagnetometersthedatacoverageisseldom

uniformandthespatialresolutionishighlydependentonthe

areawiththelowestdatadensity.Bycombiningmultipleevents,

asdonehere,wecanachievemuchdenserdatacoverageresulting

inabetterspatialresolution.Combiningmultipleevents

generatesinconsistenciesasobservationsthatarespatiallyvery

closecanvarysignificantly.Thevariationisreducedbyonly

combiningeventsthoughttobeofsimilarnature.Themodelwill

inevitablybeanaveragehighlightingfeaturescommonforallthe

events.Wehavetriedtoquantifythevariationinourmodelusing

bootstrapping(Figure1),butinordertounderstandhowand

whyeventsvaryfromtheaveragetheyneedtobeanalyzed

individually.Thesphericalelementarycurrentsystem

technique(Ammetal.,2002)isidealforanalyzingsingle

eventsasitisnotgloballydefinedandcantakeadvantageof

theregionswithdensedatacoverage.Thismethodis

implementedbyLaundaletal.(2022);theycombine

magneticperturbationandconvectionmeasurements

fromspaceandgroundwithconductancemeasurements

viaionosphericOhm’slawtosignificantlyimprovedata

coverageandinformationretrieved.Thiswillbeavery

usefultoolwhentheEZIEsatellitemission(Laundal

etal.,2021)launchesinthenearfutureproviding

measurementsofthemagneticfieldinthemesosphere.In

thefutureweintendtocarryoutaregionalanalysisofevents

tostudytheirvariationinmoredetail.

FIGURE13
Huberweightsatepoch5foreachevent.In(A)illustratedasfunctionoftheNewellcouplingfunctionandSYM-Hbeforeonsetandin(B)as
functionΔ


Pd
√

andSYM-Hbeforeonset.Eachdotindicatesaneventandthesizeofeachdotillustratestheweightofeachevent.Alarge(small)dot
indicatesaneventthatisweightedlow(high).
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alternativesmightbeproposed.Thespatialresolutionofany
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uniformandthespatialresolutionishighlydependentonthe

areawiththelowestdatadensity.Bycombiningmultipleevents,

asdonehere,wecanachievemuchdenserdatacoverageresulting

inabetterspatialresolution.Combiningmultipleevents

generatesinconsistenciesasobservationsthatarespatiallyvery

closecanvarysignificantly.Thevariationisreducedbyonly

combiningeventsthoughttobeofsimilarnature.Themodelwill

inevitablybeanaveragehighlightingfeaturescommonforallthe
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bootstrapping(Figure1),butinordertounderstandhowand

whyeventsvaryfromtheaveragetheyneedtobeanalyzed
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eventsasitisnotgloballydefinedandcantakeadvantageof

theregionswithdensedatacoverage.Thismethodis

implementedbyLaundaletal.(2022);theycombine

magneticperturbationandconvectionmeasurements

fromspaceandgroundwithconductancemeasurements

viaionosphericOhm’slawtosignificantlyimprovedata

coverageandinformationretrieved.Thiswillbeavery

usefultoolwhentheEZIEsatellitemission(Laundal

etal.,2021)launchesinthenearfutureproviding

measurementsofthemagneticfieldinthemesosphere.In

thefutureweintendtocarryoutaregionalanalysisofevents

tostudytheirvariationinmoredetail.

FIGURE13
Huberweightsatepoch5foreachevent.In(A)illustratedasfunctionoftheNewellcouplingfunctionandSYM-Hbeforeonsetandin(B)as
functionΔPd √andSYM-Hbeforeonset.Eachdotindicatesaneventandthesizeofeachdotillustratestheweightofeachevent.Alarge(small)dot
indicatesaneventthatisweightedlow(high).
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5.2 Huber weights

A superposed epoch analysis assumes a certain level of

comparability between events which we in practice achieve

by imposing criteria on IMF clock angle and dipole tilt. It is

obvious that there will be differences between events and at

times so much so that individual events can be considered

outliers. When solving the inverse problem the imposed

spatial relationship, inherent in SHs, will force the solution

toward the typical event and thereby automatically reduce

the relative importance of certain data. Adding iterative

reweighting allows for a fine tuning of the fit as the influence

of outliers are weighed down and the inversion repeated.

The term outliers is often used synonymously with

measurement errors, but here refer to events behaving

differently from the majority. In practice, the outliers are

FIGURE 14
Comparison between the superposed epoch analysis of the SMR index by Madelaire et al. (2022) and the recreated SMR index from the SH
models. (A) Similar to Figure 9 of (Madelaire et al., 2022). (B) The recreated SMR index where the solid lines indicate themean of SMR and its local time
components. The gray area indicates a 90% confidence interval of the global SMR. The SMR time series for each model realization has been scaled
with respect to the median increase in


Pd

√
and a baseline prior to onset subtracted.
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Asuperposedepochanalysisassumesacertainlevelof

comparabilitybetweeneventswhichweinpracticeachieve

byimposingcriteriaonIMFclockangleanddipoletilt.Itis

obviousthattherewillbedifferencesbetweeneventsandat

timessomuchsothatindividualeventscanbeconsidered

outliers.Whensolvingtheinverseproblemtheimposed

spatialrelationship,inherentinSHs,willforcethesolution

towardthetypicaleventandtherebyautomaticallyreduce

therelativeimportanceofcertaindata.Addingiterative

reweightingallowsforafinetuningofthefitastheinfluence

ofoutliersareweigheddownandtheinversionrepeated.

Thetermoutliersisoftenusedsynonymouslywith

measurementerrors,buthererefertoeventsbehaving

differentlyfromthemajority.Inpractice,theoutliersare

FIGURE14
ComparisonbetweenthesuperposedepochanalysisoftheSMRindexbyMadelaireetal.(2022)andtherecreatedSMRindexfromtheSH
models.(A)SimilartoFigure9of(Madelaireetal.,2022).(B)TherecreatedSMRindexwherethesolidlinesindicatethemeanofSMRanditslocaltime
components.Thegrayareaindicatesa90%confidenceintervaloftheglobalSMR.TheSMRtimeseriesforeachmodelrealizationhasbeenscaled
withrespecttothemedianincreasein


Pd
√

andabaselinepriortoonsetsubtracted.
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spatial relationship, inherent in SHs, will force the solution

toward the typical event and thereby automatically reduce

the relative importance of certain data. Adding iterative

reweighting allows for a fine tuning of the fit as the influence

of outliers are weighed down and the inversion repeated.

The term outliers is often used synonymously with

measurement errors, but here refer to events behaving

differently from the majority. In practice, the outliers are

FIGURE 14
Comparison between the superposed epoch analysis of the SMR index by Madelaire et al. (2022) and the recreated SMR index from the SH
models. (A) Similar to Figure 9 of (Madelaire et al., 2022). (B) The recreated SMR index where the solid lines indicate themean of SMR and its local time
components. The gray area indicates a 90% confidence interval of the global SMR. The SMR time series for each model realization has been scaled
with respect to the median increase in Pd√ and a baseline prior to onset subtracted.
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5.2Huberweights

Asuperposedepochanalysisassumesacertainlevelof

comparabilitybetweeneventswhichweinpracticeachieve

byimposingcriteriaonIMFclockangleanddipoletilt.Itis

obviousthattherewillbedifferencesbetweeneventsandat

timessomuchsothatindividualeventscanbeconsidered

outliers.Whensolvingtheinverseproblemtheimposed

spatialrelationship,inherentinSHs,willforcethesolution

towardthetypicaleventandtherebyautomaticallyreduce

therelativeimportanceofcertaindata.Addingiterative

reweightingallowsforafinetuningofthefitastheinfluence

ofoutliersareweigheddownandtheinversionrepeated.

Thetermoutliersisoftenusedsynonymouslywith

measurementerrors,buthererefertoeventsbehaving

differentlyfromthemajority.Inpractice,theoutliersare

FIGURE14
ComparisonbetweenthesuperposedepochanalysisoftheSMRindexbyMadelaireetal.(2022)andtherecreatedSMRindexfromtheSH
models.(A)SimilartoFigure9of(Madelaireetal.,2022).(B)TherecreatedSMRindexwherethesolidlinesindicatethemeanofSMRanditslocaltime
components.Thegrayareaindicatesa90%confidenceintervaloftheglobalSMR.TheSMRtimeseriesforeachmodelrealizationhasbeenscaled
withrespecttothemedianincreaseinPd √andabaselinepriortoonsetsubtracted.
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weighed down using Huber weights which are determined as

part of the iterative procedure.

The Huber weights can be used to analyze how consistent the

data selection is and if outliers are correlated with certain

environmental parameters. Figure 13 visualizes the average

Huber weight for each event using data-points above 50° mlat

with respect to certain environmental parameters. Each dot

represents an event and the size of the dot indicates the

weight of that specific event illustrated by the scale of red dots

in the upper left corner; a large (small) dot indicates an event that

has been weighed low (high) in the inversion. Figures 13A,B

show how the weight relates to the Newell coupling function

(Newell et al., 2007) before onset, the SYM-H index before onset

and Δ

Pd

√
. It is clear that events with a SYM-H value below

−50 nT are generally weighed very low. From Figure 13A we find

that the Newell coupling function also can be used to separate

between events that are weighted high and low in event groups

with southward IMF (BY± and BZ-). Figure 13B, on the other

hand, shows that Δ 
Pd

√
does not play a large role in whether or

not an event deviates from the norm.

These figures are not intended to be employed in determining

which parameters to use for grouping events, but are rather an

illustration of how information about individual events can be

extracted from a superposed epoch analysis. Additionally, they

serve as an illustration of how data selection occurs prior to and

during the modeling process.

5.3 Low/mid latitude geomagnetic
response

A benefit of a global model is the possibility of examining the

high latitude impact on low/mid latitude perturbations. Changes

in

Pd

√
have previously been related linearly to changes in the Dst

index (Burton et al., 1975) as a result of magnetospheric

compression. This is best observed at low/mid latitudes as

equatorial and subauroral/polar latitudes experience additional

effects from electrojets (Sugiura, 1964; Sugiura and Kamel, 1991).

Russell et al. (1994a) did a statistical analysis of the linear

relationship during interplanetary shocks and found the slope to

be 18.4 nT/nPa1/2 at Earth’s surface which includes a 50%

markup due to ground induced currents. This estimate was

given for northward IMF and should be reduced by 25%

(13.8 nT/nPa1/2) during southward IMF (Russell et al., 1994b).

The superposed epoch analysis by Madelaire et al. (2022) was

based on the SMR index and found the average relationship to be

around 15 nT/nPa1/2 during northward IMF and around 12 nT/

nPa1/2 for southward IMF. Additionally, Madelaire et al. (2022)

found a dawn-dusk asymmetry in the SMR index as well as a

noon-midnight asymmetry for southward IMF.

The SH models are essentially a weighted average of the

events in each group expressed in terms of SH surface waves.

Their performance can be compared to the results of

Madelaire et al. (2022) by testing if they can recreate their

results. The results of the superposed epoch analysis of the

SMR index by Madelaire et al. (2022) is reproduced in

Figure 14A to facilitate comparison later. The SMR index

FIGURE 15
A latitudinal profile of the reproduced SMR for BZ+ during all
seasons. The first five rows show contributions from five latitudinal
regions between 0° and 50° mlat. The last row shows SMR for the
entire latitudinal region which is identical to row 1 of
Figure 14B.
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weigheddownusingHuberweightswhicharedeterminedas

partoftheiterativeprocedure.

TheHuberweightscanbeusedtoanalyzehowconsistentthe

dataselectionisandifoutliersarecorrelatedwithcertain

environmentalparameters.Figure13visualizestheaverage

Huberweightforeacheventusingdata-pointsabove50°mlat

withrespecttocertainenvironmentalparameters.Eachdot

representsaneventandthesizeofthedotindicatesthe

weightofthatspecificeventillustratedbythescaleofreddots

intheupperleftcorner;alarge(small)dotindicatesaneventthat

hasbeenweighedlow(high)intheinversion.Figures13A,B

showhowtheweightrelatestotheNewellcouplingfunction

(Newelletal.,2007)beforeonset,theSYM-Hindexbeforeonset

andΔ

Pd
√

.ItisclearthateventswithaSYM-Hvaluebelow

−50nTaregenerallyweighedverylow.FromFigure13Awefind

thattheNewellcouplingfunctionalsocanbeusedtoseparate

betweeneventsthatareweightedhighandlowineventgroups

withsouthwardIMF(BY±andBZ-).Figure13B,ontheother

hand,showsthatΔ
Pd
√

doesnotplayalargeroleinwhetheror

notaneventdeviatesfromthenorm.

Thesefiguresarenotintendedtobeemployedindetermining

whichparameterstouseforgroupingevents,butareratheran

illustrationofhowinformationaboutindividualeventscanbe

extractedfromasuperposedepochanalysis.Additionally,they

serveasanillustrationofhowdataselectionoccurspriortoand

duringthemodelingprocess.

5.3Low/midlatitudegeomagnetic
response

Abenefitofaglobalmodelisthepossibilityofexaminingthe

highlatitudeimpactonlow/midlatitudeperturbations.Changes

in

Pd
√

havepreviouslybeenrelatedlinearlytochangesintheDst

index(Burtonetal.,1975)asaresultofmagnetospheric

compression.Thisisbestobservedatlow/midlatitudesas

equatorialandsubauroral/polarlatitudesexperienceadditional

effectsfromelectrojets(Sugiura,1964;SugiuraandKamel,1991).

Russelletal.(1994a)didastatisticalanalysisofthelinear

relationshipduringinterplanetaryshocksandfoundtheslopeto

be18.4nT/nPa1/2atEarth’ssurfacewhichincludesa50%

markupduetogroundinducedcurrents.Thisestimatewas

givenfornorthwardIMFandshouldbereducedby25%

(13.8nT/nPa1/2)duringsouthwardIMF(Russelletal.,1994b).

ThesuperposedepochanalysisbyMadelaireetal.(2022)was

basedontheSMRindexandfoundtheaveragerelationshiptobe

around15nT/nPa1/2duringnorthwardIMFandaround12nT/

nPa1/2forsouthwardIMF.Additionally,Madelaireetal.(2022)

foundadawn-duskasymmetryintheSMRindexaswellasa

noon-midnightasymmetryforsouthwardIMF.

TheSHmodelsareessentiallyaweightedaverageofthe

eventsineachgroupexpressedintermsofSHsurfacewaves.

Theirperformancecanbecomparedtotheresultsof

Madelaireetal.(2022)bytestingiftheycanrecreatetheir

results.Theresultsofthesuperposedepochanalysisofthe

SMRindexbyMadelaireetal.(2022)isreproducedin

Figure14Atofacilitatecomparisonlater.TheSMRindex

FIGURE15
AlatitudinalprofileofthereproducedSMRforBZ+duringall
seasons.Thefirstfiverowsshowcontributionsfromfivelatitudinal
regionsbetween0°and50°mlat.ThelastrowshowsSMRforthe
entirelatitudinalregionwhichisidenticaltorow1of
Figure14B.
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weighed down using Huber weights which are determined as

part of the iterative procedure.

The Huber weights can be used to analyze how consistent the

data selection is and if outliers are correlated with certain

environmental parameters. Figure 13 visualizes the average

Huber weight for each event using data-points above 50° mlat

with respect to certain environmental parameters. Each dot

represents an event and the size of the dot indicates the

weight of that specific event illustrated by the scale of red dots

in the upper left corner; a large (small) dot indicates an event that

has been weighed low (high) in the inversion. Figures 13A,B

show how the weight relates to the Newell coupling function

(Newell et al., 2007) before onset, the SYM-H index before onset

and Δ Pd√ . It is clear that events with a SYM-H value below

−50 nT are generally weighed very low. From Figure 13A we find

that the Newell coupling function also can be used to separate

between events that are weighted high and low in event groups

with southward IMF (BY± and BZ-). Figure 13B, on the other

hand, shows that Δ Pd√ does not play a large role in whether or

not an event deviates from the norm.

These figures are not intended to be employed in determining

which parameters to use for grouping events, but are rather an

illustration of how information about individual events can be

extracted from a superposed epoch analysis. Additionally, they

serve as an illustration of how data selection occurs prior to and

during the modeling process.

5.3 Low/mid latitude geomagnetic
response

A benefit of a global model is the possibility of examining the

high latitude impact on low/mid latitude perturbations. Changes

in Pd√ have previously been related linearly to changes in the Dst

index (Burton et al., 1975) as a result of magnetospheric

compression. This is best observed at low/mid latitudes as

equatorial and subauroral/polar latitudes experience additional

effects from electrojets (Sugiura, 1964; Sugiura and Kamel, 1991).

Russell et al. (1994a) did a statistical analysis of the linear

relationship during interplanetary shocks and found the slope to

be 18.4 nT/nPa
1/2

at Earth’s surface which includes a 50%

markup due to ground induced currents. This estimate was

given for northward IMF and should be reduced by 25%

(13.8 nT/nPa
1/2
) during southward IMF (Russell et al., 1994b).

The superposed epoch analysis by Madelaire et al. (2022) was

based on the SMR index and found the average relationship to be

around 15 nT/nPa
1/2

during northward IMF and around 12 nT/

nPa
1/2

for southward IMF. Additionally, Madelaire et al. (2022)

found a dawn-dusk asymmetry in the SMR index as well as a

noon-midnight asymmetry for southward IMF.

The SH models are essentially a weighted average of the

events in each group expressed in terms of SH surface waves.

Their performance can be compared to the results of

Madelaire et al. (2022) by testing if they can recreate their

results. The results of the superposed epoch analysis of the

SMR index by Madelaire et al. (2022) is reproduced in

Figure 14A to facilitate comparison later. The SMR index

FIGURE 15
A latitudinal profile of the reproduced SMR for BZ+ during all
seasons. The first five rows show contributions from five latitudinal
regions between 0° and 50° mlat. The last row shows SMR for the
entire latitudinal region which is identical to row 1 of
Figure 14B.
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Russelletal.(1994a)didastatisticalanalysisofthelinear

relationshipduringinterplanetaryshocksandfoundtheslopeto

be18.4nT/nPa
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atEarth’ssurfacewhichincludesa50%

markupduetogroundinducedcurrents.Thisestimatewas

givenfornorthwardIMFandshouldbereducedby25%
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was recreated using the SH models; the northward component

of the magnetic field perturbations are calculated using the

internal and external model for each of the 50 realizations

between the equator and 50° mlat. The model predictions are

made at the same location as the data that went into the

models. A latitudinal correction similar to that of the SMR

index was applied (Newell and Gjerloev, 2012). The model

predictions from each realization are scaled with the median

of Δ 
Pd

√
for the events used in that particular realization. The

median is used as there are a few very strong events biasing the

mean. A common value for Δ

Pd

√
is 0.6 nPa1/2. The average is

then calculated in four local time sectors to replicate SMR 00/

06/12/18. Finally, the global SMR index is determined as the

average of the four local time indices.

The recreated SMR index is shown in Figure 14B. The

expected step-like increase is reproduced. The magnitudes of

SMR range from 12 to 19 nT/nPa1/2 which is slightly larger than

the averages provided in Figure 14A. The dawn-dusk difference is

also reproduced which is most pronounced during summer.

Comparing Figures 14A,B suggests that the SH models are

sufficient to reproduce the expected geomagnetic response

observed on ground which is an indication that the modeling

scheme performs well.

The latitudinal profile of the recreated SMR for BZ+ is

shown in Figure 15. The first 5 rows show 5 latitude bands

between 0° and 50° mlat. The last row is identical to the first

row of Figure 14B for more easy comparison. It is clear that the

dawn-dusk asymmetry is most pronounced between 40° and

50° mlat. This suggests it is an ionospheric source and not

magnetospheric, given its small spatial extent. A recent study

(Zhou and Lühr, 2022) investigated SCs with an immediate

and strong activation of the westward electrojet. However,

they concluded that it required southward IMF preceding the

SC. The lower magnitude at dawn between 40° and 50° mlat

could reflect the ionospheric vortices generated at high

latitude. The seasonal dependence would then be a result of

seasonal variations in conductance varying the strength of the

high latitude currents and thus the latitudinal extent of their

magnetic perturbation.

In the region closest to the equator, 0°–10° mlat, a noon-

midnight asymmetry is observed which is present for all IMF

clock angles (only BZ+ shown). The geomagnetic response on

the dayside (nightside) tends to be stronger (weaker) than at

dawn and dusk. The small latitudinal and longitudinal extent of

the dayside/nightside (SMR 12/00) enhancement suggests an

ionospheric source. A seasonal dependence is observed as the

asymmetry almost disappears during winter. There are several

possible explanations for this; Kikuchi (1986); Kikuchi et al.

(2001); Kikuchi (2014) proposed that the potential difference at

high latitude would be transported toward the equator in an

Earth-ionosphere waveguide. In this frame the increased

equatorial perturbation is caused by Cowling conductivity.

However, Tu and Song (2019) argued against this idea as the

waveguide should transport the electric field with the speed of

light and the observed delay between high and low latitude is in

the order of minutes. Movement of the Sq foci is thought to be

responsible for the semiannual variation of the equatorial

electrojet (Tarpley, 1973). The seasonal variation is not a

modulation of the magnitude, but rather a latitudinal shift

along with the Sq foci. Unfortunately, we are not able to test

this hypothesis with our model as they are only based on data

from the northern hemisphere. It is also possible that there is no

hemispheric asymmetry and the seasonal variation is an artifact

caused by the event occurrence probability being skewed toward

a certain UT range for different dipole tilt angles due to the offset

between the geomagnetic and geographic poles. Specifically, events

are more likely to occur between 0 and 12 (12–24) UT for positive

(negative) dipole tilt. Trivedi et al. (2005) showed that the magnetic

perturbation due to SCs measured close to the south atlantic

magnetic anomaly are stronger than elsewhere. It is therefore

possible that the dipole tilt dependence of the magnetic

perturbation at equator latitude simply is due to longitudinal

variations in the equatorial electrojet.

It is clear that the geomagnetic response between 10° and 40°

mlat is very similar while magnetometer observations between

0°–10° and 40°–50° mlat are under high influence of ionospheric

sources. This consideration was taken into account in the

development of the Dst index (Sugiura, 1964; Sugiura and

Kamel, 1991) and it is therefore curious that it is not taken

into account in the SYM-H and SMR index (Iyemori et al., 2010;

Newell and Gjerloev, 2012).We do not attempt to understand the

origin of the contamination pointed out here as that should be

done in a future study using data directly from the magnetometer

stations and not our SH models.

6 Conclusion

In this study we carried out a superposed epoch analysis of

the transient high latitude geomagnetic response in the northern

hemisphere to rapid increases in solar wind dynamic pressure

using spherical harmonics. The analysis is based on the list of

rapid solar wind pressure increases presented by Madelaire et al.

(2022). A total of 2058 events were separated into 12 groups,

Supplementary Table S1, based on IMF clock angle and dipole

tilt. We found:

1. An incoherent geomagnetic response for a majority of the

groups due to a dominant background signal; only during BZ+

equinox and winter was the transient response visible.

2. A coherent geomagnetic response showing the development

of current vortices associated with PI and/or MI of the sudden

commencement was observed for all groups when evaluating

the relative change with respect to epoch −2.

3. The PI (MI) onset occurs ~2 min before (after) the SYM-H

defined onset and the rise time is 4–6 (6–11) min.
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wasrecreatedusingtheSHmodels;thenorthwardcomponent

ofthemagneticfieldperturbationsarecalculatedusingthe

internalandexternalmodelforeachofthe50realizations

betweentheequatorand50°mlat.Themodelpredictionsare

madeatthesamelocationasthedatathatwentintothe

models.AlatitudinalcorrectionsimilartothatoftheSMR

indexwasapplied(NewellandGjerloev,2012).Themodel

predictionsfromeachrealizationarescaledwiththemedian

ofΔ
Pd
√

fortheeventsusedinthatparticularrealization.The

medianisusedasthereareafewverystrongeventsbiasingthe

mean.AcommonvalueforΔ

Pd
√

is0.6nPa1/2.Theaverageis

thencalculatedinfourlocaltimesectorstoreplicateSMR00/

06/12/18.Finally,theglobalSMRindexisdeterminedasthe

averageofthefourlocaltimeindices.

TherecreatedSMRindexisshowninFigure14B.The

expectedstep-likeincreaseisreproduced.Themagnitudesof

SMRrangefrom12to19nT/nPa1/2whichisslightlylargerthan

theaveragesprovidedinFigure14A.Thedawn-duskdifferenceis

alsoreproducedwhichismostpronouncedduringsummer.

ComparingFigures14A,BsuggeststhattheSHmodelsare

sufficienttoreproducetheexpectedgeomagneticresponse

observedongroundwhichisanindicationthatthemodeling

schemeperformswell.

ThelatitudinalprofileoftherecreatedSMRforBZ+is

showninFigure15.Thefirst5rowsshow5latitudebands

between0°and50°mlat.Thelastrowisidenticaltothefirst

rowofFigure14Bformoreeasycomparison.Itisclearthatthe

dawn-duskasymmetryismostpronouncedbetween40°and

50°mlat.Thissuggestsitisanionosphericsourceandnot

magnetospheric,givenitssmallspatialextent.Arecentstudy

(ZhouandLühr,2022)investigatedSCswithanimmediate

andstrongactivationofthewestwardelectrojet.However,

theyconcludedthatitrequiredsouthwardIMFprecedingthe

SC.Thelowermagnitudeatdawnbetween40°and50°mlat

couldreflecttheionosphericvorticesgeneratedathigh

latitude.Theseasonaldependencewouldthenbearesultof

seasonalvariationsinconductancevaryingthestrengthofthe

highlatitudecurrentsandthusthelatitudinalextentoftheir

magneticperturbation.

Intheregionclosesttotheequator,0°–10°mlat,anoon-

midnightasymmetryisobservedwhichispresentforallIMF

clockangles(onlyBZ+shown).Thegeomagneticresponseon

thedayside(nightside)tendstobestronger(weaker)thanat

dawnanddusk.Thesmalllatitudinalandlongitudinalextentof

thedayside/nightside(SMR12/00)enhancementsuggestsan

ionosphericsource.Aseasonaldependenceisobservedasthe

asymmetryalmostdisappearsduringwinter.Thereareseveral

possibleexplanationsforthis;Kikuchi(1986);Kikuchietal.

(2001);Kikuchi(2014)proposedthatthepotentialdifferenceat

highlatitudewouldbetransportedtowardtheequatorinan

Earth-ionospherewaveguide.Inthisframetheincreased

equatorialperturbationiscausedbyCowlingconductivity.

However,TuandSong(2019)arguedagainstthisideaasthe

waveguideshouldtransporttheelectricfieldwiththespeedof

lightandtheobserveddelaybetweenhighandlowlatitudeisin

theorderofminutes.MovementoftheSqfociisthoughttobe

responsibleforthesemiannualvariationoftheequatorial

electrojet(Tarpley,1973).Theseasonalvariationisnota

modulationofthemagnitude,butratheralatitudinalshift

alongwiththeSqfoci.Unfortunately,wearenotabletotest

thishypothesiswithourmodelastheyareonlybasedondata

fromthenorthernhemisphere.Itisalsopossiblethatthereisno

hemisphericasymmetryandtheseasonalvariationisanartifact

causedbytheeventoccurrenceprobabilitybeingskewedtoward

acertainUTrangefordifferentdipoletiltanglesduetotheoffset

betweenthegeomagneticandgeographicpoles.Specifically,events

aremorelikelytooccurbetween0and12(12–24)UTforpositive

(negative)dipoletilt.Trivedietal.(2005)showedthatthemagnetic

perturbationduetoSCsmeasuredclosetothesouthatlantic

magneticanomalyarestrongerthanelsewhere.Itistherefore

possiblethatthedipoletiltdependenceofthemagnetic

perturbationatequatorlatitudesimplyisduetolongitudinal

variationsintheequatorialelectrojet.

Itisclearthatthegeomagneticresponsebetween10°and40°

mlatisverysimilarwhilemagnetometerobservationsbetween

0°–10°and40°–50°mlatareunderhighinfluenceofionospheric

sources.Thisconsiderationwastakenintoaccountinthe

developmentoftheDstindex(Sugiura,1964;Sugiuraand

Kamel,1991)anditisthereforecuriousthatitisnottaken

intoaccountintheSYM-HandSMRindex(Iyemorietal.,2010;

NewellandGjerloev,2012).Wedonotattempttounderstandthe

originofthecontaminationpointedouthereasthatshouldbe

doneinafuturestudyusingdatadirectlyfromthemagnetometer

stationsandnotourSHmodels.

6Conclusion

Inthisstudywecarriedoutasuperposedepochanalysisof

thetransienthighlatitudegeomagneticresponseinthenorthern

hemispheretorapidincreasesinsolarwinddynamicpressure

usingsphericalharmonics.Theanalysisisbasedonthelistof

rapidsolarwindpressureincreasespresentedbyMadelaireetal.

(2022).Atotalof2058eventswereseparatedinto12groups,

SupplementaryTableS1,basedonIMFclockangleanddipole

tilt.Wefound:

1.Anincoherentgeomagneticresponseforamajorityofthe

groupsduetoadominantbackgroundsignal;onlyduringBZ+

equinoxandwinterwasthetransientresponsevisible.

2.Acoherentgeomagneticresponseshowingthedevelopment

ofcurrentvorticesassociatedwithPIand/orMIofthesudden

commencementwasobservedforallgroupswhenevaluating

therelativechangewithrespecttoepoch−2.

3.ThePI(MI)onsetoccurs~2minbefore(after)theSYM-H

definedonsetandtherisetimeis4–6(6–11)min.
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sources.Thisconsiderationwastakenintoaccountinthe

developmentoftheDstindex(Sugiura,1964;Sugiuraand

Kamel,1991)anditisthereforecuriousthatitisnottaken

intoaccountintheSYM-HandSMRindex(Iyemorietal.,2010;

NewellandGjerloev,2012).Wedonotattempttounderstandthe

originofthecontaminationpointedouthereasthatshouldbe

doneinafuturestudyusingdatadirectlyfromthemagnetometer

stationsandnotourSHmodels.

6Conclusion

Inthisstudywecarriedoutasuperposedepochanalysisof

thetransienthighlatitudegeomagneticresponseinthenorthern

hemispheretorapidincreasesinsolarwinddynamicpressure

usingsphericalharmonics.Theanalysisisbasedonthelistof

rapidsolarwindpressureincreasespresentedbyMadelaireetal.

(2022).Atotalof2058eventswereseparatedinto12groups,

SupplementaryTableS1,basedonIMFclockangleanddipole

tilt.Wefound:

1.Anincoherentgeomagneticresponseforamajorityofthe

groupsduetoadominantbackgroundsignal;onlyduringBZ+

equinoxandwinterwasthetransientresponsevisible.

2.Acoherentgeomagneticresponseshowingthedevelopment

ofcurrentvorticesassociatedwithPIand/orMIofthesudden

commencementwasobservedforallgroupswhenevaluating

therelativechangewithrespecttoepoch−2.

3.ThePI(MI)onsetoccurs~2minbefore(after)theSYM-H

definedonsetandtherisetimeis4–6(6–11)min.
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was recreated using the SH models; the northward component

of the magnetic field perturbations are calculated using the

internal and external model for each of the 50 realizations

between the equator and 50° mlat. The model predictions are

made at the same location as the data that went into the

models. A latitudinal correction similar to that of the SMR

index was applied (Newell and Gjerloev, 2012). The model

predictions from each realization are scaled with the median

of Δ Pd√ for the events used in that particular realization. The

median is used as there are a few very strong events biasing the

mean. A common value for Δ Pd√ is 0.6 nPa
1/2
. The average is

then calculated in four local time sectors to replicate SMR 00/

06/12/18. Finally, the global SMR index is determined as the

average of the four local time indices.

The recreated SMR index is shown in Figure 14B. The

expected step-like increase is reproduced. The magnitudes of

SMR range from 12 to 19 nT/nPa
1/2

which is slightly larger than

the averages provided in Figure 14A. The dawn-dusk difference is

also reproduced which is most pronounced during summer.

Comparing Figures 14A,B suggests that the SH models are

sufficient to reproduce the expected geomagnetic response

observed on ground which is an indication that the modeling

scheme performs well.

The latitudinal profile of the recreated SMR for BZ+ is

shown in Figure 15. The first 5 rows show 5 latitude bands

between 0° and 50° mlat. The last row is identical to the first

row of Figure 14B for more easy comparison. It is clear that the

dawn-dusk asymmetry is most pronounced between 40° and

50° mlat. This suggests it is an ionospheric source and not

magnetospheric, given its small spatial extent. A recent study

(Zhou and Lühr, 2022) investigated SCs with an immediate

and strong activation of the westward electrojet. However,

they concluded that it required southward IMF preceding the

SC. The lower magnitude at dawn between 40° and 50° mlat

could reflect the ionospheric vortices generated at high

latitude. The seasonal dependence would then be a result of

seasonal variations in conductance varying the strength of the

high latitude currents and thus the latitudinal extent of their

magnetic perturbation.

In the region closest to the equator, 0°–10° mlat, a noon-

midnight asymmetry is observed which is present for all IMF

clock angles (only BZ+ shown). The geomagnetic response on

the dayside (nightside) tends to be stronger (weaker) than at

dawn and dusk. The small latitudinal and longitudinal extent of

the dayside/nightside (SMR 12/00) enhancement suggests an

ionospheric source. A seasonal dependence is observed as the

asymmetry almost disappears during winter. There are several

possible explanations for this; Kikuchi (1986); Kikuchi et al.

(2001); Kikuchi (2014) proposed that the potential difference at

high latitude would be transported toward the equator in an

Earth-ionosphere waveguide. In this frame the increased

equatorial perturbation is caused by Cowling conductivity.

However, Tu and Song (2019) argued against this idea as the

waveguide should transport the electric field with the speed of

light and the observed delay between high and low latitude is in

the order of minutes. Movement of the Sq foci is thought to be

responsible for the semiannual variation of the equatorial

electrojet (Tarpley, 1973). The seasonal variation is not a

modulation of the magnitude, but rather a latitudinal shift

along with the Sq foci. Unfortunately, we are not able to test

this hypothesis with our model as they are only based on data

from the northern hemisphere. It is also possible that there is no

hemispheric asymmetry and the seasonal variation is an artifact

caused by the event occurrence probability being skewed toward

a certain UT range for different dipole tilt angles due to the offset

between the geomagnetic and geographic poles. Specifically, events

are more likely to occur between 0 and 12 (12–24) UT for positive

(negative) dipole tilt. Trivedi et al. (2005) showed that the magnetic

perturbation due to SCs measured close to the south atlantic

magnetic anomaly are stronger than elsewhere. It is therefore

possible that the dipole tilt dependence of the magnetic

perturbation at equator latitude simply is due to longitudinal

variations in the equatorial electrojet.

It is clear that the geomagnetic response between 10° and 40°

mlat is very similar while magnetometer observations between

0°–10° and 40°–50° mlat are under high influence of ionospheric

sources. This consideration was taken into account in the

development of the Dst index (Sugiura, 1964; Sugiura and

Kamel, 1991) and it is therefore curious that it is not taken

into account in the SYM-H and SMR index (Iyemori et al., 2010;

Newell and Gjerloev, 2012).We do not attempt to understand the

origin of the contamination pointed out here as that should be

done in a future study using data directly from the magnetometer

stations and not our SH models.

6 Conclusion

In this study we carried out a superposed epoch analysis of

the transient high latitude geomagnetic response in the northern

hemisphere to rapid increases in solar wind dynamic pressure

using spherical harmonics. The analysis is based on the list of

rapid solar wind pressure increases presented by Madelaire et al.

(2022). A total of 2058 events were separated into 12 groups,

Supplementary Table S1, based on IMF clock angle and dipole

tilt. We found:

1. An incoherent geomagnetic response for a majority of the

groups due to a dominant background signal; only during BZ+

equinox and winter was the transient response visible.

2. A coherent geomagnetic response showing the development

of current vortices associated with PI and/or MI of the sudden

commencement was observed for all groups when evaluating

the relative change with respect to epoch −2.

3. The PI (MI) onset occurs ~2 min before (after) the SYM-H

defined onset and the rise time is 4–6 (6–11) min.
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the dayside (nightside) tends to be stronger (weaker) than at
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the dayside/nightside (SMR 12/00) enhancement suggests an
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asymmetry almost disappears during winter. There are several

possible explanations for this; Kikuchi (1986); Kikuchi et al.

(2001); Kikuchi (2014) proposed that the potential difference at

high latitude would be transported toward the equator in an

Earth-ionosphere waveguide. In this frame the increased

equatorial perturbation is caused by Cowling conductivity.

However, Tu and Song (2019) argued against this idea as the

waveguide should transport the electric field with the speed of

light and the observed delay between high and low latitude is in

the order of minutes. Movement of the Sq foci is thought to be

responsible for the semiannual variation of the equatorial

electrojet (Tarpley, 1973). The seasonal variation is not a

modulation of the magnitude, but rather a latitudinal shift

along with the Sq foci. Unfortunately, we are not able to test

this hypothesis with our model as they are only based on data

from the northern hemisphere. It is also possible that there is no

hemispheric asymmetry and the seasonal variation is an artifact

caused by the event occurrence probability being skewed toward

a certain UT range for different dipole tilt angles due to the offset

between the geomagnetic and geographic poles. Specifically, events

are more likely to occur between 0 and 12 (12–24) UT for positive

(negative) dipole tilt. Trivedi et al. (2005) showed that the magnetic

perturbation due to SCs measured close to the south atlantic

magnetic anomaly are stronger than elsewhere. It is therefore

possible that the dipole tilt dependence of the magnetic

perturbation at equator latitude simply is due to longitudinal

variations in the equatorial electrojet.

It is clear that the geomagnetic response between 10° and 40°

mlat is very similar while magnetometer observations between

0°–10° and 40°–50° mlat are under high influence of ionospheric

sources. This consideration was taken into account in the

development of the Dst index (Sugiura, 1964; Sugiura and

Kamel, 1991) and it is therefore curious that it is not taken

into account in the SYM-H and SMR index (Iyemori et al., 2010;

Newell and Gjerloev, 2012).We do not attempt to understand the

origin of the contamination pointed out here as that should be

done in a future study using data directly from the magnetometer

stations and not our SH models.

6 Conclusion

In this study we carried out a superposed epoch analysis of

the transient high latitude geomagnetic response in the northern

hemisphere to rapid increases in solar wind dynamic pressure

using spherical harmonics. The analysis is based on the list of

rapid solar wind pressure increases presented by Madelaire et al.

(2022). A total of 2058 events were separated into 12 groups,

Supplementary Table S1, based on IMF clock angle and dipole

tilt. We found:

1. An incoherent geomagnetic response for a majority of the

groups due to a dominant background signal; only during BZ+

equinox and winter was the transient response visible.

2. A coherent geomagnetic response showing the development

of current vortices associated with PI and/or MI of the sudden

commencement was observed for all groups when evaluating

the relative change with respect to epoch −2.

3. The PI (MI) onset occurs ~2 min before (after) the SYM-H

defined onset and the rise time is 4–6 (6–11) min.
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wasrecreatedusingtheSHmodels;thenorthwardcomponent

ofthemagneticfieldperturbationsarecalculatedusingthe

internalandexternalmodelforeachofthe50realizations

betweentheequatorand50°mlat.Themodelpredictionsare

madeatthesamelocationasthedatathatwentintothe

models.AlatitudinalcorrectionsimilartothatoftheSMR

indexwasapplied(NewellandGjerloev,2012).Themodel

predictionsfromeachrealizationarescaledwiththemedian

ofΔPd √fortheeventsusedinthatparticularrealization.The

medianisusedasthereareafewverystrongeventsbiasingthe

mean.AcommonvalueforΔPd √is0.6nPa
1/2
.Theaverageis

thencalculatedinfourlocaltimesectorstoreplicateSMR00/

06/12/18.Finally,theglobalSMRindexisdeterminedasthe

averageofthefourlocaltimeindices.

TherecreatedSMRindexisshowninFigure14B.The

expectedstep-likeincreaseisreproduced.Themagnitudesof

SMRrangefrom12to19nT/nPa
1/2

whichisslightlylargerthan

theaveragesprovidedinFigure14A.Thedawn-duskdifferenceis

alsoreproducedwhichismostpronouncedduringsummer.

ComparingFigures14A,BsuggeststhattheSHmodelsare

sufficienttoreproducetheexpectedgeomagneticresponse

observedongroundwhichisanindicationthatthemodeling

schemeperformswell.

ThelatitudinalprofileoftherecreatedSMRforBZ+is

showninFigure15.Thefirst5rowsshow5latitudebands

between0°and50°mlat.Thelastrowisidenticaltothefirst

rowofFigure14Bformoreeasycomparison.Itisclearthatthe

dawn-duskasymmetryismostpronouncedbetween40°and

50°mlat.Thissuggestsitisanionosphericsourceandnot

magnetospheric,givenitssmallspatialextent.Arecentstudy

(ZhouandLühr,2022)investigatedSCswithanimmediate

andstrongactivationofthewestwardelectrojet.However,

theyconcludedthatitrequiredsouthwardIMFprecedingthe

SC.Thelowermagnitudeatdawnbetween40°and50°mlat

couldreflecttheionosphericvorticesgeneratedathigh

latitude.Theseasonaldependencewouldthenbearesultof

seasonalvariationsinconductancevaryingthestrengthofthe

highlatitudecurrentsandthusthelatitudinalextentoftheir

magneticperturbation.

Intheregionclosesttotheequator,0°–10°mlat,anoon-

midnightasymmetryisobservedwhichispresentforallIMF

clockangles(onlyBZ+shown).Thegeomagneticresponseon

thedayside(nightside)tendstobestronger(weaker)thanat

dawnanddusk.Thesmalllatitudinalandlongitudinalextentof

thedayside/nightside(SMR12/00)enhancementsuggestsan

ionosphericsource.Aseasonaldependenceisobservedasthe

asymmetryalmostdisappearsduringwinter.Thereareseveral

possibleexplanationsforthis;Kikuchi(1986);Kikuchietal.

(2001);Kikuchi(2014)proposedthatthepotentialdifferenceat

highlatitudewouldbetransportedtowardtheequatorinan

Earth-ionospherewaveguide.Inthisframetheincreased

equatorialperturbationiscausedbyCowlingconductivity.

However,TuandSong(2019)arguedagainstthisideaasthe

waveguideshouldtransporttheelectricfieldwiththespeedof

lightandtheobserveddelaybetweenhighandlowlatitudeisin

theorderofminutes.MovementoftheSqfociisthoughttobe

responsibleforthesemiannualvariationoftheequatorial

electrojet(Tarpley,1973).Theseasonalvariationisnota

modulationofthemagnitude,butratheralatitudinalshift

alongwiththeSqfoci.Unfortunately,wearenotabletotest

thishypothesiswithourmodelastheyareonlybasedondata

fromthenorthernhemisphere.Itisalsopossiblethatthereisno

hemisphericasymmetryandtheseasonalvariationisanartifact

causedbytheeventoccurrenceprobabilitybeingskewedtoward

acertainUTrangefordifferentdipoletiltanglesduetotheoffset

betweenthegeomagneticandgeographicpoles.Specifically,events

aremorelikelytooccurbetween0and12(12–24)UTforpositive

(negative)dipoletilt.Trivedietal.(2005)showedthatthemagnetic

perturbationduetoSCsmeasuredclosetothesouthatlantic

magneticanomalyarestrongerthanelsewhere.Itistherefore

possiblethatthedipoletiltdependenceofthemagnetic

perturbationatequatorlatitudesimplyisduetolongitudinal

variationsintheequatorialelectrojet.

Itisclearthatthegeomagneticresponsebetween10°and40°

mlatisverysimilarwhilemagnetometerobservationsbetween

0°–10°and40°–50°mlatareunderhighinfluenceofionospheric

sources.Thisconsiderationwastakenintoaccountinthe

developmentoftheDstindex(Sugiura,1964;Sugiuraand

Kamel,1991)anditisthereforecuriousthatitisnottaken

intoaccountintheSYM-HandSMRindex(Iyemorietal.,2010;

NewellandGjerloev,2012).Wedonotattempttounderstandthe

originofthecontaminationpointedouthereasthatshouldbe

doneinafuturestudyusingdatadirectlyfromthemagnetometer

stationsandnotourSHmodels.

6Conclusion

Inthisstudywecarriedoutasuperposedepochanalysisof

thetransienthighlatitudegeomagneticresponseinthenorthern

hemispheretorapidincreasesinsolarwinddynamicpressure

usingsphericalharmonics.Theanalysisisbasedonthelistof

rapidsolarwindpressureincreasespresentedbyMadelaireetal.

(2022).Atotalof2058eventswereseparatedinto12groups,

SupplementaryTableS1,basedonIMFclockangleanddipole

tilt.Wefound:

1.Anincoherentgeomagneticresponseforamajorityofthe

groupsduetoadominantbackgroundsignal;onlyduringBZ+

equinoxandwinterwasthetransientresponsevisible.

2.Acoherentgeomagneticresponseshowingthedevelopment

ofcurrentvorticesassociatedwithPIand/orMIofthesudden

commencementwasobservedforallgroupswhenevaluating

therelativechangewithrespecttoepoch−2.

3.ThePI(MI)onsetoccurs~2minbefore(after)theSYM-H

definedonsetandtherisetimeis4–6(6–11)min.
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However,TuandSong(2019)arguedagainstthisideaasthe

waveguideshouldtransporttheelectricfieldwiththespeedof

lightandtheobserveddelaybetweenhighandlowlatitudeisin

theorderofminutes.MovementoftheSqfociisthoughttobe

responsibleforthesemiannualvariationoftheequatorial

electrojet(Tarpley,1973).Theseasonalvariationisnota

modulationofthemagnitude,butratheralatitudinalshift

alongwiththeSqfoci.Unfortunately,wearenotabletotest

thishypothesiswithourmodelastheyareonlybasedondata

fromthenorthernhemisphere.Itisalsopossiblethatthereisno

hemisphericasymmetryandtheseasonalvariationisanartifact

causedbytheeventoccurrenceprobabilitybeingskewedtoward

acertainUTrangefordifferentdipoletiltanglesduetotheoffset

betweenthegeomagneticandgeographicpoles.Specifically,events

aremorelikelytooccurbetween0and12(12–24)UTforpositive

(negative)dipoletilt.Trivedietal.(2005)showedthatthemagnetic

perturbationduetoSCsmeasuredclosetothesouthatlantic

magneticanomalyarestrongerthanelsewhere.Itistherefore

possiblethatthedipoletiltdependenceofthemagnetic

perturbationatequatorlatitudesimplyisduetolongitudinal

variationsintheequatorialelectrojet.

Itisclearthatthegeomagneticresponsebetween10°and40°

mlatisverysimilarwhilemagnetometerobservationsbetween

0°–10°and40°–50°mlatareunderhighinfluenceofionospheric

sources.Thisconsiderationwastakenintoaccountinthe

developmentoftheDstindex(Sugiura,1964;Sugiuraand

Kamel,1991)anditisthereforecuriousthatitisnottaken

intoaccountintheSYM-HandSMRindex(Iyemorietal.,2010;

NewellandGjerloev,2012).Wedonotattempttounderstandthe

originofthecontaminationpointedouthereasthatshouldbe

doneinafuturestudyusingdatadirectlyfromthemagnetometer

stationsandnotourSHmodels.

6Conclusion

Inthisstudywecarriedoutasuperposedepochanalysisof

thetransienthighlatitudegeomagneticresponseinthenorthern

hemispheretorapidincreasesinsolarwinddynamicpressure

usingsphericalharmonics.Theanalysisisbasedonthelistof

rapidsolarwindpressureincreasespresentedbyMadelaireetal.

(2022).Atotalof2058eventswereseparatedinto12groups,

SupplementaryTableS1,basedonIMFclockangleanddipole

tilt.Wefound:

1.Anincoherentgeomagneticresponseforamajorityofthe

groupsduetoadominantbackgroundsignal;onlyduringBZ+

equinoxandwinterwasthetransientresponsevisible.

2.Acoherentgeomagneticresponseshowingthedevelopment

ofcurrentvorticesassociatedwithPIand/orMIofthesudden

commencementwasobservedforallgroupswhenevaluating

therelativechangewithrespecttoepoch−2.

3.ThePI(MI)onsetoccurs~2minbefore(after)theSYM-H

definedonsetandtherisetimeis4–6(6–11)min.
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4. The pre-noon current vortex associated with the MI initially

appears at (9.3 ± 0.5 mlt, 64.8° ± 1.5° mlat) and moves

westward with a velocity of 5 ± 1.4 km/s until it reaches

~6 mlt. Here it remains while it slowly decays and a new

steady state current pattern emerges.

5. The post-noon current vortex associated with the MI

initially appears at (15.3 ± 0.9 mlt, 65.8° ± 2.5° mlat) and

does not move towards the nightside which is

inconsistent with previously published models and

MHD simulations.

6. The high latitude impact on the low/mid latitude perturbation

results in significant contamination of the SMR index due to

the inclusion of observations from 0° to 10° mlat and

40°–50° mlat.

The purpose of the study was to create a climatological

analysis of the transient high latitude geomagnetic response.

In the future we intend to examine how individual events in

the 12 groups differ from each other and what the controlling

environmental factors are.
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doesnotmovetowardsthenightsidewhichis

inconsistentwithpreviouslypublishedmodelsand

MHDsimulations.

6.Thehighlatitudeimpactonthelow/midlatitudeperturbation
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theinclusionofobservationsfrom0°to10°mlatand

40°–50°mlat.

Thepurposeofthestudywastocreateaclimatological

analysisofthetransienthighlatitudegeomagneticresponse.

Inthefutureweintendtoexaminehowindividualeventsin

the12groupsdifferfromeachotherandwhatthecontrolling

environmentalfactorsare.

Dataavailabilitystatement

Publiclyavailabledatasetswereanalyzedinthisstudy.This

datacanbefoundhere:Eventlist(doi.org/10.5281/zenodo.

6243103),GroundmagneticperturbationfromSuperMAG.

Authorcontributions

MMistheprimaryauthorandcarriedouttheanalysis.KML

andJPRhelpedsetuptheoverallstructureofthemanuscript.All

co-authorscontributedtothediscussionsandprovidededitorial

commentthuscontributingtothearticleandapprovedthe

submittedversion.

Funding

ThisworkwasfundedbytheResearchCouncilofNorway

(RCN)undercontract223252/F50.KLandJRwerealsofunded

bytheRCNundercontract300844/F50.KLandSHwerealso

fundedbytheTrondMohnFoundation.

Conflictofinterest

Theauthorsdeclarethattheresearchwasconductedinthe

absenceofanycommercialorfinancialrelationshipsthatcould

beconstruedasapotentialconflictofinterest.

Publisher’snote

Allclaimsexpressedinthisarticlearesolelythoseofthe

authorsanddonotnecessarilyrepresentthoseoftheiraffiliated

organizations,orthoseofthepublisher,theeditorsandthe

reviewers.Anyproductthatmaybeevaluatedinthisarticle,or

claimthatmaybemadebyitsmanufacturer,isnotguaranteedor

endorsedbythepublisher.

Supplementarymaterial

TheSupplementaryMaterialforthisarticlecanbefound

onlineat:https://www.frontiersin.org/articles/10.3389/fspas.2022.

953954/full#supplementary-material

References

Amm,O.,Engebretson,M.J.,Hughes,T.,Newitt,L.,Viljanen,A.,and
Watermann,J.(2002).Atravelingconvectionvortexeventstudy:Instantaneous
ionosphericequivalentcurrents,estimationoffield-alignedcurrents,andtheroleof
inducedcurrents.J.Geophys.Res.107,1334.SIA1–1–SIA1–11.doi:10.1029/
2002JA009472

Araki,T.(1994).Aphysicalmodelofthegeomagneticsuddencommencement
(Americangeophysicalunion(AGU)).Sol.WindSourcesMagnetos.Ultra-Low-
FrequencyWaves,GeophysicalMonogr.Ser.,183–200.doi:10.1029/GM081p0183

Aster,R.C.,Borchers,B.,andThurber,C.H.(2013a).“Chapterfour-tikhonov
regularization,”inParameterestimationandinverseproblems.EditorsR.C.Aster,
B.Borchers,andC.H.Thurber.SecondEdition(Boston:AcademicPress),93–127.
Secondeditionedn.doi:10.1016/B978-0-12-385048-5.00004-5

Aster,R.C.,Borchers,B.,andThurber,C.H.(2013b).“Chaptertwo-linear
regression,”inParameterestimationandinverseproblems.EditorsR.C.Aster,
B.Borchers,andC.H.Thurber.SecondEdition(Boston:AcademicPress),25–54.
Secondeditionedn.doi:10.1016/B978-0-12-385048-5.00004-5

Burton,R.K.,McPherron,R.L.,andRussell,C.T.(1975).Anempirical
relationshipbetweeninterplanetaryconditionsanddst.J.Geophys.Res.80
(1896-1977),4204–4214.doi:10.1029/JA080i031p04204

Chapman,S.,andBartels,J.(1940).Geomagnetism,2.OxfordUniversityPress.
chap.17.doi:10.2307/3606494

Constable,C.G.(1988).Parameterestimationinnon-Gaussiannoise.Geophys.
J.Int.94,131–142.doi:10.1111/j.1365-246X.1988.tb03433.x

Cowley,S.W.H.,andLockwood,M.(1992).Excitationanddecayofsolarwind-
drivenflowsinthemagnetosphere-ionospheresystem.Ann.Geophys.10.

Curto,J.,Araki,T.,andAlberca,L.(2007).Evolutionoftheconceptofsudden
stormcommencementsandtheiroperativeidentification.EarthPlanetsSpace
59–xii.doi:10.1186/BF03352059

Dalin,P.A.,Zastenker,G.N.,andRichardson,J.D.(2002).Orientationof
middle-scalestructuresinthesolarwindplasma.CosmicRes.40,319–323.doi:10.
1023/a:1019838226629

Finlay,C.C.,Kloss,C.,Olsen,N.,Hammer,M.D.,Tøffner-Clausen,L.,Grayver,A.,etal.
(2020).Thechaos-7geomagneticfieldmodelandobservedchangesinthesouthatlantic
anomaly.EarthPlanetsSpace72,156.doi:10.1186/s40623-020-01252-9

Förster,M.,Doornbos,E.,andHaaland,S.(2017).Theroleoftheupper
atmospherefordawn-duskdifferencesinthecoupledmagnetosphere-
ionosphere-thermospheresystem.Dawn-DuskAsymmetriesPlanet.Plasma
Environments,GeophysicalMonogr.Ser.10,125–141.AmericanGeophysical
Union(AGU)),chap.doi:10.1002/9781119216346.ch10

Friis-Christensen,E.,McHenry,M.A.,Clauer,C.R.,andVennerstrøm,S.(1988).
Ionospherictravelingconvectionvorticesobservednearthepolarcleft:Atriggered

FrontiersinAstronomyandSpaceSciencesfrontiersin.org 23

Madelaireetal.10.3389/fspas.2022.953954

4.Thepre-nooncurrentvortexassociatedwiththeMIinitially

appearsat(9.3±0.5mlt,64.8°±1.5°mlat)andmoves

westwardwithavelocityof5±1.4km/suntilitreaches

~6mlt.Hereitremainswhileitslowlydecaysandanew

steadystatecurrentpatternemerges.

5.Thepost-nooncurrentvortexassociatedwiththeMI

initiallyappearsat(15.3±0.9mlt,65.8°±2.5°mlat)and

doesnotmovetowardsthenightsidewhichis

inconsistentwithpreviouslypublishedmodelsand

MHDsimulations.

6.Thehighlatitudeimpactonthelow/midlatitudeperturbation

resultsinsignificantcontaminationoftheSMRindexdueto

theinclusionofobservationsfrom0°to10°mlatand

40°–50°mlat.

Thepurposeofthestudywastocreateaclimatological

analysisofthetransienthighlatitudegeomagneticresponse.

Inthefutureweintendtoexaminehowindividualeventsin

the12groupsdifferfromeachotherandwhatthecontrolling

environmentalfactorsare.

Dataavailabilitystatement

Publiclyavailabledatasetswereanalyzedinthisstudy.This

datacanbefoundhere:Eventlist(doi.org/10.5281/zenodo.

6243103),GroundmagneticperturbationfromSuperMAG.

Authorcontributions

MMistheprimaryauthorandcarriedouttheanalysis.KML

andJPRhelpedsetuptheoverallstructureofthemanuscript.All

co-authorscontributedtothediscussionsandprovidededitorial

commentthuscontributingtothearticleandapprovedthe

submittedversion.

Funding

ThisworkwasfundedbytheResearchCouncilofNorway

(RCN)undercontract223252/F50.KLandJRwerealsofunded

bytheRCNundercontract300844/F50.KLandSHwerealso

fundedbytheTrondMohnFoundation.

Conflictofinterest

Theauthorsdeclarethattheresearchwasconductedinthe

absenceofanycommercialorfinancialrelationshipsthatcould

beconstruedasapotentialconflictofinterest.

Publisher’snote

Allclaimsexpressedinthisarticlearesolelythoseofthe

authorsanddonotnecessarilyrepresentthoseoftheiraffiliated

organizations,orthoseofthepublisher,theeditorsandthe

reviewers.Anyproductthatmaybeevaluatedinthisarticle,or

claimthatmaybemadebyitsmanufacturer,isnotguaranteedor

endorsedbythepublisher.

Supplementarymaterial

TheSupplementaryMaterialforthisarticlecanbefound

onlineat:https://www.frontiersin.org/articles/10.3389/fspas.2022.

953954/full#supplementary-material

References

Amm,O.,Engebretson,M.J.,Hughes,T.,Newitt,L.,Viljanen,A.,and
Watermann,J.(2002).Atravelingconvectionvortexeventstudy:Instantaneous
ionosphericequivalentcurrents,estimationoffield-alignedcurrents,andtheroleof
inducedcurrents.J.Geophys.Res.107,1334.SIA1–1–SIA1–11.doi:10.1029/
2002JA009472

Araki,T.(1994).Aphysicalmodelofthegeomagneticsuddencommencement
(Americangeophysicalunion(AGU)).Sol.WindSourcesMagnetos.Ultra-Low-
FrequencyWaves,GeophysicalMonogr.Ser.,183–200.doi:10.1029/GM081p0183

Aster,R.C.,Borchers,B.,andThurber,C.H.(2013a).“Chapterfour-tikhonov
regularization,”inParameterestimationandinverseproblems.EditorsR.C.Aster,
B.Borchers,andC.H.Thurber.SecondEdition(Boston:AcademicPress),93–127.
Secondeditionedn.doi:10.1016/B978-0-12-385048-5.00004-5

Aster,R.C.,Borchers,B.,andThurber,C.H.(2013b).“Chaptertwo-linear
regression,”inParameterestimationandinverseproblems.EditorsR.C.Aster,
B.Borchers,andC.H.Thurber.SecondEdition(Boston:AcademicPress),25–54.
Secondeditionedn.doi:10.1016/B978-0-12-385048-5.00004-5

Burton,R.K.,McPherron,R.L.,andRussell,C.T.(1975).Anempirical
relationshipbetweeninterplanetaryconditionsanddst.J.Geophys.Res.80
(1896-1977),4204–4214.doi:10.1029/JA080i031p04204

Chapman,S.,andBartels,J.(1940).Geomagnetism,2.OxfordUniversityPress.
chap.17.doi:10.2307/3606494

Constable,C.G.(1988).Parameterestimationinnon-Gaussiannoise.Geophys.
J.Int.94,131–142.doi:10.1111/j.1365-246X.1988.tb03433.x

Cowley,S.W.H.,andLockwood,M.(1992).Excitationanddecayofsolarwind-
drivenflowsinthemagnetosphere-ionospheresystem.Ann.Geophys.10.

Curto,J.,Araki,T.,andAlberca,L.(2007).Evolutionoftheconceptofsudden
stormcommencementsandtheiroperativeidentification.EarthPlanetsSpace
59–xii.doi:10.1186/BF03352059

Dalin,P.A.,Zastenker,G.N.,andRichardson,J.D.(2002).Orientationof
middle-scalestructuresinthesolarwindplasma.CosmicRes.40,319–323.doi:10.
1023/a:1019838226629

Finlay,C.C.,Kloss,C.,Olsen,N.,Hammer,M.D.,Tøffner-Clausen,L.,Grayver,A.,etal.
(2020).Thechaos-7geomagneticfieldmodelandobservedchangesinthesouthatlantic
anomaly.EarthPlanetsSpace72,156.doi:10.1186/s40623-020-01252-9

Förster,M.,Doornbos,E.,andHaaland,S.(2017).Theroleoftheupper
atmospherefordawn-duskdifferencesinthecoupledmagnetosphere-
ionosphere-thermospheresystem.Dawn-DuskAsymmetriesPlanet.Plasma
Environments,GeophysicalMonogr.Ser.10,125–141.AmericanGeophysical
Union(AGU)),chap.doi:10.1002/9781119216346.ch10

Friis-Christensen,E.,McHenry,M.A.,Clauer,C.R.,andVennerstrøm,S.(1988).
Ionospherictravelingconvectionvorticesobservednearthepolarcleft:Atriggered

FrontiersinAstronomyandSpaceSciencesfrontiersin.org 23

Madelaireetal.10.3389/fspas.2022.953954

4. The pre-noon current vortex associated with the MI initially

appears at (9.3 ± 0.5 mlt, 64.8° ± 1.5° mlat) and moves

westward with a velocity of 5 ± 1.4 km/s until it reaches

~6 mlt. Here it remains while it slowly decays and a new

steady state current pattern emerges.

5. The post-noon current vortex associated with the MI

initially appears at (15.3 ± 0.9 mlt, 65.8° ± 2.5° mlat) and

does not move towards the nightside which is

inconsistent with previously published models and

MHD simulations.

6. The high latitude impact on the low/mid latitude perturbation

results in significant contamination of the SMR index due to

the inclusion of observations from 0° to 10° mlat and

40°–50° mlat.

The purpose of the study was to create a climatological

analysis of the transient high latitude geomagnetic response.

In the future we intend to examine how individual events in

the 12 groups differ from each other and what the controlling

environmental factors are.
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doesnotmovetowardsthenightsidewhichis

inconsistentwithpreviouslypublishedmodelsand

MHDsimulations.

6.Thehighlatitudeimpactonthelow/midlatitudeperturbation
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theinclusionofobservationsfrom0°to10°mlatand
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4.Thepre-nooncurrentvortexassociatedwiththeMIinitially

appearsat(9.3±0.5mlt,64.8°±1.5°mlat)andmoves

westwardwithavelocityof5±1.4km/suntilitreaches

~6mlt.Hereitremainswhileitslowlydecaysandanew

steadystatecurrentpatternemerges.

5.Thepost-nooncurrentvortexassociatedwiththeMI

initiallyappearsat(15.3±0.9mlt,65.8°±2.5°mlat)and

doesnotmovetowardsthenightsidewhichis

inconsistentwithpreviouslypublishedmodelsand

MHDsimulations.

6.Thehighlatitudeimpactonthelow/midlatitudeperturbation

resultsinsignificantcontaminationoftheSMRindexdueto

theinclusionofobservationsfrom0°to10°mlatand

40°–50°mlat.

Thepurposeofthestudywastocreateaclimatological

analysisofthetransienthighlatitudegeomagneticresponse.
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A.Ohma,R.MesquitaandV.Merkin

JournalofGeophysicalResearch:SpacePhysics,Vol.128,doi:10.1029/2023JA031394,

2023

ArticleIII

6.3SpatialResolutioninInverseProblems:The

EZIEsatellitemission

M.Madelaire,K.Laundal,J.Gjerloev,S.Hatch,J.Reistad,H.Vanhamäki,C.Waters,
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1. Introduction
Historically, ground magnetometers have played a key role in the study of ionospheric electrodynamics (Amm 

et al., 2010) as observations of the ground magnetic perturbation allow for the determination of an equivalent hori-

zontal ionospheric electrical current (Friis-Christensen et al., 1988). It is now common to use inverse modeling 

techniques to create regional and global estimates of such currents (Laundal et al., 2022; Madelaire et al., 2022; 

Richmond & Kamide, 1988). While the techniques used are very useful tools, it is sometimes forgotten that the 

resulting model depends on a series of choices made prior to solving the inverse problem. If these choices alter, 

then the conclusions drawn might change. It is therefore crucial that we, as a community, understand the limi-

tations of our models to avoid drawing false conclusions and improve the methods with which we analyze data.

The solution to an inverse problem is inherently probabilistic. Regardless of the method, for example, least squares 
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1.Introduction
Historically, ground magnetometers have played a key role in the study of ionospheric electrodynamics (Amm 

et al., 2010) as observations of the ground magnetic perturbation allow for the determination of an equivalent hori-

zontal ionospheric electrical current (Friis-Christensen et al., 1988). It is now common to use inverse modeling 

techniques to create regional and global estimates of such currents (Laundal et al., 2022; Madelaire et al., 2022; 

Richmond & Kamide, 1988). While the techniques used are very useful tools, it is sometimes forgotten that the 

resulting model depends on a series of choices made prior to solving the inverse problem. If these choices alter, 

then the conclusions drawn might change. It is therefore crucial that we, as a community, understand the limi-

tations of our models to avoid drawing false conclusions and improve the methods with which we analyze data.

The solution to an inverse problem is inherently probabilistic. Regardless of the method, for example, least squares 

or a Monte-Carlo Markov-Chain algorithm, the solution is the most probable, that is, other solutions of similar 

probability are likely to exist. The distribution of these solutions is the posterior model distribution. Analyzing 

the spread of the posterior model distribution quantifies how prior information about the model and measurement 

uncertainties propagate into the solution, referred to as model variance. Furthermore, the underlying assumptions 

in the physical model can be a source of uncertainty. Juusola et al. (2020) showed how accounting for ground 

induced currents can impact the estimated ionospheric currents and their uncertainties. In addition to model 

variance, spatial resolution is an important attribute that can be addressed. It is determined by multiple factors:

1.The spatial distance between model parameters, assuming they are locally defined, unlike spherical harmonics 

where the model parameters describe global surface functions;

2.The spatial distance between observations and in the case of magnetic fields the distance between the meas-

urement and source current;

3.The choice of regularization parameters.

AbstractInverse modeling has become one of the primary methods for studying ionospheric 

electrodynamics, especially when using magnetic field measurements from below the ionosphere. We present a 

method for quantifying the spatial resolution in an inverse model for non-uniformly sampled spatial data. This 

method provides a tool for assessing if a model can resolve the physical phenomena of interest. We quantify 

the spatial resolution for the Spherical Elementary Current System basis functions to model the ionospheric 

dynamics. Our results apply to models with spatially confined model parameters, unlike spherical harmonics 

where the model parameters describe the amplitude of global surface functions. The method is demonstrated 

for the upcoming Electrojet Zeeman Imaging Explorer cubesat mission which will provide spatially distributed 

remote sensing measurements of the magnetic field in the mesosphere. We show that, including measurements 

from a single ground magnetometer can significantly improve the spatial resolution. However, the impact of 

including a ground magnetometer depends on the relative position of the station with respect to the mesospheric 

measurements. In addition, a method for reducing two regularization parameters to one is presented. Reducing 

the amount of regularization parameters simplifies the optimization problem and facilitates a fair comparison 

between the models with and without a ground magnetometer.
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Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et  al., 2015; Matsuo et al., 2015; Richmond & 

Kamide,  1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson,  1998; Pascual-Marqui,  1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2. Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 
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an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 
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Kamide, 1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-
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current needs to be achieved on mesoscales (100–500 km).
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magnetometer measurements to understand how these additional data affect the model. We present a method 
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Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-
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Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2. Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et  al., 2015; Matsuo et al., 2015; Richmond & 

Kamide,  1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson,  1998; Pascual-Marqui,  1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2. Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 

 2
1
6
9
9
4
0
2
, 
2
0
2
3
, 
5
, 
D
o
w
n
lo
ad
ed
 f
ro
m
 h
tt
p
s:
//
ag
u
p
u
b
s.
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/d
o
i/
1
0
.1
0
2
9
/2
0
2
3
JA
0
3
1
3
9
4
 b
y
 U
n
iv
er
si
te
ts
b
ib
li
o
te
k
et
 I
, 
W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 o
n
 [
2
4
/0
5
/2
0
2
3
].
 S
ee
 t
h
e 
T
er
m
s 
an
d
 C
o
n
d
it
io
n
s 
(h
tt
p
s:
//
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/t
er
m
s-
an
d
-c
o
n
d
it
io
n
s)
 o
n
 W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 f
o
r 
ru
le
s 
o
f 
u
se
; 
O
A
 a
rt
ic
le
s 
ar
e 
g
o
v
er
n
ed
 b
y
 t
h
e 
ap
p
li
ca
b
le
 C
re
at
iv
e 
C
o
m
m
o
n
s 
L
ic
en
se

Journal of Geophysical Research: Space Physics

MADELAIRE ET AL.

10.1029/2023JA031394

2 of 15

Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et al., 2015; Matsuo et al., 2015; Richmond & 

Kamide, 1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2.Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et al., 2015; Matsuo et al., 2015; Richmond & 

Kamide, 1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2.Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et al., 2015; Matsuo et al., 2015; Richmond & 

Kamide, 1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2.Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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Regarding the second factor, ground magnetometers are ∼110 km from the ionospheric current responsible for 

the observed magnetic perturbation. As measurements are obtained from increasing distance from the source 

current its strength decreases, but this decrease is faster for small scale sizes resulting in a smoothing of the 

magnetic field with increasing distance (Laundal et al., 2021). This concept plays a large role in the spatial scales 

that can be resolved for example, by ground magnetometers. Regarding the third and perhaps least intuitive factor, 

it is common to perform zeroth order Tikhonov regularization or truncated singular value decomposition when 

an inverse problem is ill-posed. As the level of regularization increases the spatial resolution degrades. In other 

words, one should keep in mind when working with a regularized solution that the resulting spatial resolution 

will be affected by the choice of regularization parameter. The issue of choosing a regularization parameter can 

be addressed by using techniques such as the L-curve (Hansen, 1992). Bauer and Lukas (2011) provide a compre-

hensive comparison of different techniques. However, determining the right value of the regularization parameter 

is significantly more difficult when there is more than one.

Both model variance and spatial resolution are important attributes to evaluate. The former can be exam-

ined by determining the posterior model covariance (Cousins et al., 2015; Matsuo et al., 2015; Richmond & 

Kamide, 1988). Information about measurement uncertainty and prior information about the solution can be 

propagated through the inverse problem and provide the variance and covariance of the model parameters. The 

latter, to the knowledge of the authors, has not been explored in terms of the Spherical Elementary Current 

Technique (Spherical Elementary Current System [SECS]) (Amm & Viljanen, 1999). However, several stud-

ies have been reported from the tomography community (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & 

Kalscheuer, 2020). Spatial resolution of a model parameter is often quantified by analyzing the spatial extent of 

its point-spread function (PSF). These functions are determined by the design of the inverse problem and can be 

analyzed without experimental data.

It is important to understand the spatial resolution with which a model can resolve structures. In one scenario, 

we may be looking for small scale structures in the model predictions to validate the existence of certain physical 

phenomena. A lack of such structures can only be considered significant if the model resolution implies that 

they should be detectable. It can be tempting to think of the spatial resolution purely as a function of the spatial 

distance between measurements, that is, the Nyquist sampling frequency. This would be applicable if a simple 

interpolation scheme was used on a series of measurements of a single magnetic field component. However, in an 

inversion scheme, for example, the SECS technique, the interpolation of the magnetic field is based on physics, 

that is, the existence of an equivalent current that can produce the observed magnetic field. Measurement uncer-

tainty and the inclusion of prior information add to the complexity of the problem. The spatial resolution based 

on the Nyquist sampling frequency should therefore only be considered a lower limit.

As measurement techniques improve and provide increasingly spatial dense observations it becomes crucial to 

analyze the spatial resolution. Dense observations make it possible to resolve small scale features which provides 

opportunities to test hypotheses and perform new analyses. An example is the NASA satellite mission Electrojet 

Zeeman Imaging Explorer (EZIE) (Laundal et al., 2021; Yee et al., 2021) scheduled to launch late 2024 or early 

2025. It will provide measurements of the magnetic field perturbation at mesospheric heights (∼80 km). In order 

to answer the science questions posed by the mission, the reconstruction of the ionospheric horizontal electric 

current needs to be achieved on mesoscales (100–500 km).

In this study, we address the question of spatial resolution using EZIE as an example and introduce ground 

magnetometer measurements to understand how these additional data affect the model. We present a method 

for determining a relationship between the two regularization parameters controlling the zeroth and first-order 

Tikhonov regularization applied in this study. Combining the two parameters facilitates choosing suitable param-

eter values. Section 2 describes the design of our inverse problem an previous existing work on spatial resolution, 

and explains how we calculate spatial resolution. Section 3 presents the method used to combine and determine 

the two regularization parameters. Section 4 compares model predictions, spatial resolution, and model variance 

with and without the inclusion of a ground magnetometer. Sections 5 and 6 discusses the results and concludes 

the study, respectively.

2.Spatial Resolution
The term resolution refers to the accuracy with which something can be observed/measured (e.g., grid resolution, 

temporal/spatial resolution of measurements). The aim of this study is to quantify the accuracy with which the 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1. The Inverse Problem

The EZIE satellite mission (Laundal et  al.,  2021; Yee et  al.,  2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅 = 𝑮𝒎, (1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

�̃� = 𝑮
†

𝒅 =

(
𝑮

𝑇

𝑪
−1

𝑑

𝑮 + 𝑪
−1

𝑚

)
−1

𝑮
𝑇

𝑪
−1

𝑑

𝒅

𝑪
−1

𝑚
= 𝜆1𝑰 + 𝜆2𝑳

𝑇

𝑳.

(2)

The column vector m is the true model while �̃� is the estimated model. Here G† is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

�̃�=𝑮
†

𝒅=

(
𝑮

𝑇

𝑪
−1

𝑑

𝑮+𝑪
−1

𝑚

)
−1

𝑮
𝑇

𝑪
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𝒅

𝑪
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𝑚
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(2)

The column vector m is the true model while �̃� is the estimated model. Here G† is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)
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(2)

The column vector m is the true model while �̃� is the estimated model. Here G† is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1. The Inverse Problem

The EZIE satellite mission (Laundal et  al.,  2021; Yee et  al.,  2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅 = 𝑮𝒎, (1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)
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(2)

The column vector m is the true model while �̃� is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1. The Inverse Problem

The EZIE satellite mission (Laundal et  al.,  2021; Yee et  al.,  2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅 = 𝑮𝒎, (1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

�̃� = 𝑮
†

𝒅 =

(
𝑮

𝑇

𝑪
−1

𝑑 𝑮 + 𝑪
−1

𝑚

)−1
𝑮

𝑇

𝑪
−1

𝑑 𝒅

𝑪
−1

𝑚 = 𝜆1𝑰 + 𝜆2𝑳
𝑇

𝑳.

(2)

The column vector m is the true model while �̃� is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

𝒎=𝑮
†

𝒅=

(
𝑮

𝑇

𝑪
−1

𝑑𝑮+𝑪
−1

𝑚

)−1
𝑮

𝑇

𝑪
−1

𝑑𝒅

𝑪
−1

𝑚=𝜆1𝑰+𝜆2𝑳
𝑇

𝑳.

(2)

The column vector m is the true model while 𝒎 is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

𝒎=𝑮
†

𝒅=

(
𝑮

𝑇

𝑪
−1

𝑑𝑮+𝑪
−1

𝑚

)−1
𝑮

𝑇

𝑪
−1

𝑑𝒅

𝑪
−1

𝑚=𝜆1𝑰+𝜆2𝑳
𝑇

𝑳.

(2)

The column vector m is the true model while 𝒎 is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

𝒎=𝑮
†

𝒅=

(
𝑮

𝑇

𝑪
−1

𝑑𝑮+𝑪
−1

𝑚

)−1
𝑮

𝑇

𝑪
−1

𝑑𝒅

𝑪
−1

𝑚=𝜆1𝑰+𝜆2𝑳
𝑇

𝑳.

(2)

The column vector m is the true model while 𝒎 is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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spatial structure of the ionospheric current can be resolved that is, answering the question: What is the smallest 

spatial scale our model can resolve? We refer to this as spatial resolution.

2.1.The Inverse Problem

The EZIE satellite mission (Laundal et al., 2021; Yee et al., 2021) consists of three cubesats flying in a 

pearls-on-a-string formation and will image the magnetic structure of the ionosphere. Each satellite will have four 

sensors pointing toward Earth measuring oxygen thermal emissions in a push-broom configuration. The EZIE 

technique is based on the Zeeman splitting of the 118 GHz oxygen emission. The result of this technique is the 

ambient magnetic field in the mesosphere (Yee et al., 2017, 2021). This novel method of measuring the magnetic 

field results in an unprecedented spatial resolution close to the source current (∼80 km altitude) compared to 

ground magnetometers (∼0 km altitude).

Laundal et al. (2021) showed how the magnetic perturbation observed by an EZIE satellite could be used to retrieve 

an equivalent ionospheric electric current using the SECS technique (Amm & Viljanen, 1999; Amm et al., 2002). 

The synthetic data used by Laundal et al. (2021) were based on the Gamera (MHD) model (Sorathia et al., 2020; 

Zhang et al., 2019). Magnetic field perturbations were determined using the Magnetosphere-Ionosphere Coupler/

Solver code (Merkin & Lyon, 2010) rewritten for Gamera. The magnetic field perturbations are used together 

with a main field model and an atmospheric model to simulate mesospheric O2 microwave emissions. A realistic 

model of the EZIE instrument performance (including various noise sources and uncertainties) was then used, 

together with the emissions, to generate realistic measurements. Finally, an inversion, explained in detail by Yee 

et al. (2021), was computed to retrieve simulated magnetic field measurements with realistic noise. Since that 

paper was published the viewing angle of the four sensors has been changed resulting in a new synthetic data set 

that will be used here. This new data set was produced in the same way as before and contains 3D vector magnetic 

field perturbations, along the satellite's four tracks. The measurements are provided with 3-s cadence in agree-

ment with the EZIE integration time. Furthermore, the variance of each component along with the covariance 

between the three vector components is included.

Figure 1 is a snapshot of the radial magnetic field perturbation (ΔBr) in the northern polar hemisphere from the 

MHD simulation used to generate the synthetic data set. The dotted lines represent the four tracks along which 

the satellite's four sensors measure the magnetic field. The black square is the boundary of the grid used in the 

inverse problem and the solid blue/orange/green/red lines, inside the black square, indicate the part of the satellite 

trajectory used in the inversion. The grid has been extended beyond the region where data are provided for illus-

tration purposes. Model predictions outside the region of data are subject to extrapolation. It is outside the scope 

of this study to determine how far it is safe to extrapolate.

The forward problem can be written as

𝒅=𝑮𝒎,(1)

where d is a column vector with measurements of the magnetic field components (ΔBr, ΔBθ, ΔBϕ), m is a column 

vector with model parameters that scale the strength of the divergence-free current field around each SECS pole 

and G is a matrix containing the linear relationship between d and m, often referred to as the design matrix. An 

estimate of m can be written in terms of a regularized least squares solution (Aster et al., 2013; Neumaier, 1998; 

Tikhonov & Arsenin, 1977)

𝒎=𝑮
†

𝒅=

(
𝑮

𝑇

𝑪
−1

𝑑𝑮+𝑪
−1

𝑚

)−1
𝑮

𝑇

𝑪
−1

𝑑𝒅

𝑪
−1

𝑚=𝜆1𝑰+𝜆2𝑳
𝑇

𝑳.

(2)

The column vector m is the true model while 𝒎 is the estimated model. Here G
†
 is the generalized inverse of G, 

Cd is the data covariance matrix, and Cm is the prior model covariance matrix. This inverse problem is ill-posed 

due to the spatial distribution of measurements and the amount of measurements compared to model parameters. 

Therefore, regularization is required to stabilize the solution. We employ a regularization scheme similar to 

Laundal et al. (2021); λ1I minimizes the 2-norm of the model while λ2LTL smooths the gradients of the SECS 

amplitudes in the magnetic east/west direction. Both λ1 and λ2 are regularization parameters to be determined, 

I is the identity matrix, and L describes the finite difference calculation of east/west gradients. The stability of 
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)

𝑪
𝑝𝑚

=

(
𝑮

𝑇

𝑪
−1

𝑑

𝑮 + 𝑪
−1

𝑚

)
−1

. (3)

It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪
𝑝𝑑

= 𝑨𝑪
𝑝𝑚
𝑨

𝑇

, (4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1. Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)

𝑪
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=
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𝑮+𝑪
−1

𝑚

)
−1

.(3)

It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪
𝑝𝑑

=𝑨𝑪
𝑝𝑚

𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)
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It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪
𝑝𝑑

=𝑨𝑪
𝑝𝑚

𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)
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It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑 = 𝑨𝑪𝑝𝑚𝑨
𝑇

, (4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1. Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)
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It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑 = 𝑨𝑪𝑝𝑚𝑨
𝑇

, (4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1. Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)
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It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑=𝑨𝑪𝑝𝑚𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)

𝑪𝑝𝑚=

(
𝑮

𝑇

𝑪
−1

𝑑𝑮+𝑪
−1

𝑚

)−1
.(3)

It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑=𝑨𝑪𝑝𝑚𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)
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)−1
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It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑=𝑨𝑪𝑝𝑚𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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the model is challenged by the spatial separation between the four measurement tracks. The east/west gradient 

smoothing is included to stabilize the model between the tracks by assuming that current structures typically are 

aligned east/west. However, the solution is still data driven as there is no hard boundary on the possible gradients.

The variance of the model parameters and the covariance, as a result of measurement uncertainty and Cm, is 

contained in the posterior model covariance matrix (Aster et al., 2013)

𝑪𝑝𝑚=

(
𝑮

𝑇
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−1

𝑑𝑮+𝑪
−1

𝑚

)−1
.(3)

It is important to recognize that this is not an uncertainty related to how well the model reproduces the truth, 

but an uncertainty in the model parameters based on the information provided. As such, the posterior model 

covariance will decrease as the importance of regularization is increased. The uncertainty described by Cpm can 

be projected into any other quantity of interest, as long as there exists a linear relationship with the model. The 

posterior data covariance matrix can be written as

𝑪𝑝𝑑=𝑨𝑪𝑝𝑚𝑨
𝑇

,(4)

which can be used to examine how variance in the model is reflected in predictions of the magnetic field.

Figure 1.Illustration of ΔBr (80 km altitude) in the northern polar hemisphere from an MHD simulation (Gamera (Sorathia 

et al., 2020; Zhang et al., 2019)). A crossing by one of the Electrojet Zeeman Imaging Explorer satellites is overlain and the 

foot points (80 km altitude) of its four sensors are indicated by the dotted lines. The black square is the boundary of the grid 

used in the inverse problem to reconstruct the equivalent ionospheric horizontal electric current. The gray grid is a coarse 

version of the cubed sphere grid on which the model is defined (Laundal et al., 2021). The solid colored lines show where 

the data used in our inverse problem is located. The point of the figure is to give an overview of the geometry of the inverse 

problem before we zoom in on the black square.
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2.2. Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson,  1998; Pascual-Marqui,  1999; Ren & Kalscheuer,  2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, �̃�, by 

combining Equations 1 and 2

�̃� = 𝑮
†

𝑮𝒎 = 𝑹𝒎. (5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix �̃� is perfectly 

resolved, that is, �̃� = 𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of �̃� is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2. A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and �̃� is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & Kalscheuer, 2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, �̃�, by 

combining Equations 1 and 2

�̃�=𝑮
†

𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix �̃� is perfectly 

resolved, that is, �̃�=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 
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the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 
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resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.
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of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 
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Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and �̃� is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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The subject of spatial resolution has been explored extensively in the tomog-
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Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 
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phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, �̃�, by 

combining Equations 1 and 2
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𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix �̃� is perfectly 

resolved, that is, �̃�=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of �̃� is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 
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However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 
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resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and �̃� is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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2.2. Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson,  1998; Pascual-Marqui,  1999; Ren & Kalscheuer,  2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, �̃�, by 

combining Equations 1 and 2

�̃� = 𝑮
†

𝑮𝒎 = 𝑹𝒎. (5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix �̃� is perfectly 

resolved, that is, �̃� = 𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of �̃� is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2. A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and �̃� is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson,  1998; Pascual-Marqui,  1999; Ren & Kalscheuer,  2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, �̃�, by 

combining Equations 1 and 2

�̃� = 𝑮
†

𝑮𝒎 = 𝑹𝒎. (5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix �̃� is perfectly 

resolved, that is, �̃� = 𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of �̃� is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2. A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and �̃� is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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2.2.Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & Kalscheuer, 2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, 𝒎, by 

combining Equations 1 and 2

𝒎=𝑮
†

𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix 𝒎 is perfectly 

resolved, that is, 𝒎=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of 𝒎 is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and 𝒎 is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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2.2.Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & Kalscheuer, 2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, 𝒎, by 

combining Equations 1 and 2

𝒎=𝑮
†

𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix 𝒎 is perfectly 

resolved, that is, 𝒎=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of 𝒎 is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and 𝒎 is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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2.2.Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & Kalscheuer, 2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, 𝒎, by 

combining Equations 1 and 2

𝒎=𝑮
†

𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix 𝒎 is perfectly 

resolved, that is, 𝒎=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of 𝒎 is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and 𝒎 is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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2.2.Quantifying Spatial Resolution

The subject of spatial resolution has been explored extensively in the tomog-

raphy community; magnetotellurics, seismology, electroencephalograms, 

etc. (Gustavsson, 1998; Pascual-Marqui, 1999; Ren & Kalscheuer, 2020). 

Although the scientific topics vary from medicine to geophysics, the under-

lying inverse problem is often similar. In tomography, the model parameters, 

for example, conductivity, tend to be the quantity of interest. If a 5 × 5 grid 

is used then there are 25 unknown conductivity values. In our inverse prob-

lem, the model parameters are similarly defined on a grid and represent the 

amplitude of the divergence-free current associated with the individual SECS 

poles. Therefore, the methods for quantifying spatial resolution in tomogra-

phy are applicable here. In this study, spatial resolution refers to the ability of 

the inverse problem to resolve a model parameter, that is, the strength of the 

divergence-free current in a single cell of the model grid.

The true model, m, can be directly related to the estimated model, 𝒎, by 

combining Equations 1 and 2

𝒎=𝑮
†

𝑮𝒎=𝑹𝒎.(5)

The model resolution matrix, R, describes how well the model parameters 

are resolved in the estimated model. If R is the identity matrix 𝒎 is perfectly 

resolved, that is, 𝒎=𝒎. However, for regularized solutions, it is more 

common that R contains non-zero off-diagonal elements suggesting that the 

model parameters are not perfectly resolved. The level to which the individ-

ual model parameters are resolved can be determined by examining the rows 

and columns of R. The rows are referred to as averaging functions (AFs) and 

columns as PSFs. Miller and Routh (2007), Oldenborger and Routh (2009), 

and Ren and Kalscheuer (2020) provide an overview of these concepts. Here 

we attempt to give a conceptual illustration of AFs and PSFs by viewing R
as a filter through which light passes. Figure 2a illustrates how a single point 

source is spread out as it passes through R. This is a PSF and is equivalent to 

evaluating Equation 5 when m is a δ-function. Figure 2b shows how a single value of 𝒎 is a linear combination 

of multiple point sources. This linear combination is the AF and is important for understanding the interpolation 

between different spatial locations.

Various approaches for quantifying spatial resolution have previously been presented. Tarantola and Valette (1982) 

suggested using the posterior model covariance matrix, Barmin et al. (2001), An (2012), and Chiao et al. (2014) 

suggested using AFs, and Miller and Routh (2007) and Oldenborger and Routh (2009) suggested using PSFs. 

However, as pointed out by Oldenborger and Routh (2009), several studies, including some cited here, confuse 

the terms AF and PSF. This is understandable as the AFs and PSFs can be identical if the inverse problem is not 

regularized or if truncated SVD was used (Oldenborger & Routh, 2009). Miller and Routh (2007) studied the 

resolving capabilities of AFs and PSFs and concluded that PSFs were better suited for determining spatial reso-

lution. For this reason, we use the PSF when quantifying spatial resolution.

Figure 3 shows the absolute PSF for the model parameter located at the cyan dot on a map similar to Figure 1. 

Contrary to the conceptual illustration of a PSF in Figure 2, the PSFs are not limited to positive values as the model 

parameters can be negative. We therefore take the absolute value of the PSF before quantifying the spatial reso-

lution. The figure also illustrates how PSFs are elongated in the east/west direction when constraints are placed 

on the smoothness of the east/west gradients. On the bottom and to the right of the map we show the projection 

of the PSF onto one axis. The projection is the sum over the PSF in a specific direction and can be thought of 

as a marginal distribution. In addition, Figure 3 summarizes the result of three methods for quantifying spatial 

resolution. Barmin et al. (2001) and An (2012) suggested quantifying the spread by fitting an appropriate function 

to the PSF. Two ellipses indicating a non-linear fit of a 2D Gaussian function. The innermost is the Full Width 

Half Maximum (FWHM) (2.335σ) while the outermost is ±3σ, where σ is the standard deviation of the fitted 

Gaussian distribution. The FWHM of the marginal distributions is shown as an orange shaded area overlain the 

Figure 2.A conceptual illustration of averaging functions (AFs) and 

point-spread functions (PSFs). Imagine R to be a filter through which light 

passes. m is the light source and 𝒎 is the observed pattern after the light passes 

through R. Panel (a)illustrates how light from a single point source spreads 

after passing through R, that is, a PSF. Panel (b) illustrates how the light 

observed at one location is a linear combination of multiple point sources, 

that is, an AF. The point of this figure is to provide a conceptual idea of AFs 

and PSFs before and after we introduce 2D versions and discuss how to derive 

information from them.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh  (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3. Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between �̃� and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖
1

‖AF‖
2√

𝑛

√√
− 1

, (6)

Figure 3. Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√

2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between �̃� and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖
1

‖AF‖
2 √

𝑛

√√
−1

,(6)

Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√

2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between �̃� and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖
1

‖AF‖
2 √

𝑛

√√
−1

,(6)

Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh  (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3. Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between �̃� and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖1
‖AF‖2

√
𝑛

√√
− 1

, (6)

Figure 3. Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.

 2
1
6
9
9
4
0
2
, 
2
0
2
3
, 
5
, 
D
o
w
n
lo
ad
ed
 f
ro
m
 h
tt
p
s:
//
ag
u
p
u
b
s.
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/d
o
i/
1
0
.1
0
2
9
/2
0
2
3
JA
0
3
1
3
9
4
 b
y
 U
n
iv
er
si
te
ts
b
ib
li
o
te
k
et
 I
, 
W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 o
n
 [
2
4
/0
5
/2
0
2
3
].
 S
ee
 t
h
e 
T
er
m
s 
an
d
 C
o
n
d
it
io
n
s 
(h
tt
p
s:
//
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/t
er
m
s-
an
d
-c
o
n
d
it
io
n
s)
 o
n
 W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 f
o
r 
ru
le
s 
o
f 
u
se
; 
O
A
 a
rt
ic
le
s 
ar
e 
g
o
v
er
n
ed
 b
y
 t
h
e 
ap
p
li
ca
b
le
 C
re
at
iv
e 
C
o
m
m
o
n
s 
L
ic
en
se

Journal of Geophysical Research: Space Physics

MADELAIRE ET AL.

10.1029/2023JA031394

6 of 15

projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh  (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3. Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between �̃� and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖1
‖AF‖2

√
𝑛

√√
− 1

, (6)

Figure 3. Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between 𝒎 and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖1
‖AF‖2

√
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√√
−1

,(6)

Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between 𝒎 and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
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√√
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‖AF‖1
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Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between 𝒎 and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
𝑛

√√
−

‖AF‖1
‖AF‖2

√
𝑛

√√
−1

,(6)

Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.
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projected PSF. The FWHM is the minimum distance between two impulses 

for them to be distinguished from each other. This method is informative as it 

provides the rotation of the PSF. The downside is its complexity as it requires 

a non-linear fit which when automated can result in substantial errors.

Oldenborger and Routh (2009) presented a spread metric, similar to Miller 

and Routh (2007), based on the definition of variance using the squared PSF 

as a probability mass function. To translate the spread metric into the FWHM 

one must assume some known distribution. We assumed the PSF to be Gauss-

ian, requiring a scaling of the spread metric by 
√
2

√√
, the result is illustrated 

as a green-shaded area. We quantify spatial resolution as the FWHM of the 

projected PSF, shown on the axis of Figure 3. This is done by locating the 

first point, on either side of the maximum, to fall below 50% of the maximum. 

Linear interpolation between the point above and below 50% of the maximum 

is used to estimate the FWHM. The results are shown as red lines spanning the 

projected PSF. The spatial resolution estimates are provided in the cross- and 

along-track directions as these reflect the geometry of the EZIE measurements.

3.Combining Regularization Parameters
We are interested in quantifying spatial resolution to better understand the 

performance of a model. Similarly, we are interested in how combining 

measurements from different sources affects spatial resolution, for exam-

ple, EZIE and ground magnetometer measurements. When comparing the 

resolution of two models it is crucial that the regularization parameters are 

determined objectively. It is tempting to tune them manually until the model 

predictions look “right,” but these parameters have a direct impact on the 

spatial resolution and model variance and should be chosen with care. If not, 

one might under- or over-regularize resulting in a scenario where the results 

are not reproducible since values were chosen subjectively. This is where 

methods such as the L-curve (Hansen, 1992) come into play. The L-curve 

allows a trade-off between minimizing the data misfit and the part of the cost 

function controlled by the regularization. However, the L-curve is commonly 

applied to problems with a single regularization parameter and we have two. 

Therefore, we present an approach to determine a relationship between λ1 and 

λ2, referred to as the λ-relation, allowing the use of the L-curve for a single 

regularization parameter.

The λ-relation is based on R. The AFs (rows of R) describe the linear relationship between 𝒎 and m. The AF of 

a model parameter spatially close to a measurement will be sparse as that model parameter only will depend on 

other model parameters close to itself. The AF of a model parameter far away from measurements will depend on a 

much larger group of model parameters as those close to it also are poorly constrained by data. When the east/west 

gradients are smoothed, controlled by λ2, the model parameters between the measurements, for example, the green 

and red data track, will become less dependent on the model parameters in their immediate vicinity and more 

dependent on those close to measurements. In other words, for moderate values of λ2 the AF between the data 

tracks becomes more sparse. If the gradient smoothing is increased the dependence will not only be on the model 

parameters around the nearest measurements but also on those close to measurements on other data tracks (follow-

ing a path of equal latitude). At this point, the AF becomes less sparse. We find that the models perform best when 

the model parameters between data tracks mainly depend on the nearest measurements. Achieving this coincides 

with the sparsest AF, that is, the linear relationship that depends on the least amount of other model parameters.

Figure 4 is a conceptual illustration of how we determine the λ-relation. Figure 4a is a map of the Hoyer index 

(Hoyer, 2004) over the AFs for a specific λ1 and λ2. The Hoyer index,

=

√
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‖AF‖1
‖AF‖2
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Figure 3.Illustration of a point-spread function (PSF) and a comparison of 

three ways to quantify spatial resolution. The map is a close-up of the black 

square in Figure 1 and the contour is the absolute of the PSF associated with 

the model parameter located at the cyan dot. The four colored vertical lines 

indicate the foot points of the satellite's four sensors and the black ellipses 

represent a non-linear fit of a 2D Gaussian function. The graphs on the bottom 

and the right-hand side are projections of the PSF. The green shaded area 

reflects the result of using the spread metric suggested by Oldenborger and 

Routh (2009), under the assumption that the PSF is Gaussian. The orange 

shaded area is the Full Width Half Maximum (FWHM) of the marginal 

distribution of the 2D Gaussian fit. The red line is the FWHM of the 

projection of the PSF which we use to quantify spatial resolution. The point of 

this figure is to help visualize a PSF and provide a platform on which methods 

for quantifying spatial resolution can be compared.

 2
1
6
9
9
4
0
2
, 
2
0
2
3
, 
5
, 
D

o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ag

u
p
u
b
s.

o
n
li

n
el

ib
ra

ry
.w

il
ey

.c
o
m

/d
o
i/

1
0
.1

0
2
9
/2

0
2
3
JA

0
3
1
3
9
4
 b

y
 U

n
iv

er
si

te
ts

b
ib

li
o
te

k
et

 I
, 
W

il
ey

 O
n
li

n
e 

L
ib

ra
ry

 o
n
 [

2
4
/0

5
/2

0
2
3
].

 S
ee

 t
h
e 

T
er

m
s 

an
d
 C

o
n
d
it

io
n
s 

(h
tt

p
s:

//
o
n
li

n
el

ib
ra

ry
.w

il
ey

.c
o
m

/t
er

m
s-

an
d
-c

o
n
d
it

io
n
s)

 o
n
 W

il
ey

 O
n
li

n
e 

L
ib

ra
ry

 f
o
r 

ru
le

s 
o
f 

u
se

; 
O

A
 a

rt
ic

le
s 

ar
e 

g
o
v
er

n
ed

 b
y
 t

h
e 

ap
p
li

ca
b
le

 C
re

at
iv

e 
C

o
m

m
o
n
s 

L
ic

en
se



Journal of Geophysical Research: Space Physics

MADELAIRE ET AL.

10.1029/2023JA031394

7 of 15

is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4. Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4. Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4. Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4. Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.

 2
1
6
9
9
4
0
2
, 
2
0
2
3
, 
5
, 
D
o
w
n
lo
ad
ed
 f
ro
m
 h
tt
p
s:
//
ag
u
p
u
b
s.
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/d
o
i/
1
0
.1
0
2
9
/2
0
2
3
JA
0
3
1
3
9
4
 b
y
 U
n
iv
er
si
te
ts
b
ib
li
o
te
k
et
 I
, 
W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 o
n
 [
2
4
/0
5
/2
0
2
3
].
 S
ee
 t
h
e 
T
er
m
s 
an
d
 C
o
n
d
it
io
n
s 
(h
tt
p
s:
//
o
n
li
n
el
ib
ra
ry
.w
il
ey
.c
o
m
/t
er
m
s-
an
d
-c
o
n
d
it
io
n
s)
 o
n
 W
il
ey
 O
n
li
n
e 
L
ib
ra
ry
 f
o
r 
ru
le
s 
o
f 
u
se
; 
O
A
 a
rt
ic
le
s 
ar
e 
g
o
v
er
n
ed
 b
y
 t
h
e 
ap
p
li
ca
b
le
 C
re
at
iv
e 
C
o
m
m
o
n
s 
L
ic
en
se

Journal of Geophysical Research: Space Physics

MADELAIRE ET AL.

10.1029/2023JA031394

7 of 15

is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4. Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4. Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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is the normalized ratio of the 1- and 2-norm making it well suited for quantifying information/sparsity/entropy 

(Hurley & Rickard, 2008). Here n is the size of the AF (the number of model parameters). Areas with high 

information reflect sparse AFs while areas with low information reflect denser AFs. Figure 4b shows a movie 

of how a cross-section of the map in Figure 4a changes if λ1 is kept constant and λ2 is varied. When λ2 is small, 

that is, little to no gradient smoothing, there is a big difference between the information contained in the AFs 

close to and further away from measurements. However, as λ2 increases the relative difference between the infor-

mation contained in the AFs decreases. We are specifically interested in how information in the AF belonging 

to the model parameter furthest away from data changes as a function of λ2. This model parameter is located 

halfway between the green and red track and its position on the cross-section is illustrated by a blue dot and line 

in Figures 4a and 4b, respectively. Figure 4c shows how the information in that AF changes as a function of λ2. 

Initially, when λ2 increases there is little to no change. At around log10(λ2) = −2 (red star) the information starts 

to increase. Then, around log10(λ2) = 2.5 (red square) the information is maximized and starts to decrease. This 

means that for the specific λ1 used to create Figure 4 we have found the λ2 that maximizes the information used 

to determine the model parameter furthest away from measurements.

By repeating the process summarized in Figure 4 for a series of λ1 values a λ-relation can be generated as illus-

trated in Figure 5. For each value of λ1 the λ2 value that maximizes information is selected. In addition, we select 

the surrounding nine λ2 that have the next highest information. This is done to help provide the B-spline fit, 

used to make the λ-relation continuous, information about the gradient. The λ-relation is shown for both cases 

explored in Section 5, that is, with and without a ground magnetometer.

It is now possible to solve the inverse problem repeatedly while changing λ1, using the λ-relation to determine λ2, 

to create an L-curve from which the “optimal” pair of λ1 and λ2 can be determined. The L-curve does have some 

difficulties. The best trade-off is found in the “knee.” There have been many suggestions on how to determine this 

point, some of which are discussed by Hansen et al. (2007). We use the Kneedle algorithm (Satopaa et al., 2011), 

via. the python implementation (Arvai, 2020), that is designed to find the point of largest curvature. Figure 6

shows the L-curve. The knee has been marked by a black dot from which λ1 and λ2 can be determined. These are 

the λ1 and λ2 values used to create the models examined in Section 5.

4.Results
In this section, we compare model predictions, spatial resolution, and model variance when solving the inverse 

problem with synthetic measurements from EZIE with and without a single ground magnetometer. The 

ground magnetometer was included by adding two 3D vector measurements assuming a 1-min cadence, which 

Figure 4.Conceptual illustration of how the λ-relation is determined. Panel (a) shows the Hoyer index of the averaging functions for a specific λ1 and λ2. Panel (b) 

shows how the cross-section in panel (a) changes with λ2, while keeping λ1 constant. Panel (c) shows how the Hoyer index changes as a function of λ2 for the model 

parameters furthest away from data. The point of this figure is to provide a conceptual idea of how the “optimal” λ2 is determined for a given λ1.
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approximately corresponds to the temporal span of the EZIE measurements used. The two ground magnetom-

eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6. L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5. The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.
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eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6.L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5.The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.
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eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6.L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5.The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.
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eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6. L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5. The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.
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approximately corresponds to the temporal span of the EZIE measurements used. The two ground magnetom-

eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6. L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5. The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.
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assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-
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off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 
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Figure 5.The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 
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assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-
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off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5.The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 
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approximately corresponds to the temporal span of the EZIE measurements used. The two ground magnetom-

eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 

combined in an inversion. Figure 7 compares the truth (MHD, first column), to the predictions from two models: 

one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6.L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.

Figure 5.The λ-relations for the two models using Electrojet Zeeman Imaging Explorer data with (orange) and without 

(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 

dashed lines are B-spline fits to make the λ-relation continuous. The purpose of this figure is to explain how we go from the 

figure to a continuous λ-relation.

 2
1
6
9
9
4
0
2
, 
2
0
2
3
, 
5
, 
D

o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ag

u
p
u
b
s.

o
n
li

n
el

ib
ra

ry
.w

il
ey

.c
o
m

/d
o
i/

1
0
.1

0
2
9
/2

0
2
3
JA

0
3
1
3
9
4
 b

y
 U

n
iv

er
si

te
ts

b
ib

li
o
te

k
et

 I
, 
W

il
ey

 O
n
li

n
e 

L
ib

ra
ry

 o
n
 [

2
4
/0

5
/2

0
2
3
].

 S
ee

 t
h
e 

T
er

m
s 

an
d
 C

o
n
d
it

io
n
s 

(h
tt

p
s:

//
o
n
li

n
el

ib
ra

ry
.w

il
ey

.c
o
m

/t
er

m
s-

an
d
-c

o
n
d
it

io
n
s)

 o
n
 W

il
ey

 O
n
li

n
e 

L
ib

ra
ry

 f
o
r 

ru
le

s 
o
f 

u
se

; 
O

A
 a

rt
ic

le
s 

ar
e 

g
o
v
er

n
ed

 b
y
 t

h
e 

ap
p
li

ca
b
le

 C
re

at
iv

e 
C

o
m

m
o
n
s 

L
ic

en
se

Journal of Geophysical Research: Space Physics

MADELAIRE ET AL.

10.1029/2023JA031394

8 of 15

approximately corresponds to the temporal span of the EZIE measurements used. The two ground magnetom-

eter measurements are taken directly from the MHD simulation, thus reflecting the truth. Their uncertainty is 

assumed to be 1 nT, which is 2–3 orders of magnitude lower than the EZIE measurements.

EZIE and ground magnetometers both provide measurements below the ionosphere, which means they are only 

affected by the divergence-free part of the ionospheric electric current. Therefore, these measurements are easily 
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one based only on EZIE measurements (second column), and one that also includes a single ground magneto-

meter (third column). Each row refers to one of the magnetic field components (ΔBr, ΔBθ, and ΔBϕ). The gray 

arrows illustrate the divergence-free ionospheric electric current, from the MHD, responsible for the magnetic 

Figure 6.L-curve for the two models after testing numerous pairs of λ1 and λ2. The black dot indicates the best trade-

off and was determined using the Kneedle algorithm (Satopaa et al., 2011). The point of this figure is to show how both 

regularization parameters are easily determined using the classic L-curve after having determined the λ-relation.
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(blue) an additional ground magnetometer. The dots show the 10 λ2 that result in the highest Hoyer index for each λ1. The 
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7. Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB

𝜙
, ΔB

𝜃
, ΔB

𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB

𝜙
,ΔB

𝜃
,ΔB

𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
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𝜙
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)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7. Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

, ΔB𝜃
, ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7. Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

, ΔB𝜃
, ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

,ΔB𝜃
,ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

,ΔB𝜃
,ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

,ΔB𝜃
,ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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perturbation below the ionosphere while the black arrows illustrate the equivalent ionospheric electric current as 

produced by the models. The four vertical lines (blue/orange/green/red) indicate the location of the EZIE meas-

urements at 80 km altitude while the cyan star marks the location of the ground magnetometer.

Both the magnetic perturbation and ionospheric current are reconstructed rather well by both models. Outside 

the regions of data, the models perform worse which is no surprise as they are simply extrapolating. Between 

the green and red data tracks the MHD shows a current vortex that is better resolved in the model that includes 

a ground magnetometer. The difference between the two models is shown in the fourth column of Figure 7, 

calculated by subtracting the third column from the second. The difference is most prominent near the ground 

magnetometer. However, such qualitative comparisons do not provide details of the inherent properties of the 

models. Quantifying spatial resolution and model variance can provide an idea of how trustworthy the features in 

Figure 7 are and what physical phenomena can be resolved.

The first column of Figure 8 shows the spatial resolution in the cross- and along-track directions for the model 

based only on EZIE measurements, calculated as described in Section 2.2. The black background is visible when 

Figure 7.Comparison of the truth (MHD), first column, the model predictions based on Electrojet Zeeman Imaging Explorer measurements, second column, and 

model predictions after including the ground magnetometer, third column. The difference between the two models is shown in the fourth column, calculated by 

subtracting the third column from the second. The ground magnetometer's location is marked by a star. Each row shows a contour of one of the three magnetic field 

components 
(
ΔB𝜙

,ΔB𝜃
,ΔB𝑟

)
. The gray arrows show the divergence-free current from the MHD, while the black arrows show the equivalent ionospheric current 

determined from the models. The point of this figure is to show how well the models reproduce the truth.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8. Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8. Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8. Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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the FWHM could not be determined. This occurs when it is not possible to find a point smaller than 50% of the 

maximum on either side of the maximum. We see that the cross-track resolution is around 200–400 km with the 

lowest values close to the data and the highest values located between tracks. Looking at the along-track resolu-

tion we find that it is slightly lower, around 100–300 km. The areas where the FWHM could not be determined 

change depending on the direction of the spatial resolution. We suggest only considering the spatial resolution 

determined at locations constrained by more than one data point. That is, any value outside the blue and red track 

should be ignored, as well as values too close to the beginning and end of the data tracks. The second column in 

Figure 8 shows the spatial resolution after introducing the ground magnetometer while the third column shows 

the difference. The second column was subtracted from the first which means that a positive value indicates that 

the resolution has improved after including the ground magnetometer.

The spatial resolution in the cross-track direction between the ground magnetometer and the red track has improved 

by up to ∼200 km. Oddly, little to no improvement is seen between the ground magnetometer and the green/

orange track which could be an indication of the minimum scale size that a ground magnetometer can resolve due 

to its distance to the ionosphere. The spatial resolution in the along-track direction did not significantly change. 

However, symmetrically above and below the ground magnetometer, in the along-track direction, the spatial 

resolution degraded slightly. We attribute this to the elongation of the PSF toward the ground magnetometer 

due to its low measurement uncertainty. Additionally, the inclusion of the ground magnetometer has an indirect 

global impact on the spatial resolution. By including the ground magnetometer the amount of east/west gradi-

ent smoothing necessary to stabilize the model has decreased. As a result the PSFs become more circular. This 

deformation occurs in east/west and north/south which maps into the cross- and along-track directions differently 

depending on location. The changes in spatial resolution due to the deformation of the PSFs is most pronounced 

in the along-track direction close to the data tracks. The improvements in spatial resolution after inclusion of the 

Figure 8.Comparison of the spatial resolutions in both cross- and along-track directions before and after including a single 

ground magnetometer. The difference, in the third column, is calculated by subtracting the second column from the first. A 

positive value thus means that the spatial resolution improved after including the ground magnetometer. The point of this 

figure is to show how a single measurement with low uncertainty, for example, from a ground magnetometer, can lead to 

significant improvements in the spatial resolution.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9. Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9. Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9. Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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ground magnetometer depends on the location and noise level of the ground magnetometer as well as the noise 

level and spatial separation between the EZIE measurements. It is therefore not possible to provide a single quan-

tity to summarize the expected improvement when including ground magnetometer measurements.

Although the spatial resolution becomes worse in some areas after introducing the ground magnetometer, one 

should not conclude that the ground magnetometers have a negative impact on the model. This is clear when 

examining the posterior data covariance matrix, Cpd. In Figure 9 the square root of the diagonal of Cpd is visual-

ized when A (Equation 4) is the linear relationship between the model and the individual magnetic field compo-

nents. The columns are ordered as ΔBϕ, ΔBθ, and ΔBr while the first two rows refer to the model with and without 

a ground magnetometer, respectively. Furthermore, the third row shows the difference between the models, calcu-

lated by subtracting the second row from the first. This implies that positive values are improvements due to the 

inclusion of the ground magnetometer. There are two clear differences. First, the variance decreases on a global 

level as the ground magnetometer measurements provide the model with additional information about the magni-

tude of the magnetic perturbation. Second, the variance is decreased in the area immediately around the ground 

magnetometer.

We did not find any substantial differences from the comparison of model predictions in Figure 7, except close to 

the current vortex after the introduction of the ground magnetometer. However, Figure 8 showed a clear improve-

ment in spatial resolution. Figure 9 showed how the variance in the model prediction was reduced, both globally 

and locally. It should therefore be clear that examining attributes such as spatial resolution and model variance 

should be a more common practice as they contain crucial information regarding the design of the inverse prob-

lem and the performance of its solution.

Figure 9.Comparison of the posterior data variance before and after including the ground magnetometer. The third row 

shows the difference between the first two rows, calculated by subtracting the second row from the first. The point is to 

show that even though the ground magnetometer mainly impacted the spatial resolution locally it affected the posterior data 

covariance both locally and globally.
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5. Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et  al.,  2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ
1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮𝑇

𝑪
−1

𝑑

𝑮, for example, median of the diagonal, 

Figure 10. The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ
1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮𝑇

𝑪
−1

𝑑

𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ
1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮𝑇

𝑪
−1

𝑑

𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5. Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et  al.,  2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑 𝑮, for example, median of the diagonal, 

Figure 10. The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5. Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et  al.,  2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑 𝑮, for example, median of the diagonal, 

Figure 10. The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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5.Discussion
In this study, we presented a method for quantifying spatial resolution when 

modeling ionospheric dynamics with SECS. Our method quantifies the spatial 

resolution of the model parameters, that is, the strength of the divergence-free 

current, by assessing the width of PSFs. This type of approach is called a 

resolution test (Aster et al., 2013). In general, the resolution test involves 

testing how the true model, m, changes when passed through R. The most 

common approach is to use a spike model, which we refer to as a δ-function, 

where only one model parameter is non-zero (Rawlinson & Spakman, 2016). 

Using a δ-function is in reality a special case. It would likewise be inform-

ative to test true models with different shapes, sizes, and/or gradients. 

However, it is not feasible to test all possible scenarios and we therefore only 

show resolution tests with the δ-function. In addition to the strength of the 

divergence-free current, we are also interested in the horizontal current and 

associated magnetic field that can be derived from the model parameters. The 

magnetic field has three components and the horizontal current two, totaling 

five quantities. To avoid confusion over six different spatial resolutions we 

have chosen to work specifically with those related directly to the model 

parameters. It is possible to examine the spatial resolution of the other quan-

tities. However, this requires formulation of a structure, for example, in ΔBr, in terms of a true model that can 

be passed through R. The resulting model can be used to calculate model predictions that can be compared with 

the truth. The only issue is how to get the true model. One way, in case of synthetic data, could be to solve the 

inverse problem with a very high and even data coverage, along with no measurement noise. This would likely 

make the inverse problem well-posed and thus require virtually no regularization. The resulting model could be 

considered the truth.

It is tempting to think that an alternative to examining R is to test how well a model can reproduce a checkerboard 

pattern. The size of the tiles could be varied to find the smallest resolvable size. Although the method is intuitive 

and illustrative, Lévěque et al. (1993) showed it to be misleading as it might be possible to resolve small scale 

structures while large scale structures are poorly resolved.

We advocate for the use of spatial resolution and model variance to better understand the inherent properties of 

inverse problems. Spatial resolution is especially compelling as it does not require experimental data and can 

therefore play an important role when designing the inverse problem. We compared the spatial resolution of two 

models in Figure 8 and saw improvements when a single ground magnetometer was included. Figure 10 shows 

how many ground magnetometers will be in EZIE's field of view as a function of quasi-dipole longitude (Laundal 

& Richmond, 2017), in the northern hemisphere. Figure 10 is based on the ground magnetometers available 

from SuperMag (https://supermag.jhuapl.edu/). This assumes that the distance between the blue and red track is 

1,000 km, the orbit is north/south and measurements are taken between 60° and 75° latitude. Based on the median 

of the distribution there will typically be around seven ground magnetometers in EZIE's field of view. Therefore, 

it seems natural to include ground magnetometers as they can provide valuable information. Likewise, the meas-

urements by EZIE fit neatly into the SECS-based Lompe technique (Hovland et al., 2022; Laundal et al., 2022), 

that like AMIE Richmond and Kamide (1988) and AMGeO Collaboration (2019) combines multiple types of 

measurements to model the ionospheric electric field.

In this study ground magnetometer measurements were included to illustrate the value of using spatial resolution 

and model variance to compare and assess the performance of models. It is outside the scope of this study to 

analyze the implications of including multiple ground magnetometer stations. However, in a future study it would 

be interesting to carry out case studies for when the EZIE orbit intersects with certain ground magnetometer 

arrays, for example, North America, Greenland, and Fennoscandia.

Spatial resolution, model variance and regularization are related. The smallest spatial scale a model can resolve 

increases when the regularization is increased. It is therefore clear that the choice of regularization parameter 

is important. Figure 4 shows how the λ-relation is determined. The question is; what range of λ1 and λ2 should 

be tested? It can be a good idea to scale λ1 by some quantity of 𝑮
𝑇

𝑪
−1

𝑑𝑮, for example, median of the diagonal, 

Figure 10.The estimated number of ground magnetometers in the Electrojet 

Zeeman Imaging Explorer field of view. This is based on the ground 

magnetometers available at SuperMag. The point of this figure is to show that 

the improvements, after including the ground magnetometer, shown in our 

study will be possible to achieve in every orbit and likely be better as many 

ground magnetometers will be available (the median is 7).
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1 ∈

[
10

−3

; 10
3

]
. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3

]
. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3

]
. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1 ∈

[
10

−3

; 10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1 ∈

[
10

−3

; 10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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such that λ1 = 1 will have a significant impact. By scaling λ1 in this way, we are almost certain to find the desired 

trade-off with 𝜆1∈

[
10

−3

;10
3]

. Unfortunately, determining a range for λ2 is not as straightforward. It can be 

scaled in a similar fashion as λ1, but since it controls gradient smoothing its magnitude does not have to be close 

to 1. The example shown here is well-behaved, such that the surface formed by λ1, λ2 and the Hoyer index has 

one clear maximum before the model solution becomes dominated by zonal structures. For this reason, it has 

not been necessary to define an upper threshold for λ2. However, this can become relevant if the measurement 

geometry changes. The measurement geometry is not only determined by the viewing angle of the instruments, 

but also by where the measurements lie on the spherical surface and the declination of the tracks. Changing these 

aspects of the measurement geometry determines if λ2, controlling east/west gradient smoothing, smooths struc-

tures cross-track direction, along-track direction or some direction in between. In addition, it is possible for the 

gradient smoothing to essentially loop around on itself, at higher latitudes. This is observed as an additional peak 

in the Hoyer index at large λ2 values. By examining the PSF and/or model solution for this last peak it is easily 

concluded that it is undesirable. We therefore suggest that the localization error (Oldenborger & Routh, 2009) can 

be used to indicate the upper limit of λ2. The localization error is determined by evaluating the Euclidean distance 

between the maximum of the δ-function and the PSF. Ideally, the two maxima should be at the same location. 

However, small deviations are likely to occur. By examining the localization error we found that a discontinuous 

increase occurs at large λ2 values and the λ2 at which it happens increases with λ1. By locating the discontinuity a 

threshold after which λ2 should not be increased further can be determined.

The λ-relation is defined based on how the AF of a specific model parameter behaves. If we chose another model 

parameter the relation would change. However, the geometry between the green and red track of Figure 4 is 

symmetric, and changing to a neighboring model parameter in the along-track direction would not lead to any 

significant change. This is not the case near the end of the data tracks. At the top of the red track, it is easy to find 

a measurement that does not have a counterpart on the green track if a path of equal latitude is followed. This is 

an issue because we have imposed prior information about how the structures are aligned (east/west) and thus 

with sufficient east/west gradient smoothing model parameters on such a path are subject to extrapolation and 

not interpolation. Therefore, it is wise to avoid determining the λ-relation based on model parameters that are not 

constrained by data on either side when λ2 is increased.

The presented method for combining regularization parameters works well for the measurement geometry of 

EZIE. However, there are alternatives to tackling multiple regularization parameters. Belge et al. (2002) devel-

oped a method for creating an L-hypersurface allowing for the determination of any number of regularization 

parameters. Working in multiple dimensions tends to be computationally expensive and it can therefore be advan-

tageous to try and reduce the dimensionality by using the λ-relation. It is also possible to consider these regular-

ization parameters as model parameters and embrace the non-linearity of the problem. If so, a solution can be 

found using Monte-Carlo Markov-Chain algorithms. In these types of algorithms the posterior model distribution 

is explored by continuously solving the forward problem. However, with a large number of model parameters 

comes the curse of dimensionality which can make these algorithms impractical. It is especially difficult if the 

posterior model covariance turns out to be multi-modal. Alternatively, model selection (Akaike, 1974; Virtanen 

et al., 2018) can be used to determine an adequate level of model complexity. Here the grid resolution could be 

varied while calculating the likelihood of the associated solution, for example, using the Akaike Information 

Criterion or the Bayesian Information Criterion (Akaike, 1974; Burnham & Anderson, 2002). The solution that 

reproduces the observations best while keeping the model complexity low can then be selected. This could also 

be done with anisotropic grids to accommodate variations in data coverage and/or quality. Instead of using an 

anisotropic grid it is also possible to use spatially varying regularization parameters such that local variations of a 

regularization parameter does not affect the solution globally (Roininen et al., 2014). The approach for determin-

ing the λ-relation (Figure 4) was initially carried out for all cross-track locations to determine position dependent 

east/west smoothing. However, this was found to cause multi modality of the PSFs and thereby affect the spatial 

resolution estimation and was therefore not used.

The EZIE satellites will measure 118 GHz oxygen emission using the Microwave Electrojet Magnetogram (Yee 

et al., 2021). In the mesosphere, the foot point will be a few tens of km, but vary with viewing angle and the 

altitude of the satellite. Spatial scales small enough to vary within the MEM's field of view could lead to a higher 

measurement uncertainty. The MHD, shown in Figure 1, contain large-scale features. In the scenario where parts 

of the measurement track is co-located with structures small enough to affect measurement uncertainty the spatial 

resolution of the surrounding area could be affected.
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6. Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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6.Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 
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lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.
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In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.
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6. Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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6.Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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6.Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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6.Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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6.Conclusion
In this study we have presented a method for quantifying spatial resolution, and illustrated this via an example in 

which the SECS technique (Amm et al., 2002) was employed to model the equivalent ionospheric current using 

synthetic measurements from one of the EZIE satellites (Laundal et al., 2021; Yee et al., 2021). The spatial reso-

lution is found to be around 200–400 km in the cross-track direction and around 100–300 km in the along-track 

direction. This is sufficient to resolve mesoscale features (100–500 km), which is necessary to answer the science 

questions posed by the EZIE mission. In addition, we have compared the spatial resolution and model variance to 

another model which includes a single ground magnetometer. This comparison shows that the cross-track spatial 

resolution around the ground magnetometer improves. However, the comparison also illustrated that there are 

limitations to how small spatial scales the ground magnetometer can resolve. This is due to the ∼80 km distance 

between the peak 118 GHz thermal oxygen emission and the ground location. Comparison of the posterior data 

covariance of the two models shows how inclusion of the ground magnetometer reduces the variance locally and 

globally. We attribute this to a significantly lower uncertainty associated with the ground magnetometer meas-

urements, thus providing a better constraint for the magnitude of the model parameters. We hope that by further 

developing the concept of spatial resolution to the ionospheric science community we improve the way that we 

analyze and draw conclusions based on inverse models.

Besides the quantification of spatial resolution and comparison of models, we have presented a method for 

combining two regularization parameters based on the model resolution matrix. This makes determining the 

trade-off between minimizing data misfit and the regularization term easier. Our method enables comparison 

between the two models, one with and one without a ground magnetometer, as the need to choose the regulariza-

tion parameters by manual tuning is not needed. In particular, the method is highly efficient in scenarios where 

measurement geometry remains constant, for example, ground magnetometer arrays, as it does not depend on the 

actual measurement values, but rather the location and uncertainty of the measurements.

Data Availability Statement
The simulation dataset used in this study is available at Zenodo via https://doi.org/10.5281/zenodo.7823088

(Madelaire, 2023).
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Abstract
The ionospheric convection electric field is often assumed to be a potential field. This
assumption is not always valid, especially when the ionosphere changes on short time
scales T � 5 min. We present a technique for estimating the induction electric field us-
ing ground magnetometer measurements. The technique is demonstrated on real and sim-
ulated data for sudden increases in solar wind dynamic pressure of ∼1 and 10 nPa, re-
spectively. For the real data, the ionospheric induction electric field is 0.15±0.015 mV/m,
and the corresponding compressional flow is 2.5±0.3 m/s. For the simulated data, the
induction electric field and compressional flow reach 3 mV/m and 50 m/s, respectively.
The induction electric field can locally constitute tens of percent of the total electric field.
Inclusion of the induction electric field increased the total Joule heating by 2.4%. Lo-
cally the Joule heating changed by tens of percent. This corresponds to energy dissipa-
tion that is not accounted for in existing models.

Plain Language Summary

In the study of ionospheric dynamics, it is often assumed that the ionospheric elec-
tric field is a potential field. This means the contribution from induction is neglected.
The induction electric field is described by Faraday’s law and relates to temporal changes
in the magnetic field. This assumption only holds when the ionospheric dynamics change
slowly. In this study, we present a technique for calculating the ionospheric induction
electric field using measurements of the magnetic field on the ground. We demonstrate
the technique on real and simulated data of a dynamic event, i.e. a sudden commence-
ment. We find that the induction electric field, on a global scale, is small compared to
the potential electric field. However, locally it can be relatively large. Similarly, the in-
clusion of the induction electric field increased the total energy dissipation, i.e. Joule heat-
ing, by only a couple of percent but resulted in local variations of tens of percent. Fur-
thermore, we quantified and visualized the compression flow which is the compression
and expansion of the magnetic field related to the temporal evolution of a dynamic iono-
spheric event.

1 Introduction

In this paper, we investigate the ionospheric induction electric field (Eind) using
a new technique based on ground magnetometers. When studying ionospheric dynam-
ics the ionospheric electric field (E) is often assumed to be a potential field (Epot). This
assumption can be very useful as it may simplify modeling efforts significantly. Techniques
such as AMIE/AMGeO [Richmond and Kamide 1988]; [AMGeO Collaboration 2019] and
Lompe [Laundal et al. 2022]; [Hovland et al. 2022] model Epot by ignoring Eind that oth-
erwise is implied by Faraday’s induction law (∇ ×E = − ∂

∂tB) [Faraday 1832]. Simi-
larly, Eind is almost always ignored in the ionospheric solvers used to account for the
magnetosphere-ionosphere (MI) coupling in magnetohydrodynamic (MHD) simulations
(e.g. Tanaka 2000; J. Lyon et al. 2004; Merkin and J. G. Lyon 2010. We present a tech-
nique for estimating Eind based on measurements of ground magnetic perturbation. Es-
sentially, allowing Eind to be measured from ground.

Transient events (e.g. sudden commencements or substorm expansions) can result
in large changes in the magnetic field (B) on a timescale of seconds or minutes. When
ignoring Faraday’s law the mutual interaction between the electrostatic and inductive
processes is neglected which can be important during dynamic events. Yoshikawa and
Itonaga 2000 provide a detailed explanation of the inductive ionosphere, from an E,J
perspective [Vasyliūnas 2012]. It is well known that field-aligned currents (FACs) close
through the ionosphere via a divergent Pedersen current, assuming the ionospheric con-
ductance is uniform and the system is in steady state. When a magnetospheric driver
is changed, e.g. the opening of a magnetic field line and subsequent anti-sunward con-
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Abstract
Theionosphericconvectionelectricfieldisoftenassumedtobeapotentialfield.This
assumptionisnotalwaysvalid,especiallywhentheionospherechangesonshorttime
scalesT�5min.Wepresentatechniqueforestimatingtheinductionelectricfieldus-
inggroundmagnetometermeasurements.Thetechniqueisdemonstratedonrealandsim-
ulateddataforsuddenincreasesinsolarwinddynamicpressureof∼1and10nPa,re-
spectively.Fortherealdata,theionosphericinductionelectricfieldis0.15±0.015mV/m,
andthecorrespondingcompressionalflowis2.5±0.3m/s.Forthesimulateddata,the
inductionelectricfieldandcompressionalflowreach3mV/mand50m/s,respectively.
Theinductionelectricfieldcanlocallyconstitutetensofpercentofthetotalelectricfield.
InclusionoftheinductionelectricfieldincreasedthetotalJouleheatingby2.4%.Lo-
callytheJouleheatingchangedbytensofpercent.Thiscorrespondstoenergydissipa-
tionthatisnotaccountedforinexistingmodels.

PlainLanguageSummary

Inthestudyofionosphericdynamics,itisoftenassumedthattheionosphericelec-
tricfieldisapotentialfield.Thismeansthecontributionfrominductionisneglected.
TheinductionelectricfieldisdescribedbyFaraday’slawandrelatestotemporalchanges
inthemagneticfield.Thisassumptiononlyholdswhentheionosphericdynamicschange
slowly.Inthisstudy,wepresentatechniqueforcalculatingtheionosphericinduction
electricfieldusingmeasurementsofthemagneticfieldontheground.Wedemonstrate
thetechniqueonrealandsimulateddataofadynamicevent,i.e.asuddencommence-
ment.Wefindthattheinductionelectricfield,onaglobalscale,issmallcomparedto
thepotentialelectricfield.However,locallyitcanberelativelylarge.Similarly,thein-
clusionoftheinductionelectricfieldincreasedthetotalenergydissipation,i.e.Jouleheat-
ing,byonlyacoupleofpercentbutresultedinlocalvariationsoftensofpercent.Fur-
thermore,wequantifiedandvisualizedthecompressionflowwhichisthecompression
andexpansionofthemagneticfieldrelatedtothetemporalevolutionofadynamiciono-
sphericevent.

1Introduction

Inthispaper,weinvestigatetheionosphericinductionelectricfield(Eind)using
anewtechniquebasedongroundmagnetometers.Whenstudyingionosphericdynam-
icstheionosphericelectricfield(E)isoftenassumedtobeapotentialfield(Epot).This
assumptioncanbeveryusefulasitmaysimplifymodelingeffortssignificantly.Techniques
suchasAMIE/AMGeO[RichmondandKamide1988];[AMGeOCollaboration2019]and
Lompe[Laundaletal.2022];[Hovlandetal.2022]modelEpotbyignoringEindthatoth-
erwiseisimpliedbyFaraday’sinductionlaw(∇×E=−∂

∂tB)[Faraday1832].Simi-
larly,Eindisalmostalwaysignoredintheionosphericsolversusedtoaccountforthe
magnetosphere-ionosphere(MI)couplinginmagnetohydrodynamic(MHD)simulations
(e.g.Tanaka2000;J.Lyonetal.2004;MerkinandJ.G.Lyon2010.Wepresentatech-
niqueforestimatingEindbasedonmeasurementsofgroundmagneticperturbation.Es-
sentially,allowingEindtobemeasuredfromground.

Transientevents(e.g.suddencommencementsorsubstormexpansions)canresult
inlargechangesinthemagneticfield(B)onatimescaleofsecondsorminutes.When
ignoringFaraday’slawthemutualinteractionbetweentheelectrostaticandinductive
processesisneglectedwhichcanbeimportantduringdynamicevents.Yoshikawaand
Itonaga2000provideadetailedexplanationoftheinductiveionosphere,fromanE,J
perspective[Vasylīunas2012].Itiswellknownthatfield-alignedcurrents(FACs)close
throughtheionosphereviaadivergentPedersencurrent,assumingtheionosphericcon-
ductanceisuniformandthesystemisinsteadystate.Whenamagnetosphericdriver
ischanged,e.g.theopeningofamagneticfieldlineandsubsequentanti-sunwardcon-
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thetechniqueonrealandsimulateddataofadynamicevent,i.e.asuddencommence-
ment.Wefindthattheinductionelectricfield,onaglobalscale,issmallcomparedto
thepotentialelectricfield.However,locallyitcanberelativelylarge.Similarly,thein-
clusionoftheinductionelectricfieldincreasedthetotalenergydissipation,i.e.Jouleheat-
ing,byonlyacoupleofpercentbutresultedinlocalvariationsoftensofpercent.Fur-
thermore,wequantifiedandvisualizedthecompressionflowwhichisthecompression
andexpansionofthemagneticfieldrelatedtothetemporalevolutionofadynamiciono-
sphericevent.

1Introduction

Inthispaper,weinvestigatetheionosphericinductionelectricfield(Eind)using
anewtechniquebasedongroundmagnetometers.Whenstudyingionosphericdynam-
icstheionosphericelectricfield(E)isoftenassumedtobeapotentialfield(Epot).This
assumptioncanbeveryusefulasitmaysimplifymodelingeffortssignificantly.Techniques
suchasAMIE/AMGeO[RichmondandKamide1988];[AMGeOCollaboration2019]and
Lompe[Laundaletal.2022];[Hovlandetal.2022]modelEpotbyignoringEindthatoth-
erwiseisimpliedbyFaraday’sinductionlaw(∇×E=−

∂
∂tB)[Faraday1832].Simi-

larly,Eindisalmostalwaysignoredintheionosphericsolversusedtoaccountforthe
magnetosphere-ionosphere(MI)couplinginmagnetohydrodynamic(MHD)simulations
(e.g.Tanaka2000;J.Lyonetal.2004;MerkinandJ.G.Lyon2010.Wepresentatech-
niqueforestimatingEindbasedonmeasurementsofgroundmagneticperturbation.Es-
sentially,allowingEindtobemeasuredfromground.

Transientevents(e.g.suddencommencementsorsubstormexpansions)canresult
inlargechangesinthemagneticfield(B)onatimescaleofsecondsorminutes.When
ignoringFaraday’slawthemutualinteractionbetweentheelectrostaticandinductive
processesisneglectedwhichcanbeimportantduringdynamicevents.Yoshikawaand
Itonaga2000provideadetailedexplanationoftheinductiveionosphere,fromanE,J
perspective[Vasyliūnas2012].Itiswellknownthatfield-alignedcurrents(FACs)close
throughtheionosphereviaadivergentPedersencurrent,assumingtheionosphericcon-
ductanceisuniformandthesystemisinsteadystate.Whenamagnetosphericdriver
ischanged,e.g.theopeningofamagneticfieldlineandsubsequentanti-sunwardcon-
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vection, the information is communicated via shear Alfvén waves. Bending a magnetic
field line, in the conductive ionosphere, excites a flow of electrons perpendicular to the
direction of the bend (i.e. Ampere’s law) which constitutes a rotational electric field, i.e.
Eind. Again, assuming uniform conductance, the flow of electrons is a divergent Hall cur-
rent. Because the electrons are frozen-in they act to compress/expand magnetic flux,
i.e. ∂

∂tB. We refer to this as compression flow (Eind×B). The compression flow is nec-
essary to alter the distribution of magnetic flux to facilitate the ionospheric closure cur-
rent carried by ions and a new steady state. In other words, in steady state and uniform
conductance, the Pedersen current closing FACs only exist due to a pre-existing diver-
gent Hall current. The rate of change in the ionosphere depends on the Pedersen con-
ductance (ΣP ). Southwood and Kivelson 1991 derived a decay rate (γ ∝ Σ−1

P ) describ-
ing the time it takes for the ionospheric current system to change. Additionally, Dreher
1997 simulated the MI coupling with inductive terms and showed that the time it takes
a FAC to reach steady state varies with ΣP .

Vanhamäki et al. 2005 investigated the inductive effect on the ionospheric electric
field using realistic time-dependent three-dimensional models of the high latitude iono-
spheric current system. They found that ionospheric self-induction is locally important
with Eind reaching a few mV/m. Vanhamäki et al. 2006 presented a new technique for
calculating Eind in a non-uniform conducting ionosphere. The technique utilizes the Carte-
sian elementary current system technique and requires Epot and Hall/Pedersen conduc-
tances as input. Vanhamäki et al. 2007 applied this technique to derive Eind for a west-
ward traveling surge, Ω-band, and intensifying electrojet. They found that Eind can reach
magnitudes of several tens of percent of the total electric field. Takeda 2008 simulated
Eind associated with FACs with periods of 60, 10, 4, and 1 min and found that Eind had
a non-negligible impact when the period of the FACs was 4 min or less.

In this study, we present a technique for estimating the ionospheric induction elec-
tric field based on ground magnetometer measurements represented with a spherical har-
monic expansion, and present examples of the associated ionospheric plasma flow. This
method of studying spatiotemporal variations in the magnetic field to infer compressional
flow is analogous with studies of core flow using time-dependent models of Earth’s main
magnetic field (e.g. Finlay et al. 2020; Sabaka et al. 2020; Finlay et al. 2023). Spheri-
cal harmonic models of Earth’s core magnetic field can provide information about changes
in the motion of liquid metal in the outer core through estimates of secular variation.
This information can be used as boundary conditions in models of Earth’s dynamo [Scha-
effer et al. 2016]. To the knowledge of the authors, it is the first time ground magnetome-
ter measurements have been used to inform about the inductive component of the iono-
spheric electric field. However, Vanhamäki et al. 2013 solved Faraday’s law based on the
radial magnetic field to derive the induced electric field at Earth’s surface.

In Section 2 we present a technique for deriving the ionospheric Eind from ground
magnetic field perturbations. A more thorough derivation is provided in the Support-
ing Information. In Section 3, the technique is demonstrated using synthetic data from
a coupled geospace model presented by Shi et al. 2022 and real ground magnetometer
measurements during sudden commencements (SCs). Section 4 discusses the results.

2 Technique

In this section, we describe how an estimate of the ionospheric induction electric
field (Eind) can be derived from the temporal derivative of the radial magnetic field

(
∂
∂tBr

)
below the ionosphere. A more in-depth derivation is provided in the Supporting Infor-
mation.
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vection,theinformationiscommunicatedviashearAlfvénwaves.Bendingamagnetic
fieldline,intheconductiveionosphere,excitesaflowofelectronsperpendiculartothe
directionofthebend(i.e.Ampere’slaw)whichconstitutesarotationalelectricfield,i.e.
Eind.Again,assuminguniformconductance,theflowofelectronsisadivergentHallcur-
rent.Becausetheelectronsarefrozen-intheyacttocompress/expandmagneticflux,
i.e.∂

∂tB.Werefertothisascompressionflow(Eind×B).Thecompressionflowisnec-
essarytoalterthedistributionofmagneticfluxtofacilitatetheionosphericclosurecur-
rentcarriedbyionsandanewsteadystate.Inotherwords,insteadystateanduniform
conductance,thePedersencurrentclosingFACsonlyexistduetoapre-existingdiver-
gentHallcurrent.TherateofchangeintheionospheredependsonthePedersencon-
ductance(ΣP).SouthwoodandKivelson1991derivedadecayrate(γ∝Σ−1

P)describ-
ingthetimeittakesfortheionosphericcurrentsystemtochange.Additionally,Dreher
1997simulatedtheMIcouplingwithinductivetermsandshowedthatthetimeittakes
aFACtoreachsteadystatevarieswithΣP.

Vanhamäkietal.2005investigatedtheinductiveeffectontheionosphericelectric
fieldusingrealistictime-dependentthree-dimensionalmodelsofthehighlatitudeiono-
sphericcurrentsystem.Theyfoundthationosphericself-inductionislocallyimportant
withEindreachingafewmV/m.Vanhamäkietal.2006presentedanewtechniquefor
calculatingEindinanon-uniformconductingionosphere.ThetechniqueutilizestheCarte-
sianelementarycurrentsystemtechniqueandrequiresEpotandHall/Pedersenconduc-
tancesasinput.Vanhamäkietal.2007appliedthistechniquetoderiveEindforawest-
wardtravelingsurge,Ω-band,andintensifyingelectrojet.TheyfoundthatEindcanreach
magnitudesofseveraltensofpercentofthetotalelectricfield.Takeda2008simulated
EindassociatedwithFACswithperiodsof60,10,4,and1minandfoundthatEindhad
anon-negligibleimpactwhentheperiodoftheFACswas4minorless.

Inthisstudy,wepresentatechniqueforestimatingtheionosphericinductionelec-
tricfieldbasedongroundmagnetometermeasurementsrepresentedwithasphericalhar-
monicexpansion,andpresentexamplesoftheassociatedionosphericplasmaflow.This
methodofstudyingspatiotemporalvariationsinthemagneticfieldtoinfercompressional
flowisanalogouswithstudiesofcoreflowusingtime-dependentmodelsofEarth’smain
magneticfield(e.g.Finlayetal.2020;Sabakaetal.2020;Finlayetal.2023).Spheri-
calharmonicmodelsofEarth’scoremagneticfieldcanprovideinformationaboutchanges
inthemotionofliquidmetalintheoutercorethroughestimatesofsecularvariation.
ThisinformationcanbeusedasboundaryconditionsinmodelsofEarth’sdynamo[Scha-
efferetal.2016].Totheknowledgeoftheauthors,itisthefirsttimegroundmagnetome-
termeasurementshavebeenusedtoinformabouttheinductivecomponentoftheiono-
sphericelectricfield.However,Vanhamäkietal.2013solvedFaraday’slawbasedonthe
radialmagneticfieldtoderivetheinducedelectricfieldatEarth’ssurface.

InSection2wepresentatechniqueforderivingtheionosphericEindfromground
magneticfieldperturbations.AmorethoroughderivationisprovidedintheSupport-
ingInformation.InSection3,thetechniqueisdemonstratedusingsyntheticdatafrom
acoupledgeospacemodelpresentedbyShietal.2022andrealgroundmagnetometer
measurementsduringsuddencommencements(SCs).Section4discussestheresults.

2Technique

Inthissection,wedescribehowanestimateoftheionosphericinductionelectric
field(Eind)canbederivedfromthetemporalderivativeoftheradialmagneticfield

(
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)
belowtheionosphere.Amorein-depthderivationisprovidedintheSupportingInfor-
mation.
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vection, the information is communicated via shear Alfvén waves. Bending a magnetic
field line, in the conductive ionosphere, excites a flow of electrons perpendicular to the
direction of the bend (i.e. Ampere’s law) which constitutes a rotational electric field, i.e.
Eind. Again, assuming uniform conductance, the flow of electrons is a divergent Hall cur-
rent. Because the electrons are frozen-in they act to compress/expand magnetic flux,
i.e.

∂
∂tB. We refer to this as compression flow (Eind×B). The compression flow is nec-

essary to alter the distribution of magnetic flux to facilitate the ionospheric closure cur-
rent carried by ions and a new steady state. In other words, in steady state and uniform
conductance, the Pedersen current closing FACs only exist due to a pre-existing diver-
gent Hall current. The rate of change in the ionosphere depends on the Pedersen con-
ductance (ΣP ). Southwood and Kivelson 1991 derived a decay rate (γ ∝ Σ−1

P ) describ-
ing the time it takes for the ionospheric current system to change. Additionally, Dreher
1997 simulated the MI coupling with inductive terms and showed that the time it takes
a FAC to reach steady state varies with ΣP .

Vanhamäki et al. 2005 investigated the inductive effect on the ionospheric electric
field using realistic time-dependent three-dimensional models of the high latitude iono-
spheric current system. They found that ionospheric self-induction is locally important
with Eind reaching a few mV/m. Vanhamäki et al. 2006 presented a new technique for
calculating Eind in a non-uniform conducting ionosphere. The technique utilizes the Carte-
sian elementary current system technique and requires Epot and Hall/Pedersen conduc-
tances as input. Vanhamäki et al. 2007 applied this technique to derive Eind for a west-
ward traveling surge, Ω-band, and intensifying electrojet. They found that Eind can reach
magnitudes of several tens of percent of the total electric field. Takeda 2008 simulated
Eind associated with FACs with periods of 60, 10, 4, and 1 min and found that Eind had
a non-negligible impact when the period of the FACs was 4 min or less.

In this study, we present a technique for estimating the ionospheric induction elec-
tric field based on ground magnetometer measurements represented with a spherical har-
monic expansion, and present examples of the associated ionospheric plasma flow. This
method of studying spatiotemporal variations in the magnetic field to infer compressional
flow is analogous with studies of core flow using time-dependent models of Earth’s main
magnetic field (e.g. Finlay et al. 2020; Sabaka et al. 2020; Finlay et al. 2023). Spheri-
cal harmonic models of Earth’s core magnetic field can provide information about changes
in the motion of liquid metal in the outer core through estimates of secular variation.
This information can be used as boundary conditions in models of Earth’s dynamo [Scha-
effer et al. 2016]. To the knowledge of the authors, it is the first time ground magnetome-
ter measurements have been used to inform about the inductive component of the iono-
spheric electric field. However, Vanhamäki et al. 2013 solved Faraday’s law based on the
radial magnetic field to derive the induced electric field at Earth’s surface.

In Section 2 we present a technique for deriving the ionospheric Eind from ground
magnetic field perturbations. A more thorough derivation is provided in the Support-
ing Information. In Section 3, the technique is demonstrated using synthetic data from
a coupled geospace model presented by Shi et al. 2022 and real ground magnetometer
measurements during sudden commencements (SCs). Section 4 discusses the results.

2 Technique

In this section, we describe how an estimate of the ionospheric induction electric
field (Eind) can be derived from the temporal derivative of the radial magnetic field ( ∂

∂tBr)
below the ionosphere. A more in-depth derivation is provided in the Supporting Infor-
mation.
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2 Technique

In this section, we describe how an estimate of the ionospheric induction electric
field (Eind) can be derived from the temporal derivative of the radial magnetic field ( ∂

∂tBr)
below the ionosphere. A more in-depth derivation is provided in the Supporting Infor-
mation.
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Vanhamäkietal.2005investigatedtheinductiveeffectontheionosphericelectric
fieldusingrealistictime-dependentthree-dimensionalmodelsofthehighlatitudeiono-
sphericcurrentsystem.Theyfoundthationosphericself-inductionislocallyimportant
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withEindreachingafewmV/m.Vanhamäkietal.2006presentedanewtechniquefor
calculatingEindinanon-uniformconductingionosphere.ThetechniqueutilizestheCarte-
sianelementarycurrentsystemtechniqueandrequiresEpotandHall/Pedersenconduc-
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The ionospheric electric field (E) can be decomposed into three scalar fields using
the alternative Helmholtz representation [Sabaka et al. 2010],

E = U r̂ +∇SV − r̂ ×∇SW. (1)

Here r̂ is the radial unit vector and ∇S is the angular portion of the ∇ operator.

The curl of the ionospheric electric field (∇×E) on a spherical shell can be de-
scribed by ∂

∂tBr on the shell according to Faraday’s law. By inserting Equation 1 into
Faraday’s law ∂

∂tBr can be expressed in terms of W ,

∂

∂t
Br = r̂∇2W. (2)

The scalar field W can be represented with a Spherical Harmonic (SH) expansion,

W =
N∑

n=1

n∑
m=0

[
am,W
n cos(mφ) + bm,W

n sin(mφ)
]
Pm
n (cos(θ)) . (3)

Here (θ, φ) are colatitude and longitude, (n, m) are the SH degree and order, (am,W
n ,

bm,W
n ) are the SH coefficients, and Pm

n (cos(θ)) is the Schmidt quasi normalized Legen-
dre polynomial. The coefficients (am,W

n , bm,W
n ) are unknown, but can be expressed in

terms of the SH coefficients ( ∂
∂ta

m,B
n , ∂

∂tb
m,B
n ) related to a SH expansion of ∂

∂tBr follow-
ing Sabaka et al. 2010,

am,W
n =

r2

n+ 1

∂

∂t
am,B
n

bm,W
n =

r2

n+ 1

∂

∂t
bm,B
n .

(4)

In practice am,B
n and bm,B

n can be determined by solving a linear inverse problem with
magnetic field measurements on ground as input. The resulting SH coefficients should
be determined using the ionosphere as their reference height. However, if the coefficients
are determined with Earth’s surface as their reference height they can simply be upward
continued to the ionosphere. This detail is important as it defines the altitude of the spher-
ical shell on which Eind will be determined. Only the radial magnetic field component
can be upward continued to the ionosphere because it is continuous across boundary lay-
ers, unlike the horizontal components.

The horizontal part of Eind is given by the last term of Equation 1,

Eind,h = −r̂ ×∇SW = −r̂ ×∇W. (5)

In the ionosphere, where the field-aligned conductivity is high, the electric field maps along
the magnetic field making E·B = 0. This allows for the determination of Eind,r. How-
ever, Epot is typically unknown. By assuming radial magnetic field lines Eind,r = −Epot,r

and the compression flow is given as

v =
Eind × b̂r

B
, (6)

where b̂r = −r̂ in the northern hemisphere.

Through the merger of the technique presented here and empirical modeling tech-
niques of the ionospheric potential electric field like AMIE and Lompe Epot and Eind

might be co-estimated. This will be the focus of future studies.

3 Results

Estimating the induction electric field (Eind) requires a SH model of ∂
∂tBr. In this

section, we apply our method to two different cases of SCs. One model is based on ground
magnetic perturbations from an MHD simulation while the other is based on real ground
magnetometer measurements.
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Inpracticeam,B
nandbm,B

ncanbedeterminedbysolvingalinearinverseproblemwith
magneticfieldmeasurementsongroundasinput.TheresultingSHcoefficientsshould
bedeterminedusingtheionosphereastheirreferenceheight.However,ifthecoefficients
aredeterminedwithEarth’ssurfaceastheirreferenceheighttheycansimplybeupward
continuedtotheionosphere.Thisdetailisimportantasitdefinesthealtitudeofthespher-
icalshellonwhichEindwillbedetermined.Onlytheradialmagneticfieldcomponent
canbeupwardcontinuedtotheionospherebecauseitiscontinuousacrossboundarylay-
ers,unlikethehorizontalcomponents.

ThehorizontalpartofEindisgivenbythelasttermofEquation1,
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andthecompressionflowisgivenas

v=
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B
,(6)

whereb̂r=−r̂inthenorthernhemisphere.

Throughthemergerofthetechniquepresentedhereandempiricalmodelingtech-
niquesoftheionosphericpotentialelectricfieldlikeAMIEandLompeEpotandEind

mightbeco-estimated.Thiswillbethefocusoffuturestudies.

3Results

Estimatingtheinductionelectricfield(Eind)requiresaSHmodelof∂
∂tBr.Inthis

section,weapplyourmethodtotwodifferentcasesofSCs.Onemodelisbasedonground
magneticperturbationsfromanMHDsimulationwhiletheotherisbasedonrealground
magnetometermeasurements.
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continued to the ionosphere. This detail is important as it defines the altitude of the spher-
ical shell on which Eind will be determined. Only the radial magnetic field component
can be upward continued to the ionosphere because it is continuous across boundary lay-
ers, unlike the horizontal components.

The horizontal part of Eind is given by the last term of Equation 1,

Eind,h = −r̂ ×∇SW = −r̂ ×∇W. (5)

In the ionosphere, where the field-aligned conductivity is high, the electric field maps along
the magnetic field making E·B = 0. This allows for the determination of Eind,r. How-
ever, Epot is typically unknown. By assuming radial magnetic field lines Eind,r = −Epot,r

and the compression flow is given as

v =
Eind × b̂r

B
, (6)

where b̂r = −r̂ in the northern hemisphere.

Through the merger of the technique presented here and empirical modeling tech-
niques of the ionospheric potential electric field like AMIE and Lompe Epot and Eind

might be co-estimated. This will be the focus of future studies.

3 Results

Estimating the induction electric field (Eind) requires a SH model of
∂
∂tBr. In this

section, we apply our method to two different cases of SCs. One model is based on ground
magnetic perturbations from an MHD simulation while the other is based on real ground
magnetometer measurements.
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Theionosphericelectricfield(E)canbedecomposedintothreescalarfieldsusing
thealternativeHelmholtzrepresentation[Sabakaetal.2010],

E=Ur̂+∇SV−r̂×∇SW.(1)

Herer̂istheradialunitvectorand∇Sistheangularportionofthe∇operator.
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scribedby
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Inpracticea
m,B
nandb

m,B
ncanbedeterminedbysolvingalinearinverseproblemwith

magneticfieldmeasurementsongroundasinput.TheresultingSHcoefficientsshould
bedeterminedusingtheionosphereastheirreferenceheight.However,ifthecoefficients
aredeterminedwithEarth’ssurfaceastheirreferenceheighttheycansimplybeupward
continuedtotheionosphere.Thisdetailisimportantasitdefinesthealtitudeofthespher-
icalshellonwhichEindwillbedetermined.Onlytheradialmagneticfieldcomponent
canbeupwardcontinuedtotheionospherebecauseitiscontinuousacrossboundarylay-
ers,unlikethehorizontalcomponents.

ThehorizontalpartofEindisgivenbythelasttermofEquation1,

Eind,h=−r̂×∇SW=−r̂×∇W.(5)

Intheionosphere,wherethefield-alignedconductivityishigh,theelectricfieldmapsalong
themagneticfieldmakingE·B=0.ThisallowsforthedeterminationofEind,r.How-
ever,Epotistypicallyunknown.ByassumingradialmagneticfieldlinesEind,r=−Epot,r

andthecompressionflowisgivenas

v=
Eind×b̂r

B
,(6)

whereb̂r=−r̂inthenorthernhemisphere.

Throughthemergerofthetechniquepresentedhereandempiricalmodelingtech-
niquesoftheionosphericpotentialelectricfieldlikeAMIEandLompeEpotandEind

mightbeco-estimated.Thiswillbethefocusoffuturestudies.

3Results

Estimatingtheinductionelectricfield(Eind)requiresaSHmodelof
∂
∂tBr.Inthis

section,weapplyourmethodtotwodifferentcasesofSCs.Onemodelisbasedonground
magneticperturbationsfromanMHDsimulationwhiletheotherisbasedonrealground
magnetometermeasurements.
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3.1 Synthetic data example

The synthetic data is based on an MHD simulation of an interplanetary shock car-
ried out and analyzed by Shi et al. 2022. During this event, the solar wind dynamic pres-
sure increases by approximately 10 nPa. The RE-developed Magnetosphere-Ionosphere
Coupler/Solver (REMIX) [Merkin and J. G. Lyon 2010] is used to determine the iono-
spheric current and assumes that ∇×E = 0. The reader is referred to Shi et al. 2022
for further details regarding the simulation. The ground magnetic perturbation is de-
termined by computing a Biot-Savart integral over the ionospheric currents, FACs, and
magnetospheric currents on an equal area grid with a 0.5 degree latitudinal resolution
down to 0◦ latitude. We represent the ground magnetic perturbation using SHs, where
the SH coefficients (am,B

n , bm,B
n ) are determined by solving an inverse problem similar

to Madelaire et al. 2022a with the SH expansion truncated at n = 100. The SH expan-
sion is only done for external sources as the synthetic data does not include ground in-
duction.

Figure 1 summarizes the technique for estimating Eind, using synthetic data of the
preliminary impulse associated with a SC. Figure 1a shows ∂

∂tBr on ground. Figure 1b
shows a recreation of ∂

∂tBr using a SH model based on ground magnetic perturbation.
A comparison between Figures 1a-b shows that ∂

∂tBr is reproduced well by the SH model.
Figures 1c-d compare the estimated Eind and the ionospheric potential electric field (Epot)
from the MHD simulation. Comparison between Eind and Epot are done with respect
to the first of the two subsequent timesteps used to determine ∂

∂tBr. We find that Eind

reaches up to 3 mV/m which locally can correspond to tens of percent of E (E = Epot+
Eind) in the high latitude ionosphere. Therefore, Eind can have a significant regional im-
pact. Figure 1e shows Joule heating associated with Epot (i.e. ΣpE

2
pot) which is a result

of maintaining the steady state current system. Figure 1f shows the difference in Joule
heating when including Eind, i.e. ΣP

[
E2

pot + 2(Epot ·Eind) + E2
ind

]
. The difference can

locally be tens of percent, both positive and negative. However, the total Joule heating
above 50 degrees latitude only increases by approximately 2.4%. The pins in Figures 1e-
f illustrate the steady state convection and compression flow (Equation 6), respectively,
where B is the magnitude of a dipole magnetic field. The dipole magnetic field is deter-
mined using the first SH degree of IGRF-12 [Thébault et al. 2015]. The flow illustrates
the expansion/compression of magnetic flux necessary to change the ionospheric current
system from one steady state to another.

3.2 Real data example

The SH model based on real ground magnetometer measurements was provided by
Madelaire et al. 2022a and is the product of a superposed epoch analysis of SCs. Made-
laire et al. 2022a presented 12 models determined by dividing the list of SCs presented
by Madelaire et al. 2022b into 12 groups based on the Interplanetary Magnetic Field (IMF)
clock angle and dipole tilt angle. In this example, we use the model created for SCs dur-
ing northward IMF and positive dipole tilt (Summer in the northern hemisphere). The
model is based on 175 events, the majority of which experience solar wind dynamic pres-
sure increases around 1–2 nPa. The much smaller pressure increases in this model com-
pared to that used in Section 3.1 results in significantly smaller ∂

∂tBr and Eind. The SH
model includes a separation between internal and external sources. Both sets of SH co-
efficients are upward continued to the ionosphere and combined before deriving Eind.
Furthermore, to assess uncertainty, 50 realizations of the model were created by resam-
pling the events used as input.

Figure 2 shows a time series of ∂
∂tBr and compression flow associated with the SH

model, based on real ground magnetometer measurements, starting 2 minutes prior to
the initial increase in SYM-H [Iyemori et al. 2010]. Epochs are synonymous with min-
utes. Here, ∂

∂tBr is the median across all 50 model realizations and the compression flow
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sureincreasesbyapproximately10nPa.TheRE-developedMagnetosphere-Ionosphere
Coupler/Solver(REMIX)[MerkinandJ.G.Lyon2010]isusedtodeterminetheiono-
sphericcurrentandassumesthat∇×E=0.ThereaderisreferredtoShietal.2022
forfurtherdetailsregardingthesimulation.Thegroundmagneticperturbationisde-
terminedbycomputingaBiot-Savartintegralovertheionosphericcurrents,FACs,and
magnetosphericcurrentsonanequalareagridwitha0.5degreelatitudinalresolution
downto0◦latitude.WerepresentthegroundmagneticperturbationusingSHs,where
theSHcoefficients(am,B

n,bm,B
n)aredeterminedbysolvinganinverseproblemsimilar

toMadelaireetal.2022awiththeSHexpansiontruncatedatn=100.TheSHexpan-
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3.1 Synthetic data example

The synthetic data is based on an MHD simulation of an interplanetary shock car-
ried out and analyzed by Shi et al. 2022. During this event, the solar wind dynamic pres-
sure increases by approximately 10 nPa. The RE-developed Magnetosphere-Ionosphere
Coupler/Solver (REMIX) [Merkin and J. G. Lyon 2010] is used to determine the iono-
spheric current and assumes that ∇×E = 0. The reader is referred to Shi et al. 2022
for further details regarding the simulation. The ground magnetic perturbation is de-
termined by computing a Biot-Savart integral over the ionospheric currents, FACs, and
magnetospheric currents on an equal area grid with a 0.5 degree latitudinal resolution
down to 0◦ latitude. We represent the ground magnetic perturbation using SHs, where
the SH coefficients (a

m,B
n , b

m,B
n ) are determined by solving an inverse problem similar

to Madelaire et al. 2022a with the SH expansion truncated at n = 100. The SH expan-
sion is only done for external sources as the synthetic data does not include ground in-
duction.

Figure 1 summarizes the technique for estimating Eind, using synthetic data of the
preliminary impulse associated with a SC. Figure 1a shows

∂
∂tBr on ground. Figure 1b

shows a recreation of
∂
∂tBr using a SH model based on ground magnetic perturbation.

A comparison between Figures 1a-b shows that
∂
∂tBr is reproduced well by the SH model.

Figures 1c-d compare the estimated Eind and the ionospheric potential electric field (Epot)
from the MHD simulation. Comparison between Eind and Epot are done with respect
to the first of the two subsequent timesteps used to determine

∂
∂tBr. We find that Eind

reaches up to 3 mV/m which locally can correspond to tens of percent of E (E = Epot+
Eind) in the high latitude ionosphere. Therefore, Eind can have a significant regional im-
pact. Figure 1e shows Joule heating associated with Epot (i.e. ΣpE

2
pot) which is a result

of maintaining the steady state current system. Figure 1f shows the difference in Joule
heating when including Eind, i.e. ΣP [E2

pot + 2(Epot ·Eind) + E
2
ind]. The difference can

locally be tens of percent, both positive and negative. However, the total Joule heating
above 50 degrees latitude only increases by approximately 2.4%. The pins in Figures 1e-
f illustrate the steady state convection and compression flow (Equation 6), respectively,
where B is the magnitude of a dipole magnetic field. The dipole magnetic field is deter-
mined using the first SH degree of IGRF-12 [Thébault et al. 2015]. The flow illustrates
the expansion/compression of magnetic flux necessary to change the ionospheric current
system from one steady state to another.

3.2 Real data example

The SH model based on real ground magnetometer measurements was provided by
Madelaire et al. 2022a and is the product of a superposed epoch analysis of SCs. Made-
laire et al. 2022a presented 12 models determined by dividing the list of SCs presented
by Madelaire et al. 2022b into 12 groups based on the Interplanetary Magnetic Field (IMF)
clock angle and dipole tilt angle. In this example, we use the model created for SCs dur-
ing northward IMF and positive dipole tilt (Summer in the northern hemisphere). The
model is based on 175 events, the majority of which experience solar wind dynamic pres-
sure increases around 1–2 nPa. The much smaller pressure increases in this model com-
pared to that used in Section 3.1 results in significantly smaller

∂
∂tBr and Eind. The SH

model includes a separation between internal and external sources. Both sets of SH co-
efficients are upward continued to the ionosphere and combined before deriving Eind.
Furthermore, to assess uncertainty, 50 realizations of the model were created by resam-
pling the events used as input.

Figure 2 shows a time series of
∂
∂tBr and compression flow associated with the SH

model, based on real ground magnetometer measurements, starting 2 minutes prior to
the initial increase in SYM-H [Iyemori et al. 2010]. Epochs are synonymous with min-
utes. Here,

∂
∂tBr is the median across all 50 model realizations and the compression flow
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the expansion/compression of magnetic flux necessary to change the ionospheric current
system from one steady state to another.

3.2 Real data example

The SH model based on real ground magnetometer measurements was provided by
Madelaire et al. 2022a and is the product of a superposed epoch analysis of SCs. Made-
laire et al. 2022a presented 12 models determined by dividing the list of SCs presented
by Madelaire et al. 2022b into 12 groups based on the Interplanetary Magnetic Field (IMF)
clock angle and dipole tilt angle. In this example, we use the model created for SCs dur-
ing northward IMF and positive dipole tilt (Summer in the northern hemisphere). The
model is based on 175 events, the majority of which experience solar wind dynamic pres-
sure increases around 1–2 nPa. The much smaller pressure increases in this model com-
pared to that used in Section 3.1 results in significantly smaller

∂
∂tBr and Eind. The SH

model includes a separation between internal and external sources. Both sets of SH co-
efficients are upward continued to the ionosphere and combined before deriving Eind.
Furthermore, to assess uncertainty, 50 realizations of the model were created by resam-
pling the events used as input.

Figure 2 shows a time series of
∂
∂tBr and compression flow associated with the SH

model, based on real ground magnetometer measurements, starting 2 minutes prior to
the initial increase in SYM-H [Iyemori et al. 2010]. Epochs are synonymous with min-
utes. Here,

∂
∂tBr is the median across all 50 model realizations and the compression flow

–5–

manuscriptsubmittedtoEnterjournalnamehere

3.1Syntheticdataexample

ThesyntheticdataisbasedonanMHDsimulationofaninterplanetaryshockcar-
riedoutandanalyzedbyShietal.2022.Duringthisevent,thesolarwinddynamicpres-
sureincreasesbyapproximately10nPa.TheRE-developedMagnetosphere-Ionosphere
Coupler/Solver(REMIX)[MerkinandJ.G.Lyon2010]isusedtodeterminetheiono-
sphericcurrentandassumesthat∇×E=0.ThereaderisreferredtoShietal.2022
forfurtherdetailsregardingthesimulation.Thegroundmagneticperturbationisde-
terminedbycomputingaBiot-Savartintegralovertheionosphericcurrents,FACs,and
magnetosphericcurrentsonanequalareagridwitha0.5degreelatitudinalresolution
downto0◦latitude.WerepresentthegroundmagneticperturbationusingSHs,where
theSHcoefficients(a

m,B
n,b

m,B
n)aredeterminedbysolvinganinverseproblemsimilar

toMadelaireetal.2022awiththeSHexpansiontruncatedatn=100.TheSHexpan-
sionisonlydoneforexternalsourcesasthesyntheticdatadoesnotincludegroundin-
duction.

Figure1summarizesthetechniqueforestimatingEind,usingsyntheticdataofthe
preliminaryimpulseassociatedwithaSC.Figure1ashows

∂
∂tBronground.Figure1b

showsarecreationof
∂
∂tBrusingaSHmodelbasedongroundmagneticperturbation.

AcomparisonbetweenFigures1a-bshowsthat
∂
∂tBrisreproducedwellbytheSHmodel.

Figures1c-dcomparetheestimatedEindandtheionosphericpotentialelectricfield(Epot)
fromtheMHDsimulation.ComparisonbetweenEindandEpotaredonewithrespect
tothefirstofthetwosubsequenttimestepsusedtodetermine

∂
∂tBr.WefindthatEind

reachesupto3mV/mwhichlocallycancorrespondtotensofpercentofE(E=Epot+
Eind)inthehighlatitudeionosphere.Therefore,Eindcanhaveasignificantregionalim-
pact.Figure1eshowsJouleheatingassociatedwithEpot(i.e.ΣpE

2
pot)whichisaresult

ofmaintainingthesteadystatecurrentsystem.Figure1fshowsthedifferenceinJoule
heatingwhenincludingEind,i.e.ΣP[E2

pot+2(Epot·Eind)+E
2
ind].Thedifferencecan

locallybetensofpercent,bothpositiveandnegative.However,thetotalJouleheating
above50degreeslatitudeonlyincreasesbyapproximately2.4%.ThepinsinFigures1e-
fillustratethesteadystateconvectionandcompressionflow(Equation6),respectively,
whereBisthemagnitudeofadipolemagneticfield.Thedipolemagneticfieldisdeter-
minedusingthefirstSHdegreeofIGRF-12[Thébaultetal.2015].Theflowillustrates
theexpansion/compressionofmagneticfluxnecessarytochangetheionosphericcurrent
systemfromonesteadystatetoanother.

3.2Realdataexample

TheSHmodelbasedonrealgroundmagnetometermeasurementswasprovidedby
Madelaireetal.2022aandistheproductofasuperposedepochanalysisofSCs.Made-
laireetal.2022apresented12modelsdeterminedbydividingthelistofSCspresented
byMadelaireetal.2022binto12groupsbasedontheInterplanetaryMagneticField(IMF)
clockangleanddipoletiltangle.Inthisexample,weusethemodelcreatedforSCsdur-
ingnorthwardIMFandpositivedipoletilt(Summerinthenorthernhemisphere).The
modelisbasedon175events,themajorityofwhichexperiencesolarwinddynamicpres-
sureincreasesaround1–2nPa.Themuchsmallerpressureincreasesinthismodelcom-
paredtothatusedinSection3.1resultsinsignificantlysmaller

∂
∂tBrandEind.TheSH

modelincludesaseparationbetweeninternalandexternalsources.BothsetsofSHco-
efficientsareupwardcontinuedtotheionosphereandcombinedbeforederivingEind.
Furthermore,toassessuncertainty,50realizationsofthemodelwerecreatedbyresam-
plingtheeventsusedasinput.

Figure2showsatimeseriesof
∂
∂tBrandcompressionflowassociatedwiththeSH

model,basedonrealgroundmagnetometermeasurements,starting2minutespriorto
theinitialincreaseinSYM-H[Iyemorietal.2010].Epochsaresynonymouswithmin-
utes.Here,

∂
∂tBristhemedianacrossall50modelrealizationsandthecompressionflow
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∂tBrandcompressionflowassociatedwiththeSH

model,basedonrealgroundmagnetometermeasurements,starting2minutespriorto
theinitialincreaseinSYM-H[Iyemorietal.2010].Epochsaresynonymouswithmin-
utes.Here,

∂
∂tBristhemedianacrossall50modelrealizationsandthecompressionflow
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is the bias vector (e.g. Haaland et al. 2007) scaled with the median magnitude. The pre-
liminary impulse appears in Figures 2a-b. The main impulse appears in Figure 2c, equa-
torward and with the opposite polarity of the preliminary impulse. Over the following
3 minutes (i.e. Figures 2d-f) the main impulse expands along the flanks toward the night-
side while increasing in strength. The compression flow is around 2.5 m/s with a stan-
dard deviation of around 0.3 m/s. Additionally, a large-scale southward flow appears shortly
after the appearance of the preliminary impulse.

4 Discussion

We presented a technique for estimating the ionospheric induction electric field (Eind)
using measurements of magnetic field perturbation below the ionosphere. The technique
links a SH representation of the temporal derivative of the radial magnetic field ( ∂

∂tBr)
to a scalar field W representing Eind. In an example with synthetic data, we found that
Eind reaches values of 3 mV/m (Figure 1d) which locally can correspond to tens of per-
cent of the combined ionospheric electric field (E = Epot +Eind) in the high latitude
ionosphere. From estimates of Eind a compression flow of approximately 50 m/s was cal-
culated (Figure 1b), which represents the necessary expansion/contraction of magnetic
flux to reach a new steady state. The total Joule heating above 50 degrees latitude in-
creased by approximately 2.4% while local changes were tens of percent (see Figures 1e-
f). Inclusion of Eind in the calculation of Joule heating adds two terms, i.e. ΣPE

2
ind and

2ΣP (Epot ·Eind). Assuming Eind = Epot/10 results in E2
ind being 1% of E2

pot. Mean-
while, the cross-term can contribute up to 20% of the Joule heating depending on the
alignment of Eind and Epot. However, the cross-term can be positive or negative. It is,
therefore, unclear how much it contributes to the total heating when integrated over the
entire ionosphere. The contribution from the cross-term is illustrated in Figure 1f and
leads to a significant difference in ionospheric energy dissipation during dynamic events
compared to the steady state case, even when Eind is an order of magnitude smaller than
Epot. However, the estimated value of 2.4% is specific for the synthetic case being stud-
ied as both the magnitude and spatial extent of the temporally varying magnetic field
depend on several exogenous parameters. Furthermore, the background level of Joule
heating can also vary.

The MHD simulation carried out by Shi et al. 2022, used to create the synthetic
data example in Section 3.1, applied the ionospheric solver REMIX [Merkin and J. G.
Lyon 2010] which assumes steady state. Therefore, the ionospheric electric field is a po-
tential electric field since ionospheric self-inductance is neglected (i.e ∇×E = ∂

∂tB =
0). We calculate ∂

∂tB as the difference between two steady states for demonstration pur-
poses. The combined ionospheric electric field (i.e. E = Epot + Eind) no longer sat-
isfy the current continuity (∇ · J = 0) ensured in REMIX and is fundamentally in-
consistent. Furthermore, the rotational current associated with Eind in Figure 1d con-
tributes to the ground magnetic perturbation. This leads to a secondary and weaker in-
duction effect which subsequently leads to a third and so on and so forth. The infinite
chain of opposing and progressively induction effects is naturally accounted for when us-
ing real data. However, the synthetic data still provide insight into the usefulness of the
presented technique. The magnitude of Eind is similar to previous studies [Vanhamäki
et al. 2005]; [Vanhamäki et al. 2007].

The presented technique was also used on a SH model of SCs based on real ground
magnetometer measurements [Madelaire et al. 2022a]. The retrieved Eind and compres-
sion flow is around 0.15±0.015 mV/m and 2.5±0.3 m/s (Figure 2), respectively. Addi-
tionally, the compression flow is dominated by a large-scale southward flow. This is con-
sistent with an intensification of the magnetic perturbation from magnetospheric sources
due to compression of the magnetosphere. The same intensification gives rise to a step-
like increase in SYM-H during SCs [Russell et al. 1994]; [Madelaire et al. 2022b]. A large-
scale flow is likewise present in the example with synthetic data, i.e. Figure 1f. In Fig-
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isthebiasvector(e.g.Haalandetal.2007)scaledwiththemedianmagnitude.Thepre-
liminaryimpulseappearsinFigures2a-b.ThemainimpulseappearsinFigure2c,equa-
torwardandwiththeoppositepolarityofthepreliminaryimpulse.Overthefollowing
3minutes(i.e.Figures2d-f)themainimpulseexpandsalongtheflankstowardthenight-
sidewhileincreasinginstrength.Thecompressionflowisaround2.5m/swithastan-
darddeviationofaround0.3m/s.Additionally,alarge-scalesouthwardflowappearsshortly
aftertheappearanceofthepreliminaryimpulse.

4Discussion

Wepresentedatechniqueforestimatingtheionosphericinductionelectricfield(Eind)
usingmeasurementsofmagneticfieldperturbationbelowtheionosphere.Thetechnique
linksaSHrepresentationofthetemporalderivativeoftheradialmagneticfield(∂

∂tBr)
toascalarfieldWrepresentingEind.Inanexamplewithsyntheticdata,wefoundthat
Eindreachesvaluesof3mV/m(Figure1d)whichlocallycancorrespondtotensofper-
centofthecombinedionosphericelectricfield(E=Epot+Eind)inthehighlatitude
ionosphere.FromestimatesofEindacompressionflowofapproximately50m/swascal-
culated(Figure1b),whichrepresentsthenecessaryexpansion/contractionofmagnetic
fluxtoreachanewsteadystate.ThetotalJouleheatingabove50degreeslatitudein-
creasedbyapproximately2.4%whilelocalchangesweretensofpercent(seeFigures1e-
f).InclusionofEindinthecalculationofJouleheatingaddstwoterms,i.e.ΣPE

2
indand

2ΣP(Epot·Eind).AssumingEind=Epot/10resultsinE2
indbeing1%ofE2

pot.Mean-
while,thecross-termcancontributeupto20%oftheJouleheatingdependingonthe
alignmentofEindandEpot.However,thecross-termcanbepositiveornegative.Itis,
therefore,unclearhowmuchitcontributestothetotalheatingwhenintegratedoverthe
entireionosphere.Thecontributionfromthecross-termisillustratedinFigure1fand
leadstoasignificantdifferenceinionosphericenergydissipationduringdynamicevents
comparedtothesteadystatecase,evenwhenEindisanorderofmagnitudesmallerthan
Epot.However,theestimatedvalueof2.4%isspecificforthesyntheticcasebeingstud-
iedasboththemagnitudeandspatialextentofthetemporallyvaryingmagneticfield
dependonseveralexogenousparameters.Furthermore,thebackgroundlevelofJoule
heatingcanalsovary.

TheMHDsimulationcarriedoutbyShietal.2022,usedtocreatethesynthetic
dataexampleinSection3.1,appliedtheionosphericsolverREMIX[MerkinandJ.G.
Lyon2010]whichassumessteadystate.Therefore,theionosphericelectricfieldisapo-
tentialelectricfieldsinceionosphericself-inductanceisneglected(i.e∇×E=∂

∂tB=
0).Wecalculate∂

∂tBasthedifferencebetweentwosteadystatesfordemonstrationpur-
poses.Thecombinedionosphericelectricfield(i.e.E=Epot+Eind)nolongersat-
isfythecurrentcontinuity(∇·J=0)ensuredinREMIXandisfundamentallyin-
consistent.Furthermore,therotationalcurrentassociatedwithEindinFigure1dcon-
tributestothegroundmagneticperturbation.Thisleadstoasecondaryandweakerin-
ductioneffectwhichsubsequentlyleadstoathirdandsoonandsoforth.Theinfinite
chainofopposingandprogressivelyinductioneffectsisnaturallyaccountedforwhenus-
ingrealdata.However,thesyntheticdatastillprovideinsightintotheusefulnessofthe
presentedtechnique.ThemagnitudeofEindissimilartopreviousstudies[Vanhamäki
etal.2005];[Vanhamäkietal.2007].

ThepresentedtechniquewasalsousedonaSHmodelofSCsbasedonrealground
magnetometermeasurements[Madelaireetal.2022a].TheretrievedEindandcompres-
sionflowisaround0.15±0.015mV/mand2.5±0.3m/s(Figure2),respectively.Addi-
tionally,thecompressionflowisdominatedbyalarge-scalesouthwardflow.Thisiscon-
sistentwithanintensificationofthemagneticperturbationfrommagnetosphericsources
duetocompressionofthemagnetosphere.Thesameintensificationgivesrisetoastep-
likeincreaseinSYM-HduringSCs[Russelletal.1994];[Madelaireetal.2022b].Alarge-
scaleflowislikewisepresentintheexamplewithsyntheticdata,i.e.Figure1f.InFig-
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ThepresentedtechniquewasalsousedonaSHmodelofSCsbasedonrealground
magnetometermeasurements[Madelaireetal.2022a].TheretrievedEindandcompres-
sionflowisaround0.15±0.015mV/mand2.5±0.3m/s(Figure2),respectively.Addi-
tionally,thecompressionflowisdominatedbyalarge-scalesouthwardflow.Thisiscon-
sistentwithanintensificationofthemagneticperturbationfrommagnetosphericsources
duetocompressionofthemagnetosphere.Thesameintensificationgivesrisetoastep-
likeincreaseinSYM-HduringSCs[Russelletal.1994];[Madelaireetal.2022b].Alarge-
scaleflowislikewisepresentintheexamplewithsyntheticdata,i.e.Figure1f.InFig-

–6–

manuscript submitted to Enter journal name here

is the bias vector (e.g. Haaland et al. 2007) scaled with the median magnitude. The pre-
liminary impulse appears in Figures 2a-b. The main impulse appears in Figure 2c, equa-
torward and with the opposite polarity of the preliminary impulse. Over the following
3 minutes (i.e. Figures 2d-f) the main impulse expands along the flanks toward the night-
side while increasing in strength. The compression flow is around 2.5 m/s with a stan-
dard deviation of around 0.3 m/s. Additionally, a large-scale southward flow appears shortly
after the appearance of the preliminary impulse.

4 Discussion

We presented a technique for estimating the ionospheric induction electric field (Eind)
using measurements of magnetic field perturbation below the ionosphere. The technique
links a SH representation of the temporal derivative of the radial magnetic field (

∂
∂tBr)

to a scalar field W representing Eind. In an example with synthetic data, we found that
Eind reaches values of 3 mV/m (Figure 1d) which locally can correspond to tens of per-
cent of the combined ionospheric electric field (E = Epot +Eind) in the high latitude
ionosphere. From estimates of Eind a compression flow of approximately 50 m/s was cal-
culated (Figure 1b), which represents the necessary expansion/contraction of magnetic
flux to reach a new steady state. The total Joule heating above 50 degrees latitude in-
creased by approximately 2.4% while local changes were tens of percent (see Figures 1e-
f). Inclusion of Eind in the calculation of Joule heating adds two terms, i.e. ΣPE

2
ind and

2ΣP (Epot ·Eind). Assuming Eind = Epot/10 results in E
2
ind being 1% of E

2
pot. Mean-

while, the cross-term can contribute up to 20% of the Joule heating depending on the
alignment of Eind and Epot. However, the cross-term can be positive or negative. It is,
therefore, unclear how much it contributes to the total heating when integrated over the
entire ionosphere. The contribution from the cross-term is illustrated in Figure 1f and
leads to a significant difference in ionospheric energy dissipation during dynamic events
compared to the steady state case, even when Eind is an order of magnitude smaller than
Epot. However, the estimated value of 2.4% is specific for the synthetic case being stud-
ied as both the magnitude and spatial extent of the temporally varying magnetic field
depend on several exogenous parameters. Furthermore, the background level of Joule
heating can also vary.

The MHD simulation carried out by Shi et al. 2022, used to create the synthetic
data example in Section 3.1, applied the ionospheric solver REMIX [Merkin and J. G.
Lyon 2010] which assumes steady state. Therefore, the ionospheric electric field is a po-
tential electric field since ionospheric self-inductance is neglected (i.e ∇×E =

∂
∂tB =

0). We calculate
∂
∂tB as the difference between two steady states for demonstration pur-

poses. The combined ionospheric electric field (i.e. E = Epot + Eind) no longer sat-
isfy the current continuity (∇ · J = 0) ensured in REMIX and is fundamentally in-
consistent. Furthermore, the rotational current associated with Eind in Figure 1d con-
tributes to the ground magnetic perturbation. This leads to a secondary and weaker in-
duction effect which subsequently leads to a third and so on and so forth. The infinite
chain of opposing and progressively induction effects is naturally accounted for when us-
ing real data. However, the synthetic data still provide insight into the usefulness of the
presented technique. The magnitude of Eind is similar to previous studies [Vanhamäki
et al. 2005]; [Vanhamäki et al. 2007].

The presented technique was also used on a SH model of SCs based on real ground
magnetometer measurements [Madelaire et al. 2022a]. The retrieved Eind and compres-
sion flow is around 0.15±0.015 mV/m and 2.5±0.3 m/s (Figure 2), respectively. Addi-
tionally, the compression flow is dominated by a large-scale southward flow. This is con-
sistent with an intensification of the magnetic perturbation from magnetospheric sources
due to compression of the magnetosphere. The same intensification gives rise to a step-
like increase in SYM-H during SCs [Russell et al. 1994]; [Madelaire et al. 2022b]. A large-
scale flow is likewise present in the example with synthetic data, i.e. Figure 1f. In Fig-
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is the bias vector (e.g. Haaland et al. 2007) scaled with the median magnitude. The pre-
liminary impulse appears in Figures 2a-b. The main impulse appears in Figure 2c, equa-
torward and with the opposite polarity of the preliminary impulse. Over the following
3 minutes (i.e. Figures 2d-f) the main impulse expands along the flanks toward the night-
side while increasing in strength. The compression flow is around 2.5 m/s with a stan-
dard deviation of around 0.3 m/s. Additionally, a large-scale southward flow appears shortly
after the appearance of the preliminary impulse.

4 Discussion

We presented a technique for estimating the ionospheric induction electric field (Eind)
using measurements of magnetic field perturbation below the ionosphere. The technique
links a SH representation of the temporal derivative of the radial magnetic field (

∂
∂tBr)

to a scalar field W representing Eind. In an example with synthetic data, we found that
Eind reaches values of 3 mV/m (Figure 1d) which locally can correspond to tens of per-
cent of the combined ionospheric electric field (E = Epot +Eind) in the high latitude
ionosphere. From estimates of Eind a compression flow of approximately 50 m/s was cal-
culated (Figure 1b), which represents the necessary expansion/contraction of magnetic
flux to reach a new steady state. The total Joule heating above 50 degrees latitude in-
creased by approximately 2.4% while local changes were tens of percent (see Figures 1e-
f). Inclusion of Eind in the calculation of Joule heating adds two terms, i.e. ΣPE

2
ind and

2ΣP (Epot ·Eind). Assuming Eind = Epot/10 results in E
2
ind being 1% of E

2
pot. Mean-

while, the cross-term can contribute up to 20% of the Joule heating depending on the
alignment of Eind and Epot. However, the cross-term can be positive or negative. It is,
therefore, unclear how much it contributes to the total heating when integrated over the
entire ionosphere. The contribution from the cross-term is illustrated in Figure 1f and
leads to a significant difference in ionospheric energy dissipation during dynamic events
compared to the steady state case, even when Eind is an order of magnitude smaller than
Epot. However, the estimated value of 2.4% is specific for the synthetic case being stud-
ied as both the magnitude and spatial extent of the temporally varying magnetic field
depend on several exogenous parameters. Furthermore, the background level of Joule
heating can also vary.

The MHD simulation carried out by Shi et al. 2022, used to create the synthetic
data example in Section 3.1, applied the ionospheric solver REMIX [Merkin and J. G.
Lyon 2010] which assumes steady state. Therefore, the ionospheric electric field is a po-
tential electric field since ionospheric self-inductance is neglected (i.e ∇×E =

∂
∂tB =

0). We calculate
∂
∂tB as the difference between two steady states for demonstration pur-

poses. The combined ionospheric electric field (i.e. E = Epot + Eind) no longer sat-
isfy the current continuity (∇ · J = 0) ensured in REMIX and is fundamentally in-
consistent. Furthermore, the rotational current associated with Eind in Figure 1d con-
tributes to the ground magnetic perturbation. This leads to a secondary and weaker in-
duction effect which subsequently leads to a third and so on and so forth. The infinite
chain of opposing and progressively induction effects is naturally accounted for when us-
ing real data. However, the synthetic data still provide insight into the usefulness of the
presented technique. The magnitude of Eind is similar to previous studies [Vanhamäki
et al. 2005]; [Vanhamäki et al. 2007].

The presented technique was also used on a SH model of SCs based on real ground
magnetometer measurements [Madelaire et al. 2022a]. The retrieved Eind and compres-
sion flow is around 0.15±0.015 mV/m and 2.5±0.3 m/s (Figure 2), respectively. Addi-
tionally, the compression flow is dominated by a large-scale southward flow. This is con-
sistent with an intensification of the magnetic perturbation from magnetospheric sources
due to compression of the magnetosphere. The same intensification gives rise to a step-
like increase in SYM-H during SCs [Russell et al. 1994]; [Madelaire et al. 2022b]. A large-
scale flow is likewise present in the example with synthetic data, i.e. Figure 1f. In Fig-
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isthebiasvector(e.g.Haalandetal.2007)scaledwiththemedianmagnitude.Thepre-
liminaryimpulseappearsinFigures2a-b.ThemainimpulseappearsinFigure2c,equa-
torwardandwiththeoppositepolarityofthepreliminaryimpulse.Overthefollowing
3minutes(i.e.Figures2d-f)themainimpulseexpandsalongtheflankstowardthenight-
sidewhileincreasinginstrength.Thecompressionflowisaround2.5m/swithastan-
darddeviationofaround0.3m/s.Additionally,alarge-scalesouthwardflowappearsshortly
aftertheappearanceofthepreliminaryimpulse.

4Discussion

Wepresentedatechniqueforestimatingtheionosphericinductionelectricfield(Eind)
usingmeasurementsofmagneticfieldperturbationbelowtheionosphere.Thetechnique
linksaSHrepresentationofthetemporalderivativeoftheradialmagneticfield(

∂
∂tBr)

toascalarfieldWrepresentingEind.Inanexamplewithsyntheticdata,wefoundthat
Eindreachesvaluesof3mV/m(Figure1d)whichlocallycancorrespondtotensofper-
centofthecombinedionosphericelectricfield(E=Epot+Eind)inthehighlatitude
ionosphere.FromestimatesofEindacompressionflowofapproximately50m/swascal-
culated(Figure1b),whichrepresentsthenecessaryexpansion/contractionofmagnetic
fluxtoreachanewsteadystate.ThetotalJouleheatingabove50degreeslatitudein-
creasedbyapproximately2.4%whilelocalchangesweretensofpercent(seeFigures1e-
f).InclusionofEindinthecalculationofJouleheatingaddstwoterms,i.e.ΣPE

2
indand

2ΣP(Epot·Eind).AssumingEind=Epot/10resultsinE
2
indbeing1%ofE

2
pot.Mean-

while,thecross-termcancontributeupto20%oftheJouleheatingdependingonthe
alignmentofEindandEpot.However,thecross-termcanbepositiveornegative.Itis,
therefore,unclearhowmuchitcontributestothetotalheatingwhenintegratedoverthe
entireionosphere.Thecontributionfromthecross-termisillustratedinFigure1fand
leadstoasignificantdifferenceinionosphericenergydissipationduringdynamicevents
comparedtothesteadystatecase,evenwhenEindisanorderofmagnitudesmallerthan
Epot.However,theestimatedvalueof2.4%isspecificforthesyntheticcasebeingstud-
iedasboththemagnitudeandspatialextentofthetemporallyvaryingmagneticfield
dependonseveralexogenousparameters.Furthermore,thebackgroundlevelofJoule
heatingcanalsovary.

TheMHDsimulationcarriedoutbyShietal.2022,usedtocreatethesynthetic
dataexampleinSection3.1,appliedtheionosphericsolverREMIX[MerkinandJ.G.
Lyon2010]whichassumessteadystate.Therefore,theionosphericelectricfieldisapo-
tentialelectricfieldsinceionosphericself-inductanceisneglected(i.e∇×E=

∂
∂tB=

0).Wecalculate
∂
∂tBasthedifferencebetweentwosteadystatesfordemonstrationpur-

poses.Thecombinedionosphericelectricfield(i.e.E=Epot+Eind)nolongersat-
isfythecurrentcontinuity(∇·J=0)ensuredinREMIXandisfundamentallyin-
consistent.Furthermore,therotationalcurrentassociatedwithEindinFigure1dcon-
tributestothegroundmagneticperturbation.Thisleadstoasecondaryandweakerin-
ductioneffectwhichsubsequentlyleadstoathirdandsoonandsoforth.Theinfinite
chainofopposingandprogressivelyinductioneffectsisnaturallyaccountedforwhenus-
ingrealdata.However,thesyntheticdatastillprovideinsightintotheusefulnessofthe
presentedtechnique.ThemagnitudeofEindissimilartopreviousstudies[Vanhamäki
etal.2005];[Vanhamäkietal.2007].

ThepresentedtechniquewasalsousedonaSHmodelofSCsbasedonrealground
magnetometermeasurements[Madelaireetal.2022a].TheretrievedEindandcompres-
sionflowisaround0.15±0.015mV/mand2.5±0.3m/s(Figure2),respectively.Addi-
tionally,thecompressionflowisdominatedbyalarge-scalesouthwardflow.Thisiscon-
sistentwithanintensificationofthemagneticperturbationfrommagnetosphericsources
duetocompressionofthemagnetosphere.Thesameintensificationgivesrisetoastep-
likeincreaseinSYM-HduringSCs[Russelletal.1994];[Madelaireetal.2022b].Alarge-
scaleflowislikewisepresentintheexamplewithsyntheticdata,i.e.Figure1f.InFig-
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ductioneffectwhichsubsequentlyleadstoathirdandsoonandsoforth.Theinfinite
chainofopposingandprogressivelyinductioneffectsisnaturallyaccountedforwhenus-
ingrealdata.However,thesyntheticdatastillprovideinsightintotheusefulnessofthe
presentedtechnique.ThemagnitudeofEindissimilartopreviousstudies[Vanhamäki
etal.2005];[Vanhamäkietal.2007].

ThepresentedtechniquewasalsousedonaSHmodelofSCsbasedonrealground
magnetometermeasurements[Madelaireetal.2022a].TheretrievedEindandcompres-
sionflowisaround0.15±0.015mV/mand2.5±0.3m/s(Figure2),respectively.Addi-
tionally,thecompressionflowisdominatedbyalarge-scalesouthwardflow.Thisiscon-
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isthebiasvector(e.g.Haalandetal.2007)scaledwiththemedianmagnitude.Thepre-
liminaryimpulseappearsinFigures2a-b.ThemainimpulseappearsinFigure2c,equa-
torwardandwiththeoppositepolarityofthepreliminaryimpulse.Overthefollowing
3minutes(i.e.Figures2d-f)themainimpulseexpandsalongtheflankstowardthenight-
sidewhileincreasinginstrength.Thecompressionflowisaround2.5m/swithastan-
darddeviationofaround0.3m/s.Additionally,alarge-scalesouthwardflowappearsshortly
aftertheappearanceofthepreliminaryimpulse.

4Discussion

Wepresentedatechniqueforestimatingtheionosphericinductionelectricfield(Eind)
usingmeasurementsofmagneticfieldperturbationbelowtheionosphere.Thetechnique
linksaSHrepresentationofthetemporalderivativeoftheradialmagneticfield(
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ionosphere.FromestimatesofEindacompressionflowofapproximately50m/swascal-
culated(Figure1b),whichrepresentsthenecessaryexpansion/contractionofmagnetic
fluxtoreachanewsteadystate.ThetotalJouleheatingabove50degreeslatitudein-
creasedbyapproximately2.4%whilelocalchangesweretensofpercent(seeFigures1e-
f).InclusionofEindinthecalculationofJouleheatingaddstwoterms,i.e.ΣPE
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ure 3 the contribution from magnetospheric currents to Eind (i.e. Figure 3b) and the as-
sociated Joule heating has been separated from that of ionospheric currents and FACs
(i.e. Figure 3c) for the synthetic example. Magnetospheric currents (e.g. magnetopause
and ring current) produce, to first order, a uniform magnetic field in ẑ. At the poles, this
corresponds to a weakening of the magnetic field, an azimuthal induction electric field
(westward on the dayside), and a large-scale southward flow in the northern hemisphere.
The induction electric field in the southern hemisphere points in the same direction but
b̂ points outward giving rise to a large-scale northward compression flow. Essentially, there
is a large-scale equatorward compression flow at high latitude in response to rapid in-
creases in solar wind dynamic pressure. Oppositely, there is a large-scale poleward com-
pression flow in response to rapid decreases in solar wind dynamic pressure.

It is unclear how to interpret local changes in Joule heating due to the inclusion
of Eind. Hesse et al. 1997 showed that E maps between the ionosphere and magneto-
sphere for ideal MHD, i.e. including inductive terms. If that holds in reality it would lead
to an asymmetric spatiotemporal evolution, e.g. during SCs. However, Hesse et al. 1997
also showed that the mapping is non-trivial in the presence of parallel electric fields. Re-
gardless of how Eind maps between ionosphere and magnetosphere the spatiotemporal
evolution of dynamic events, e.g. transient current vortices associated with the prelim-
inary and main impulse of a SC and rapid compression/expansion of the magnetosphere,
lead to significant local changes in Joule heating. The duration of these local changes
can result in ion upflow but are unlikely to cause neutral upwelling [Strangeway 2012].
Zou et al. 2017 observed lifting of the F region ionosphere, large and transient field-aligned
ion upflow, and prompt but short-lived ion temperature increase in the transition be-
tween the preliminary and main impulse of a sudden commencement using PFISR mea-
surements.

There are significant differences in the magnitude of Eind and the compression flow
(Equation 6) between the two models. The SH model provided by Madelaire et al. 2022a
is a product of a superposed epoch analysis based on a list of solar wind dynamic pres-
sure increases [Madelaire et al. 2022b]. The majority of the events in the list are not in-
terplanetary shocks, and experience smaller pressure increases compared to what is of-
ten seen in case studies and MHD simulations (e.g. Moretto et al. 2000; Slinker et al.
1999; Fujita et al. 2003. Madelaire et al. 2022b showed that the events, on average, con-
tain increases of a couple of nPa. The interplanetary shock simulated by Shi et al. 2022
increased by approximately 10 nPa. The vast difference in the size of the pressure in-
crease along with the smoothing associated with superposing multiple events leads to
a ∂

∂tBr in the order of 10 nT/min (Figure 2) compared to the 10 nT/s (Figure 1) seen
in the MHD simulation. This is likely the explanation for the smaller compression flow.

The presented technique can be extended to the Spherical Elementary Current Sys-
tem (SECS) technique [Amm and Viljanen 1999]. The Lompe technique [Laundal et al.
2022]; [Hovland et al. 2022] models Epot using SECS by combining various measurements
(e.g. conductance, convection, and ground/space magnetic field measurements), simi-
lar to AMIE/AMGeO [Richmond and Kamide 1988]; [AMGeO Collaboration 2019]. How-
ever, the use of SECS in Lompe makes it ideal for regional analysis. In the future, we
hope to remove the necessity of assuming steady state when using Lompe by implement-
ing a scheme to co-estimate Epot and Eind using a technique similar to the one shown
here.
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ure3thecontributionfrommagnetosphericcurrentstoEind(i.e.Figure3b)andtheas-
sociatedJouleheatinghasbeenseparatedfromthatofionosphericcurrentsandFACs
(i.e.Figure3c)forthesyntheticexample.Magnetosphericcurrents(e.g.magnetopause
andringcurrent)produce,tofirstorder,auniformmagneticfieldinẑ.Atthepoles,this
correspondstoaweakeningofthemagneticfield,anazimuthalinductionelectricfield
(westwardonthedayside),andalarge-scalesouthwardflowinthenorthernhemisphere.
Theinductionelectricfieldinthesouthernhemispherepointsinthesamedirectionbut
b̂pointsoutwardgivingrisetoalarge-scalenorthwardcompressionflow.Essentially,there
isalarge-scaleequatorwardcompressionflowathighlatitudeinresponsetorapidin-
creasesinsolarwinddynamicpressure.Oppositely,thereisalarge-scalepolewardcom-
pressionflowinresponsetorapiddecreasesinsolarwinddynamicpressure.

ItisunclearhowtointerpretlocalchangesinJouleheatingduetotheinclusion
ofEind.Hesseetal.1997showedthatEmapsbetweentheionosphereandmagneto-
sphereforidealMHD,i.e.includinginductiveterms.Ifthatholdsinrealityitwouldlead
toanasymmetricspatiotemporalevolution,e.g.duringSCs.However,Hesseetal.1997
alsoshowedthatthemappingisnon-trivialinthepresenceofparallelelectricfields.Re-
gardlessofhowEindmapsbetweenionosphereandmagnetospherethespatiotemporal
evolutionofdynamicevents,e.g.transientcurrentvorticesassociatedwiththeprelim-
inaryandmainimpulseofaSCandrapidcompression/expansionofthemagnetosphere,
leadtosignificantlocalchangesinJouleheating.Thedurationoftheselocalchanges
canresultinionupflowbutareunlikelytocauseneutralupwelling[Strangeway2012].
Zouetal.2017observedliftingoftheFregionionosphere,largeandtransientfield-aligned
ionupflow,andpromptbutshort-livediontemperatureincreaseinthetransitionbe-
tweenthepreliminaryandmainimpulseofasuddencommencementusingPFISRmea-
surements.

TherearesignificantdifferencesinthemagnitudeofEindandthecompressionflow
(Equation6)betweenthetwomodels.TheSHmodelprovidedbyMadelaireetal.2022a
isaproductofasuperposedepochanalysisbasedonalistofsolarwinddynamicpres-
sureincreases[Madelaireetal.2022b].Themajorityoftheeventsinthelistarenotin-
terplanetaryshocks,andexperiencesmallerpressureincreasescomparedtowhatisof-
tenseenincasestudiesandMHDsimulations(e.g.Morettoetal.2000;Slinkeretal.
1999;Fujitaetal.2003.Madelaireetal.2022bshowedthattheevents,onaverage,con-
tainincreasesofacoupleofnPa.TheinterplanetaryshocksimulatedbyShietal.2022
increasedbyapproximately10nPa.Thevastdifferenceinthesizeofthepressurein-
creasealongwiththesmoothingassociatedwithsuperposingmultipleeventsleadsto
a∂

∂tBrintheorderof10nT/min(Figure2)comparedtothe10nT/s(Figure1)seen
intheMHDsimulation.Thisislikelytheexplanationforthesmallercompressionflow.

ThepresentedtechniquecanbeextendedtotheSphericalElementaryCurrentSys-
tem(SECS)technique[AmmandViljanen1999].TheLompetechnique[Laundaletal.
2022];[Hovlandetal.2022]modelsEpotusingSECSbycombiningvariousmeasurements
(e.g.conductance,convection,andground/spacemagneticfieldmeasurements),simi-
lartoAMIE/AMGeO[RichmondandKamide1988];[AMGeOCollaboration2019].How-
ever,theuseofSECSinLompemakesitidealforregionalanalysis.Inthefuture,we
hopetoremovethenecessityofassumingsteadystatewhenusingLompebyimplement-
ingaschemetoco-estimateEpotandEindusingatechniquesimilartotheoneshown
here.
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correspondstoaweakeningofthemagneticfield,anazimuthalinductionelectricfield
(westwardonthedayside),andalarge-scalesouthwardflowinthenorthernhemisphere.
Theinductionelectricfieldinthesouthernhemispherepointsinthesamedirectionbut
b̂pointsoutwardgivingrisetoalarge-scalenorthwardcompressionflow.Essentially,there
isalarge-scaleequatorwardcompressionflowathighlatitudeinresponsetorapidin-
creasesinsolarwinddynamicpressure.Oppositely,thereisalarge-scalepolewardcom-
pressionflowinresponsetorapiddecreasesinsolarwinddynamicpressure.

ItisunclearhowtointerpretlocalchangesinJouleheatingduetotheinclusion
ofEind.Hesseetal.1997showedthatEmapsbetweentheionosphereandmagneto-
sphereforidealMHD,i.e.includinginductiveterms.Ifthatholdsinrealityitwouldlead
toanasymmetricspatiotemporalevolution,e.g.duringSCs.However,Hesseetal.1997
alsoshowedthatthemappingisnon-trivialinthepresenceofparallelelectricfields.Re-
gardlessofhowEindmapsbetweenionosphereandmagnetospherethespatiotemporal
evolutionofdynamicevents,e.g.transientcurrentvorticesassociatedwiththeprelim-
inaryandmainimpulseofaSCandrapidcompression/expansionofthemagnetosphere,
leadtosignificantlocalchangesinJouleheating.Thedurationoftheselocalchanges
canresultinionupflowbutareunlikelytocauseneutralupwelling[Strangeway2012].
Zouetal.2017observedliftingoftheFregionionosphere,largeandtransientfield-aligned
ionupflow,andpromptbutshort-livediontemperatureincreaseinthetransitionbe-
tweenthepreliminaryandmainimpulseofasuddencommencementusingPFISRmea-
surements.

TherearesignificantdifferencesinthemagnitudeofEindandthecompressionflow
(Equation6)betweenthetwomodels.TheSHmodelprovidedbyMadelaireetal.2022a
isaproductofasuperposedepochanalysisbasedonalistofsolarwinddynamicpres-
sureincreases[Madelaireetal.2022b].Themajorityoftheeventsinthelistarenotin-
terplanetaryshocks,andexperiencesmallerpressureincreasescomparedtowhatisof-
tenseenincasestudiesandMHDsimulations(e.g.Morettoetal.2000;Slinkeretal.
1999;Fujitaetal.2003.Madelaireetal.2022bshowedthattheevents,onaverage,con-
tainincreasesofacoupleofnPa.TheinterplanetaryshocksimulatedbyShietal.2022
increasedbyapproximately10nPa.Thevastdifferenceinthesizeofthepressurein-
creasealongwiththesmoothingassociatedwithsuperposingmultipleeventsleadsto
a∂

∂tBrintheorderof10nT/min(Figure2)comparedtothe10nT/s(Figure1)seen
intheMHDsimulation.Thisislikelytheexplanationforthesmallercompressionflow.

ThepresentedtechniquecanbeextendedtotheSphericalElementaryCurrentSys-
tem(SECS)technique[AmmandViljanen1999].TheLompetechnique[Laundaletal.
2022];[Hovlandetal.2022]modelsEpotusingSECSbycombiningvariousmeasurements
(e.g.conductance,convection,andground/spacemagneticfieldmeasurements),simi-
lartoAMIE/AMGeO[RichmondandKamide1988];[AMGeOCollaboration2019].How-
ever,theuseofSECSinLompemakesitidealforregionalanalysis.Inthefuture,we
hopetoremovethenecessityofassumingsteadystatewhenusingLompebyimplement-
ingaschemetoco-estimateEpotandEindusingatechniquesimilartotheoneshown
here.

Acknowledgments

ThisworkwasfundedbytheResearchCouncilofNorway(RCN)undercontract223252/F50.
KL.andJRwerealsofundedbytheRCNundercontract300844/F50.KL.andSHwere
alsofundedbytheTrondMohnFoundation.VMandDLwerefundedbyNASADRIVE
ScienceCenterundercooperativeAgreement80NSSC22M0163.

–7–

manuscript submitted to Enter journal name here

ure 3 the contribution from magnetospheric currents to Eind (i.e. Figure 3b) and the as-
sociated Joule heating has been separated from that of ionospheric currents and FACs
(i.e. Figure 3c) for the synthetic example. Magnetospheric currents (e.g. magnetopause
and ring current) produce, to first order, a uniform magnetic field in ẑ. At the poles, this
corresponds to a weakening of the magnetic field, an azimuthal induction electric field
(westward on the dayside), and a large-scale southward flow in the northern hemisphere.
The induction electric field in the southern hemisphere points in the same direction but
b̂ points outward giving rise to a large-scale northward compression flow. Essentially, there
is a large-scale equatorward compression flow at high latitude in response to rapid in-
creases in solar wind dynamic pressure. Oppositely, there is a large-scale poleward com-
pression flow in response to rapid decreases in solar wind dynamic pressure.

It is unclear how to interpret local changes in Joule heating due to the inclusion
of Eind. Hesse et al. 1997 showed that E maps between the ionosphere and magneto-
sphere for ideal MHD, i.e. including inductive terms. If that holds in reality it would lead
to an asymmetric spatiotemporal evolution, e.g. during SCs. However, Hesse et al. 1997
also showed that the mapping is non-trivial in the presence of parallel electric fields. Re-
gardless of how Eind maps between ionosphere and magnetosphere the spatiotemporal
evolution of dynamic events, e.g. transient current vortices associated with the prelim-
inary and main impulse of a SC and rapid compression/expansion of the magnetosphere,
lead to significant local changes in Joule heating. The duration of these local changes
can result in ion upflow but are unlikely to cause neutral upwelling [Strangeway 2012].
Zou et al. 2017 observed lifting of the F region ionosphere, large and transient field-aligned
ion upflow, and prompt but short-lived ion temperature increase in the transition be-
tween the preliminary and main impulse of a sudden commencement using PFISR mea-
surements.

There are significant differences in the magnitude of Eind and the compression flow
(Equation 6) between the two models. The SH model provided by Madelaire et al. 2022a
is a product of a superposed epoch analysis based on a list of solar wind dynamic pres-
sure increases [Madelaire et al. 2022b]. The majority of the events in the list are not in-
terplanetary shocks, and experience smaller pressure increases compared to what is of-
ten seen in case studies and MHD simulations (e.g. Moretto et al. 2000; Slinker et al.
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∂
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tem (SECS) technique [Amm and Viljanen 1999]. The Lompe technique [Laundal et al.
2022]; [Hovland et al. 2022] models Epot using SECS by combining various measurements
(e.g. conductance, convection, and ground/space magnetic field measurements), simi-
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ever, the use of SECS in Lompe makes it ideal for regional analysis. In the future, we
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leadtosignificantlocalchangesinJouleheating.Thedurationoftheselocalchanges
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Zouetal.2017observedliftingoftheFregionionosphere,largeandtransientfield-aligned
ionupflow,andpromptbutshort-livediontemperatureincreaseinthetransitionbe-
tweenthepreliminaryandmainimpulseofasuddencommencementusingPFISRmea-
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TherearesignificantdifferencesinthemagnitudeofEindandthecompressionflow
(Equation6)betweenthetwomodels.TheSHmodelprovidedbyMadelaireetal.2022a
isaproductofasuperposedepochanalysisbasedonalistofsolarwinddynamicpres-
sureincreases[Madelaireetal.2022b].Themajorityoftheeventsinthelistarenotin-
terplanetaryshocks,andexperiencesmallerpressureincreasescomparedtowhatisof-
tenseenincasestudiesandMHDsimulations(e.g.Morettoetal.2000;Slinkeretal.
1999;Fujitaetal.2003.Madelaireetal.2022bshowedthattheevents,onaverage,con-
tainincreasesofacoupleofnPa.TheinterplanetaryshocksimulatedbyShietal.2022
increasedbyapproximately10nPa.Thevastdifferenceinthesizeofthepressurein-
creasealongwiththesmoothingassociatedwithsuperposingmultipleeventsleadsto
a

∂
∂tBrintheorderof10nT/min(Figure2)comparedtothe10nT/s(Figure1)seen

intheMHDsimulation.Thisislikelytheexplanationforthesmallercompressionflow.

ThepresentedtechniquecanbeextendedtotheSphericalElementaryCurrentSys-
tem(SECS)technique[AmmandViljanen1999].TheLompetechnique[Laundaletal.
2022];[Hovlandetal.2022]modelsEpotusingSECSbycombiningvariousmeasurements
(e.g.conductance,convection,andground/spacemagneticfieldmeasurements),simi-
lartoAMIE/AMGeO[RichmondandKamide1988];[AMGeOCollaboration2019].How-
ever,theuseofSECSinLompemakesitidealforregionalanalysis.Inthefuture,we
hopetoremovethenecessityofassumingsteadystatewhenusingLompebyimplement-
ingaschemetoco-estimateEpotandEindusingatechniquesimilartotheoneshown
here.
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Data Availability Statement

The synthetic data used in this study is available at Zenodo via https://doi.org/

10.5281/zenodo.8116401 Madelaire 2023. The spherical harmonic model based on real
ground magnetometer observations was provided by Madelaire et al. 2022a and is avail-
able at Zenedo via https://zenodo.org/record/6243103 Madelaire 2022.
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Thébault,E.etal.(May2015).“InternationalGeomagneticReferenceField:the12th
generation”.In:Earth,PlanetsandSpace67.1,p.79.doi:10.1186/s40623-015-
0228-9.url:https://doi.org/10.1186/s40623-015-0228-9.
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Vanhamäki, H., A. Viljanen, R. Pirjola, and O. Amm (Sept. 2013). “Deriving the geo-
magnetically induced electric field at the Earth’s surface from the time derivative
of the vertical magnetic field”. In: Earth, Planets and Space 65.9, pp. 997–1006. doi:
10.5047/eps.2013.03.013. url: https://doi.org/10.5047/eps.2013.03.
013.
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Figure 1. A summary of how Eind is determined based on synthetic ground magnetometer

measurements from an MHD simulation [Shi et al. 2022], along with the compression flow and

Joule heating. Figures 1a-b show ∂
∂t
Br from the MHD and SH model, respectively. Figure 1c

shows the magnitude of Epot and its orientation as pins. Figure 1d shows the magnitude of Epot

with the orientation of Eind overlain. Figure 1e shows the Joule heating and plasma convection

associated with Epot as a contour and pins, respectively. Figure 1f shows the difference between

Joule heating associated with Epot and E = Epot + Eind as well as the compression flow asso-

ciated with Eind. The purpose of this figure is to validate the SH models’ recreation of ∂
∂t
Br as

well as demonstrate the technique for estimating Eind.–12–
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Figure 2. Illustration of ∂
∂t
B and Eind×B0 drift based on the SH model provided by Made-

laire et al. 2022b. Epoch is synonymous with minute. The purpose of this figure is to showcase

the estimation of Eind using a SH model that is based on real ground magnetometer measure-

ments. Furthermore, the data includes contributions from magnetospheric sources that give rise

to a large-scale southward compression flow.
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Figure 3. A decomposition of the contribution to Eind and associated Joule heating. Fig-

ure 3a shows the modification to the Joule heating when including Eind as a contour similar to

Figure 1f with Eind superposed as pins. Figure 3b shows the contribution from magnetospheric

currents while Figure 3c shows the contribution from ionospheric currents and FACs.
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