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Abstract

Utilising magnetic field measurements made by the Iridium satellites and by ground magnetometers in North America we calcu-

late the full ionospheric current system and investigate the substorm current wedge. The current estimates are independent of

ionospheric conductance, and are based on estimates of the divergence-free (DF) ionospheric current from ground magnetome-

ters and curl-free (CF) ionospheric currents from Iridium. The DF and CF currents are represented using spherical elementary

current systems (SECS), derived using a new inversion scheme that ensures the current systems’ spatial scales are consistent.

We present 18 substorm events and find a typical substorm current wedge (SCW) in 12 events. Our investigation of these

substorms shows that during substorm expansion, equivalent field-aligned currents (EFACs) derived with ground magnetome-

ters are a poor proxy of the actual FAC. We also find that the intensification of the westward electrojet can occur without

an intensification of the FACs. We present theoretical investigations that show that the observed deviation between FACs

estimated with satellite measurements and ground-based EFACs are consistent with the presence of a strong local enhancement

of the ionospheric conductance, similar to the substorm bulge. Such enhancements of the auroral conductance can also change

the ionospheric closure of pre-existing FACs such that the ground magnetic field, and in particular the westward electrojet,

changes significantly. These results demonstrate that attributing intensification of the westward electrojet to SCW current

closure can yield false understanding of the ionospheric and magnetospheric state.
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Key Points:7

• With a new inversion scheme we resolve the full current based on ground and space8

magnetometers and spherical elementary current systems9

• During substorms and close to the onset the ground-based equivalent field-aligned10

current is a poor proxy for the field-aligned current11

• The intensification of the westward electrojet can be a false indication of the for-12

mation of the substorm current wedge13
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Abstract14

Utilising magnetic field measurements made by the Iridium satellites and by ground mag-15

netometers in North America we calculate the full ionospheric current system and in-16

vestigate the substorm current wedge. The current estimates are independent of iono-17

spheric conductance, and are based on estimates of the divergence-free (DF) ionospheric18

current from ground magnetometers and curl-free (CF) ionospheric currents from Irid-19

ium. The DF and CF currents are represented using spherical elementary current sys-20

tems (SECS), derived using a new inversion scheme that ensures the current systems’21

spatial scales are consistent. We present 18 substorm events and find a typical substorm22

current wedge (SCW) in 12 events. Our investigation of these substorms shows that dur-23

ing substorm expansion, equivalent field-aligned currents (EFACs) derived with ground24

magnetometers are a poor proxy of the actual FAC. We also find that the intensifica-25

tion of the westward electrojet can occur without an intensification of the FACs. We present26

theoretical investigations that show that the observed deviation between FACs estimated27

with satellite measurements and ground-based EFACs are consistent with the presence28

of a strong local enhancement of the ionospheric conductance, similar to the substorm29

bulge. Such enhancements of the auroral conductance can also change the ionospheric30

closure of pre-existing FACs such that the ground magnetic field, and in particular the31

westward electrojet, changes significantly. These results demonstrate that attributing32

intensification of the westward electrojet to SCW current closure can yield false under-33

standing of the ionospheric and magnetospheric state.34

1 Introduction35

Magnetospheric substorms are dynamic events encompassing a range of phenom-36

ena surrounding the deposition of stored magnetic energy from the magnetotail into the37

ionospheric plasma environment (Kepko et al., 2015). The ionospheric currents are con-38

structed from and structured by both the coupling of the interplanetary magnetic field39

with the magnetosphere and by nightside activity. In particular, substorms are respon-40

sible for large variations in the strength and extent of the current systems in the region41

of the substorm onset (Dungey, 1963; Milan et al., 2017). Much of our understanding42

of the ionospheric currents in the spatial and temporal vicinity of substorms is restricted43

to what can be inferred from equivalent currents derived with ground magnetometers.44

A key current system involved in a substorm is the substorm current wedge (SCW)45

where FACs connect a westward horizontal cross tail current to a westward horizontal46

current in the ionosphere (McPherron et al., 1973; Coxon et al., 2018; Kepko et al., 2015).47

The true nature of the SCW remains a matter of debate. The original proposal is a sin-48

gle current system that comprises a loop, but more recent theories have suggested a dou-49

ble loop system or even an ensemble of current loops referred to as wedgelets (Liu et al.,50

2015; Gjerloev & Hoffman, 2014; Ohtani & Gjerloev, 2020). Discussion as to whether51

the SCW is a development of the Region 1 and 2 currents or its own distinct current sys-52

tem is ongoing. A full picture of the SCW formation and its dynamics is important to53

understanding how the magnetotail plasma environment develops after the closure of mag-54

netic flux in the tail (Kepko et al., 2015).55

The ionospheric current can be described by the sum of its DF and curl-free (CF)56

components where at high latitudes the magnetic field of the CF currents is considered57

negligible on ground (Boström, 1964; Fukushima, 1994). Green et al. (2007) had the goal58

of estimating the global scale Pedersen and Hall conductance. In their steps to achieve59

this they derived the full ionospheric current, relying on ground magnetometers to mea-60

sure the DF horizontal currents and the magnetometers on board the Iridium satellite61

constellation to measure the CF current system. Green et al. (2007) were restricted by62

a 1-hour window in order to collect enough measurements for a robust spherical harmonic63

fit. Similarly, the Active Magnetosphere and Planetary Electrodynamics Response Ex-64
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periment (AMPERE) project takes advantage of the magnetometers on board the Irid-65

ium satellite constellation. AMPERE estimates the FACs on a global scale using spher-66

ical cap harmonics and uses a window of only 10 minutes, yielding a much improved pic-67

ture of the temporal variability of the FACs (Anderson et al., 2014; Coxon et al., 2018).68

However, absent any additional information about the horizontal ionospheric current,69

information about FACs is insufficient for reliable identification of the SCW current sys-70

tem. Similarly to Green et al. (2007) the spherical cap harmonics used in AMPERE re-71

quire a global fit and the estimates in the region of the SCW will be affected by distant72

measurements.73

The global nature of these approaches is effective when one wishes to examine global74

current systems, but represents a limitation in the study of more localised phenomena75

such as the SCW. Furthermore, the 1-hour window makes identification of SCW forma-76

tion (timescales of minutes) and subsequent analysis of its development impossible.77

Ground-based magnetometers have been used to monitor the DF currents for a long78

time (Harang, 1946). Existing networks provide global coverage and continuous measure-79

ments in the auroral zone and are frequently used to detect the onset and phases of sub-80

storms (McPherron, 1970; Forsyth et al., 2015; Newell & Gjerloev, 2011; Ohtani & Gjer-81

loev, 2020). The ground magnetic field disturbances are often visualised and modelled82

as an equivalent electric current on a spherical shell that represents the ionosphere. At83

high latitudes, where magnetic field lines are radial, this equivalent current coincides with84

the divergence-free current (Boström, 1964; Vasylinas, 2007). Mathematically, the divergence-85

free current has no connection to the field-aligned current; however, when combined with86

physics, we can use it to obtain knowledge about the full 3D current, as outlined below,87

following Amm et al. (2002).88

The height integrated horizontal current can be uniquely decomposed as the sum
of divergence-free and curl-free currents, so the curl of the current is the curl of the divergence-
free current. The vertical curl of the equivalent / divergence-free current can therefore
be related to the electric field in the neutral frame E⃗, and Hall and Pedersen conduc-
tance ΣH and ΣP , using the ionospheric Ohm’s law:

r̂ · (∇× J⃗h) = −∇ΣH · E⃗ − ΣH∇ · E⃗ − r̂ · (E⃗ ×∇ΣP ), (1)

where we have assumed that the Earth’s main magnetic field points radially downwards,
corresponding to the polar Northern hemisphere. On the other, hand, the divergence of
the ionospheric Ohm’s law gives the radial (field-aligned), current,

∇ · J⃗h = −jr = ∇ΣP · E⃗ +ΣP∇ · E⃗ − r̂ · (E⃗ ×∇ΣH). (2)

We see that Equation 1 resembles Equation 2, and if r̂ · (E ×∇ΣP,H) = 0 and ΣH =

αΣP , the curl and divergence of J⃗ are related by the conductance ratio α = ΣH/ΣP

such that the radial current density

jr = −∇ · J⃗h =
1

α
r̂ ·

(
∇× J⃗h

)
. (3)

Therefore, if the assumptions about conductance given above are valid the polarity and89

structure of the FACs can be derived using ground based magnetic field measurements90

by calculating the curl of the equivalent current (Laundal et al., 2022; Weygand & Wing,91

2016). We refer to the curl of the equivalent current as the equivalent field-aligned cur-92

rent (EFAC). Even without the assumptions mentioned above, Equation (1) can be used93

to infer the electric field and FACs, in a mathematically more complicated way: Equa-94

tion (1) defines a partial differential equation which, if ΣP , ΣH , and the curl of J are known,95

can be solved for an electric potential, which in turn can be used with Equation 2 to cal-96

culate the FAC. This is known as the Kamide-Richmond-Matsushita technique (Kamide97

et al., 1981).98
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Weygand and Wing (2016) and Weygand et al. (2021) used the assumptions that99

r̂ · (E ×∇ΣP,H) = 0 and ΣH = αΣP to estimate the FACs from ground magnetome-100

ters and describe the Region 1 and 2 current systems. This approach is however only valid101

to the extent that the assumptions themselves are valid. These assumptions therefore102

place sweeping constraints on the applicability of this approach. Schillings et al. (2023)103

used auroral images and particle flux measurements to infer the location of upward and104

downward FACs and ground magnetometers to estimate the DF currents. Like Weygand105

and Wing (2016); Weygand et al. (2021), however, they were unable to estimate the full106

horizontal current and therefore the full current wedge system.107

Much like prior work we utilise the magnetometers on board the Iridium constel-108

lation in order to estimate the CF currents and ground magnetometers are used to es-109

timate the DF currents. Taking advantage of the DF and CF spherical elementary cur-110

rent systems (SECS) basis functions we are able to estimate these currents regionally.111

Following the AMPERE approach we use a time window of 10 minutes to ensure we have112

enough Iridium magnetic field measurements within the region of interest. We are there-113

fore unable to resolve temporal variations under 10 minutes. Using a consistent inver-114

sion scheme across the DF and CF systems and across case studies we are able to robustly115

and coherently estimate the total ionospheric current and make event-based comparisons.116

Furthermore, we compare the ground-based EFAC with the space-based FACs to inves-117

tigate when the EFAC is a good proxy for FACs, and therefore where and when the re-118

quired conductance assumptions hold.119

In section 2 we introduce the space and ground magnetic field measurements we120

use in our estimates of the ionospheric current. We go on to describe the SECS technique121

and regularisation approach we use to solve the under determined inverse problem, ex-122

plaining clearly how we settle on the scaling of the regularisation used. Finally, we present123

two examples where we compare our estimates for the CF currents with the AMPERE124

estimated FACs and an associated CF horizontal current. In section 3 we present a time125

series from a substorm showing the formation of the SCW and how the EFAC differs from126

the FAC. We then show current estimates from the expansion phase of 18 different sub-127

storms. In section 4 we discuss the cause of the differences in the EFACs and FACs through128

the use of the ionospheric Ohm’s law. We go on to describe the challenges of understand-129

ing the SCW from only ground based magnetometers.130

2 Method131

In this section we first give a brief overview of SECS and introduce the linear re-132

lation between the model amplitudes and magnetic field measurements (section 2.1). Next133

we outline the regularisation scheme used to solve this under-determined inverse prob-134

lem (section 2.2). To demonstrate the appropriateness of the regularisation scheme and135

its scaling we estimate the ionospheric current for two extremely different events (sec-136

tion 2.3). Finally we compare our estimates of the CF currents with FACs estimated by137

AMPERE and its associated horizontal CF current, and demonstrate our estimates of138

the full ionospheric current.139

To estimate the total ionospheric current we make use of two different sets of mag-140

netic field measurements. The DF current is estimated using ground magnetometers in141

North America. The ground magnetic field measurements are retrieved from SuperMAG142

where IGRF is used to transform the measurements from local magnetic to the geographic143

co-ordinate system (Gjerloev, 2012). We select sites that are within the limit shown in144

Figure 1 and have data within a ten minute window. The mean measurement for each145

site is then used for the estimation of the DF current. The CF current is estimated us-146

ing magnetometers on board the Iridium constellation of satellites that have been pre-147

processed by AMPERE (Anderson et al., 2002, 2014, 2021; Waters et al., 2001, 2020).148

–4–



manuscript submitted to Enter journal name here

Iridium data is selected when it is within the limit shown in Figure 1 and within a ten149

minute window.150

2.1 Spherical Elementary Current Systems (SECS)151

We use Spherical Elementary Current Systems (SECS) to derive the CF and DF152

ionospheric currents. The CF and DF currents can be expressed as the sum of individ-153

ually scaled CF and DF basis functions, respectively, where the scales are found using154

measurements of the perturbed magnetic field (Amm, 1997; Amm & Viljanen, 1999; Van-155

hamäki & Juusola, 2020). In this section we summarise the SECS method and basis func-156

tions.157

Above the ionosphere, the magnetic field can be modelled as being the product of158

FACs that close in a 2D ionosphere via a horizontal CF current system and a DF cur-159

rent system within the same 2D ionosphere (Laundal et al., 2016). For radial field lines160

the geometry of the FAC+CF current system is such that it produces no magnetic sig-161

nature below the ionospheric current layer (Boström, 1964). In this study we place the162

2D ionospheric current layer at 110 km, the approximate altitude at which the Hall con-163

ductance peaks. This means the magnetic field signature of the DF current is significant164

on ground but negligible at the altitude of the Iridium constellation (≈ 790 km). We can165

therefore model the CF and DF currents independently using Iridium magnetometer data166

and ground based magnetic field measurements, respectively.167

Using the sum of appropriately scaled DF SECS basis functions at radius R, the
total DF surface current density can be written as

J⃗DF (r⃗) =
∑
i

IDF
i êϕi

4πR
cot

(
θi
2

)
, (4)

where r⃗ is the location on the sphere where the current is estimated. IDF
i is the ampli-168

tude of a DF SECS, êϕi is a unit vector eastward in the SECS frame and θi is the an-169

gular distance between the location of the DF SECS basis function and r⃗. Similarly, the170

sum of appropriately scaled CF SECS basis functions at radius R can describe the hor-171

izontal surface current density component of a CF current system172

J⃗CF (r⃗) =
∑
i

ICF
i êθi
4πR

cot

(
θi
2

)
. (5)

where ICF
i is the amplitude of a CF SECS, êθi is a northward unit vector in the SECS173

frame and the remaining variables have the same interpretation as those in equation 4.174

The amplitudes of the CF SECS systems are the radial FACs connecting to the CF cur-175

rents from infinity. When divided by the corresponding SECS grid cell area, these am-176

plitudes may be viewed as estimates of the local FAC density.177

Amm and Viljanen (1999) derived the magnetic field of each DF and CF SECS:178

∆BDF
θi (θi, r) =

−µ0I
DF
i

4πr sin θi

{
s−cos θi√

1+s2−2s cos θi
+ cos θi r < R

1−s cos θi√
1+s2−2s cos θi

− 1 r > R
(6)

∆BDF
ϕi

(θi, r) = 0 (7)

∆BDF
r (θi, r) =

µ0I
DF
i

4πr

{
1√

1+s2−2s cos θi
− 1 r < R

s√
1+s2−2s cos θi

− s r > R
(8)

∆BCF
ϕ (θi, r) =

−µ0I
CF
i

4πr

{
0 r < R

cot( θi2 ) r > R
(9)
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where s = min(r,R)/max(r,R).179

Describing the magnetic field from the DF SECS both above and below the SECS180

layer is important when using ground based magnetometers (r = RE) as the total per-181

turbed magnetic field on ground is due to the sum of ionospheric (RE < RI) and tel-182

luric sources (RE > RT ) which can also be modelled with SECS. Equation 9 illustrates183

Fukushima’s theorem, that the magnetic field below the CF ionospheric surface density184

current layer is negligible (Boström, 1964; Marklund et al., 1982; Fukushima, 1976).185

From equations 6 to 9 it is evident that the relationship between the magnetic field186

measurements and the scaling of each CF and DF SECS is linear:187

Gm⃗ = d⃗, (10)

When we estimate the DF current, m⃗ consists of DF SECS amplitudes and d⃗ of ground188

magnetic field vector components with units of Tesla, while the matrix G is based on equa-189

tions 6–8. When we estimate the CF current, m⃗ consists of CF SECS amplitudes, d⃗ con-190

sists of Iridium magnetic field measurements with units of Tesla, and the matrix G is based191

on equation 9.192

As discussed by Walker et al. (2023), the choice of grid in a SECS-based approach193

is important. As we want to resolve the DF and CF currents in a similar manner we use194

the same grid for both the DF and CF SECS. Following previous studies such as Walker195

et al. (2023) and Laundal et al. (2021), we use a cubed sphere grid (Sadourny, 1972; Ronchi196

et al., 1996). Our grid, shown in figure 1, is centred at 258◦ geographic longitude (glon)197

and 61◦ geographic latitude (glat) with an average grid spacing of 100 km, and orien-198

tated approximately along magnetic meridians. The grid has N=2736 cells, each with199

a DF and CF elementary current system at an altitude of 110 km. To account for in-200

duced currents, we place an additional layer of DF SECS below the ground. Instead of201

treating these additional SECS amplitudes as free parameters, we use the mirror cur-202

rent technique (Juusola et al., 2016), where each telluric current system amplitude de-203

pends exactly on the overhead current system, and place them at such a depth that the204

radial magnetic field from the telluric SECS cancels the radial magnetic field from the205

ionospheric SECS at a depth of 500 km. In the EFAC and in estimates of total ionospheric206

current density, only the DF ionospheric current from SECS at 110 km is used.207

2.2 Solving the Inverse Problem208

Due to the scarcity of both space- and ground-based magnetometer measurements,209

for all events addressed in this study the inverse problems are under-determined. In prior210

studies, Walker et al. (2023); Laundal et al. (2021), regularised least-squares has been211

used to guide the solution to a more physical result using prior information such as the212

expected structure. The minimisation of the cost function213

f = ∥Gm⃗− d⃗∥2 + λ1∥Lm⃗∥2 + λ2∥Lem⃗∥2 (11)

gives the solution of the model amplitudes m⃗. The first term represents the total mis-214

fit between the measurements d⃗ and the model predictions Gm⃗; for λ1 = λ2 = 0 (i.e.,215

in the absence of any regularisation). Minimising this term produces the least-squares216

solution for which the total model-data misfit is minimised. The second term represents217

the difference between neighbouring cells, and its presence encourages solutions with large-218

scale, coherent structures; its importance is scaled by λ1, a value that must be chosen.219

This regularisation term is in contrast to prior studies where the first regularisation term220

minimises the euclidean norm of m⃗ (Laundal et al., 2021; Walker et al., 2023). The fi-221

nal term represents the gradient of the SECS amplitudes in the magnetic east direction,222

and encourages solutions that are aligned in the east-west direction; it is scaled by λ2,223
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Figure 1: The cubed sphere grid on which SECS basis function are placed is shown using
green crosses. The outer boundaries within which data are used in the inversions is shown
with an orange line. The blue circle indicates the region where the substorm onsets must
occur for the event to be used in this study.

–7–



manuscript submitted to Enter journal name here

a second value to be chosen. This same east-west regularisation scheme has been imple-224

mented in a number of prior SECS-based studies (Laundal et al., 2021; Walker et al.,225

2023).226

To make the amount of regularisation consistent across events for given values of227

λ1 and λ2, we divide the regularisation terms ∥Lm⃗∥2 and ∥Lem⃗∥2 by the median of GTG228

for each inversion. This scaling accounts for changes in model geometry due to variations229

in magnetometer sites or Iridium data locations. This re-scaling also ensures that the230

regularisation is the same for the DF and CF inversions, encouraging similar spatial scales231

and structure as long as λ1 and λ2 are the same for the DF and CF inversions. Through232

experimentation and studying a number of events we find that λ1 = 103 and λ2 = 5×233

104 are appropriate choices for these parameters, these values are appropriate for mag-234

netic field measurements given in Tesla and the specific grid used for the placement of235

the SECS. These values are used for both the DF and CF inversions and for all events236

presented in this study.237

2.3 Examples238

To demonstrate the technique and how we chose the scaling of the regularisation239

we present two very different events in Figure 2 and 3.240

Figure 2 is an example that demonstrates an electrojet structure in the DF SECS241

(top row) that is structured east-west. Similarly the CF SECS (bottom row) shows FACs242

structured east-west resembling the Region 1 and 2 current systems apart from an in-243

terface between opposing polarity FACs at around 330◦ MLon. The spatial scales are244

very similar between the DF and CF SECS models, which we can see most clearly in the245

agreement in the location and size of the Region 1 and 2 currents (as seen by the FACs246

in CF SECS and the EFACs in DF SECS) in areas away from the centre of the plots (be-247

tween 250◦ and 310◦ MLon and between 0◦ and 65◦ Mlon) and below 80◦ MLat. In the248

left panels we can see a high goodness of fit as there are clear similarities between the249

measured magnetic field (red arrows, for the DF and CF inversion, and coloured dots250

for the DF inversion) and modelled magnetic field (black arrows, for the DF and CF in-251

version, and also coloured background, for the DF inversion). At around 65◦ MLat there252

is opposing direction of FACs to the east and west of 330◦ MLon despite the east-west253

gradient regularisation applied in the inversion. The EFACs on the other hand do not254

display any significant east-west gradients. These differences demonstrate that (i) the255

regularisation is not so strong as to defy the measurements, and (ii) the east-west struc-256

ture in the EFACs is not an artefact of the inversion.257

Figure 3 shows another example of the DF and CF SECS inversion. Treating the258

data in the same manner as in Figure 2, we use Iridium and ground magnetometer data259

from the 12th of January 2011 from 05:15 to 05:25 UT. Structures in the FACs and EFACs260

are not as clearly east-west aligned in this example which shows that the east-west reg-261

ularisation is not so strong as to suppress significant structures in the longitudinal di-262

rection. Once again the left panels show a good fit between the measured and modelled263

magnetic field. Furthermore, there is a very good agreement between the FACs and the264

EFACs, which again shows that the regularisation encourages similar scale sizes in the265

DF and CF inversions. Taken together, Figure 2 and 3 justify the choice of regularisa-266

tion scaling parameters.267

2.4 AMPERE Comparison268

Much like this study, the AMPERE project utilises the magnetic field measurements269

from the Iridium constellation of satellites. In contrast to this study, they use spherical270

cap harmonics to model the FACs in the entire polar region (Anderson et al., 2002, 2014,271

2021; Waters et al., 2001, 2020). Figure 4 shows the two events presented in Figure 2272
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Figure 2: Measured and modelled magnetic fields of DF (top row) and CF (bottom row)
currents based on data from 1 June 2011 between 07:56 and 08:06 UT. The DF SECS
inversion is based on the mean magnetic field measurements from ground magnetometers,
and the CF SECS inversion is based on Iridium magnetic field measurements within two
grid cells of the grid (limit show as an orange line in Figure 1). Left panels show the in-
put magnetic field measurements and modelled magnetic field at the same altitude as the
measurements. Measured horizontal components are shown as red vectors, and modelled
as black vectors. The colour in the top left panel represents the modelled vertical mag-
netic field component, and the dots in the stars, which denote measurement locations,
represent the measured radial magnetic field. The middle panels show the SECS ampli-
tudes divided by grid cell area producing EFACs for the DF SECS and FACs for the CF
SECS. The right panel shows the modelled horizontal ionospheric currents as black vec-
tors and their amplitude represented by the background colour.
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Figure 3: The same as Figure 2 but using mean ground magnetometer measurements and
Iridium magnetometer measurements from the 12th of January 2011 between 05:15 and
05:25 UT

–10–
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and 3. The top row shows the FACs from AMPERE, regridded onto the SECS grid us-273

ing linear interpolation (using the scipy regrid function (Virtanen et al., 2020)), as the274

background colour. Using the CF SECS basis functions and AMPERE FACs we also es-275

timate the horizontal CF current and show it as black vectors. The middle row shows276

the CF current using the SECS method described in this study. The bottom shows the277

full ionospheric current where the FACs are derived from the CF SECS amplitudes and278

the horizontal current is the sum of the SECS estimated DF and CF currents.279

The example in the right panels shows that there is a significant difference in the280

spatial scales produced by AMPERE and the CF SECS inversion. This is expected due281

to the differences in the two approaches. The example in the left panels show a vortex-282

like structure where there is a large-scale upward FAC structure centred at around 75◦283

MLat and 21 MLT. The scale size of this structure is similar in both the SECS-derived284

FACs and the AMPERE FACs. This again confirms that despite differences between AM-285

PERE and the CF SECS FACs there is a significant level of consistency that demonstrates286

the validity of our approach.287

In both examples the importance of the use of the same regularisation scheme for288

the DF and CF SECS inversions is highlighted. In the left panel the full horizontal cur-289

rent represents a vortex surrounding the upward FAC structure. Such circular currents290

require a coherence between DF and CF currents that can only be achieved with sim-291

ilar spatial scales. The right example shows a SCW where the full ionospheric current292

connects the downward FACs east of 1 MLT with the upward FACs west of 1 MLT. One293

can see in Figure 2 that although the EFACs and FACs are not aligned the similar spa-294

tial scales are still necessary between the DF and CF horizontal currents to produce this295

large scale SCW. Finally, we reiterate that differences between AMPERE and CF SECS296

FACs merely indicate different choices in methodology. The CF SECS-based method-297

ology that we employ is fit for the purpose of combining the DF and CF currents and298

for resolving the SCW or current structures of similar spatial scales.299

3 Results300

In this section we present estimates of the total ionospheric current during a set301

of substorms, using the technique described above where we model the horizontal DF302

and CF currents separately. Substorms are chosen if they are identified by all three of303

the Newell and Gjerloev (2011), Forsyth et al. (2015) and Ohtani and Gjerloev (2020)304

substorm lists and within the years 2011 and 2012. Additionally, the onset location, de-305

termined by the magnetometer that contributes to the SML index at the time of onset306

(provided by Forsyth et al. (2015)), must occur within a radius of ten grid cells from the307

centre of the SECS grid (shown as blue circle in figure 1) and between 21 and 1 MLT.308

We use three lists to reduce the likelihood of a false substorm detection and apply an309

onset location restriction to ensure that the current systems surrounding the onset are310

resolvable and therefore that the SCW, if it exists, can be found.311

3.1 Full Ionospheric Current312

3.1.1 Current Wedge Formation and Evolution313

Figure 5 shows the time evolution of the total ionospheric current during a sub-314

storm on the 1st of June 2011 with onset at 07:51 UT. The left column is based only on315

ground magnetometers, and shows the total current as the sum of DF SECS and CF SECS,316

where the latter is calculated from the DF SECS in accordance with Equation 3 with317

α = 1. The EFAC densities are indicated by the background colour. The right column318

shows the total ionospheric current based on both ground and space measurements. Here319

the FACs, shown by the background colour, are based on the Iridium satellite data and320

the horizontal vector is the sum of the ground-based DF and space-based CF current.321
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Figure 4: Comparison of the CF current system as interpreted using CF SECS or using
AMPERE FAC. The top row shows the AMPERE field aligned currents regridded onto
the SECS grid used in this study. Black vectors show the estimated horizontal compo-
nent of the CF current when AMPERE FACs are translated into CF SECS amplitudes.
The middle row shows the CF currents based on the magnetic field measurements from
Iridium and the method presented in Section 2. The bottom row shows the total cur-
rent where the horizontal current is the sum of the DF and CF current and the FAC is
based on the CF SECS amplitudes. The left panels shows an event on 12thof January
2011 where Iridium magnetic field measurements between 05:15 and 05:25 UT are used for
AMPERE and the CF SECS inversion. The right panels are in the same layout but for
observations made on the 1st of June 2011 between 07:56 and 08:06 UT.
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Figure 5: Time series of the total ionospheric current purely determined from ground
measurements (left column) and from both ground- and space-based measurements (right
column). Epoch refers to the minutes from the substorm onset for the centre of the data
window used for the inversions (e.g., for Epoch -5 the data window spans from 10 minutes
before the substorm onset up to the time of the onset). The bottom panel shows the SML
index from 30 minutes before the onset up to 40 minutes after onset.
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The bottom panel shows the SML index (Gjerloev, 2012) over the period of the substorm322

and dotted vertical lines show the centre of the ten minute windows for each panel. The323

titles to the left of the panels refer to the centre of the data window used for the cur-324

rents shown; for example Epoch -5 uses data from 10 minutes prior to substorm onset325

up to substorm onset.326

Prior to the onset of the substorm the FACs and EFACs show some similarity. At327

Epoch 10 the SCW, which has been formed between 60◦ and 70◦ MLat, connects a down-328

ward FAC to the east of 1 MLT to an upward FAC west of 1 MLT. Around the location329

of the substorm onset and once the SCW has been formed the similarity between the FACs330

and EFACs is lost. However, at increasing distance from the substorm onset location,331

such as before 22 MLT and after 3 MLT, the degree of similarity between the EFACs and332

FACs is greater. Even prior to substorm onset the full horizontal current derived from333

only ground based magnetometers (left column) is clearly different from the full hori-334

zontal current based on data from both ground and space (right column). This demon-335

strates the difficulty of obtaining a reliable estimate of the total horizontal ionospheric336

current on the sole basis of ground magnetometers, even when the FACs and EFACs ex-337

hibit similar structures.338

3.1.2 Snapshots of the Substorm Current Wedge339

The substorm criteria we apply yield 18 substorm events. Through manual exam-340

ination of the substorms we find that the SCW generally forms around Epoch 10 to 15.341

Therefore, we present the ionospheric currents at Epoch 20 to give adequate time for the342

SCW to form.343

Figures 6 to 8 show all 18 substorms at epoch 20 minutes, where the data used in344

the inversion spans from epoch 15 minutes to epoch 25 minutes. The left panel shows345

the SML index over the period of the substorm, where a green dashed vertical line marks346

the time of substorm onset and the time span of data used in the inversions is highlighted347

in orange. The middle panels show an equivalent total ionospheric current where the DF348

SECS amplitudes and are used to scale the CF SECS (α = 1 in equation 3). The to-349

tal horizontal current is then the sum of the DF current and this equivalent CF current,350

represented by the black vectors. The background colour shows the corresponding CF351

SECS amplitudes divided by grid cell area (the EFAC). The right panels show the full352

ionospheric current as black vectors, calculated as the sum of the ground-based DF and353

space-based CF current. The background color shows the FACs, based on the CF SECS354

amplitudes estimated with Iridium satellite data.355

The substorm event on the 1st of June 2011 (second row in Figure 6, identical to356

last row of Figure 5) shows a clear SCW between 60◦ and 70◦ MLat where a horizon-357

tal westward current connects downward and upward FACs east and west of 1 MLT re-358

spectively, as discussed in Section 3.1.1. We consider this current wedge a depiction of359

a typical current wedge structure. The horizontal component of the current wedge is aligned360

toward magnetic west connecting clearly defined downward and upward FACs in the east361

and west respectively. Based on this description of a typical SCW, Table 1 lists the sub-362

storm events in this study denoting whether the current wedge has typical or atypical363

structure. We see that two thirds of the substorms presented in this study exhibit a typ-364

ical current wedge, although width, location and strength of the current wedge can vary.365

For these events, the upper limit of the current wedge width is around 10◦ MLat and366

the lower limit is just a few degrees MLat. Furthermore, in these events as we increase367

in distance from the SCW the FACs return to a more typical region 1 and 2 current struc-368

ture and become more similar to the EFACs.369

The event on the 22nd of June 2011 (top row in Figure 8) is considered atypical.370

Much like the typical events, FACs are aligned east-west. However, they are orientated371

such that the upward FACs are northward of the downward FACs and the interface be-372
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Figure 6: Full ionospheric current for six substorms classified as ”typical”. Left panels
show the SML index from 30 minutes before to 40 minutes after the substorm. Middle
panels show the full ionospheric current when DF SECS amplitudes are used to interpret
the FACs, DF and CF currents. Right panels show the full ionospheric current when CF
SECS are used to interpret the FACs and horizontal currents are DF currents (based on
DF SECS and ground-based measurements) plus CF currents (based on CF SECS and
Iridium measurements). Each row shows a different substorm using measurements from
a 10-minute window centred at substorm epoch twenty minutes (shown in orange in the
left panels). For each panel the substorm onset occurs 20 min prior to the indicated time
(e.g., for the top panel substorm onset occurs at 06:23 UT).
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Figure 7: Six different substorm events classified as ”typical” in the same layout as Fig-
ure 6.
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Figure 8: Six different substorm events classified as ”atypical” in the same layout as Fig-
ure 6.
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tween them occurs at ∼72◦. Consequently, the horizontal connecting current is directed373

northward.374

The event on the 4th of May 2011 (bottom row in Figure 8) is also considered atyp-375

ical because the FACs are not well defined. The reason for this and for the current wedge376

being so weak and narrow can be at least partially inferred from the SML index over the377

period of the substorm: At the time of onset there is a weak but sharp decline in SML378

index that triggers the substorm algorithms, with a later and more dramatic decline in379

the SML index occurring at Epoch 20. In this event it appears that the weak and nar-380

row SCW is likely related to the first and weaker dip in the SML index. At Epoch 30381

a clear typical SCW appears, suggesting that either that mechanism behind the initial382

SCW was weak and affected similarly as the SML index or the required mechanism be-383

gan during the second stronger dip and the SCW required more time to form. Given that384

the typical events do not show a weak and narrow SCW prior to the formation of the385

clear SCW, it is most likely that the mechanisms surrounding the first onset-related dip386

in the SML index had little energy and formed a weak and narrow SCW, and the mech-387

anisms surrounding the subsequent stronger dip provided more energy allowing a strong388

typical SCW to form.389

The events on the 3rd of June 2012 and on the 29th December 2011 (respectively390

second and fourth rows in Figure 8) are considered atypical due to the structure of FACs391

but have westward connecting currents around the location of substorm onset. The EFACs392

in these events demonstrate a greater similarity with the FACs close to the current wedge393

than the typical events. The atypical event on the 29th of January 2012 (fifth row in Fig-394

ure 8) shows no clear formation of a current wedge, and as expected by the strength of395

the SML index, the currents are very weak compared to the other events. Much like Fig-396

ure 5 pre-onset and in the two events just mentioned (3rd of June 2012 and 29th of De-397

cember 2011) the EFACs and FACs are incredibly similar, apart from poleward of 80◦398

MLat where ground magnetometer sites are lacking.399

4 Discussion400

We have outlined and demonstrated a methodology that allows us to investigate401

the total ionospheric current in close spatial and temporal proximity of substorm onsets.402

The inversion scheme, which relies on Tikhonov regularisation as described in Section 2.2,403

is consistent for all events and for both the DF and CF SECS, as shown in Section 2.404

Using this scheme, in Section 3 we have identified when the SCW forms during a sub-405

storm and tested the validity of resolving the total ionospheric current purely from ground406

based magnetometers during substorms.407

The EFAC approach described in the Introduction has often been used to obtain408

a proxy for the true FACs (Nishimura et al., 2020). However we find that the degree of409

similarity between the ground-based EFACs and FACs estimated with satellite magne-410

tometers varies strongly with epoch time relative to substorm onset: Figure 5 shows that411

prior to onset the structure of the upward and downward EFACs are similar to the space-412

based FACs but overall the magnitude of the EFACs is higher. Post-onset the similar-413

ity between EFACs and space-based FACs rapidly deteriorates with clearly different struc-414

tures that intensify as the substorm progresses.415

Figures 6 to 8 show snapshots from 18 substorms, based on data 15−25 min after416

onset. In events that we consider typical there is a classic substorm current wedge with417

a downward current dawnward of onset, connected by horizontal currents to an upward418

current on the dusk-side of the onset. The ground-based equivalent current on the other419

hand, shows clear east-west bands of downward EFACs poleward of upward EFACs. Ad-420

ditionally, we find that spatial proximity to the onset also determines the similarity be-421

tween the EFACs and space-based FACs, with the similarity being greater with increas-422

–18–



manuscript submitted to Enter journal name here

Time Figure number Typical

2012-03-06 06:23 6 Yes

2011-06-01 07:51 6 Yes

2011-09-29 06:56 6 Yes

2012-02-26 06:09 6 Yes

2012-03-15 08:56 6 Yes

2011-05-26 05:19 6 Yes

2012-03-24 04:54 7 Yes

2012-10-27 07:23 7 Yes

2012-01-09 07:58 7 Yes

2012-02-12 04:47 7 Yes

2012-10-25 08:13 7 Yes

2011-12-18 09:17 7 Yes

2011-06-22 05:56 8 No

2012-06-03 05:34 8 No

2012-02-14 05:01 8 No

2011-12-29 06:35 8 No

2012-01-29 08:01 8 No

2011-05-04 06:46 8 No

Table 1: List of substorm events shown in this study and a comment on the current wedge
structure. The main characteristic of a ”typical” substorm current wedge structure is the
presence of a clear westward current connecting clearly defined downward and upward
FACs eastward and westward respectively.
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ing distance from the substorm onset. In order for the EFACs and FACs to become in-423

creasingly dissimilar in time there must be a corresponding change in the conductance424

ratio and gradients, such that the assumptions E×∇Σ = 0 and ΣH = αΣP discussed425

in connection with Equation 3 are no longer valid. During substorms the mismatch be-426

tween FACs and EFACs becomes significant close to the substorm bulge, but they re-427

main similar away from the onset location. It is sensible to then infer that there is an428

alteration to the Pedersen and Hall conductance beginning at the time of substorm on-429

set and occurring around the location of the onset.430

The changes in conductance that alter the relationship between the EFACs and the431

true FACs are likely explained by energetic particle precipitation within the substorm432

auroral bulge. With this in mind Figure 9 tests the impact of an auroral bulge on the433

EFACs. We first generate a FAC pattern consisting of a typical region 1 and 2 current434

system (panel A Figure 9). These FACs are produced using the Average Magnetic field435

and Polar current System (AMPS) model, an empirical model of the polar ionospheric436

currents based on magnetic field measurements from the Swarm and Challenging Min-437

isatellite Payload (CHAMP) satellites (Laundal & Toresen, 2018; Laundal et al., 2018).438

The AMPS map correspond to a solar wind velocity of 400 kms−1, 0 nT IMF By, −5 nT439

IMF Bz, a dipole tilt of close to 25◦ and 100 F10.7 cm radio flux. We now wish to cal-440

culate the EFAC that would be measured by ground magnetometers, given this FAC pat-441

tern and various conductivity maps. To do this we use the ionospheric Ohm’s law and442

the Local Mapping of Polar Electrodynamics (Lompe) technique (Laundal et al., 2022)443

to solve the current continuity equation, with a boundary condition of zero convection444

at 50◦ MLat. With this input, the Lompe technique allows us to calculate the EFACs445

In Figure 9B, we show the Hall and Pedersen conductance based on a model of so-446

lar extreme ultra violet (EUV) ionisation, as described by Laundal et al. (2022) using447

the same dipole tilt angle and F10.7 cm solar flux provided to the AMPS model. The448

corresponding EFAC is shown in Figure 9D. We then repeat this but add a Gaussian func-449

tion to the solar EUV Hall and Pedersen conductance to replicate the creation of the au-450

roral bulge (shown in Figure 9C).451

ΣBulge = pe
− 1

2

(
(λm−67)2

52
+

min((ϕ−23)2,(24−|ϕ−23|)2)

22

)
(12)

where λm and ϕ are magnetic latitude and locale time, respectively, and the amplitude452

of the Gaussian is placed at λm = 67◦, ϕ = 23, consistent with statistics of substorm453

onset locations presented by (Frey et al., 2004). For the Hall conductance we set its peak454

value to p = 55 Ω−1 and the Pedersen conductance p = 25 Ω−1, consistent with val-455

ues for substorm conductance presented by Aksnes et al. (2002). Using this conductance456

model we use Lompe to produce new EFACs shown in panel E of Figure 9.457

It is clear that the auroral bulge causes the EFACs to significantly differ from the458

true FACs and become overall stronger in the region of the auroral bulge. Stronger EFACs459

means there is a strengthening of the westward electrojet as a direct result of the auro-460

ral bulge and this change in the DF currents causes the region 1 and 2 currents to close461

through the bulge. The SCW requires an intensification of the FACs, and therefore this462

intensification of the westward electrojet in Figure 9E is not an indicator of the SCW.463

Figure 5 shows that this can be the case even in typical events. The westward electro-464

jet intensifies at Epoch 5 (when all ground magnetometer data used in the inversion is465

at or post substorm onset) but the SCW does not appear until Epoch 10. This means466

that if one were to use purely ground magnetometers the formation of the SCW could467

be misidentified.468

The typical substorms in Figures 6–7 all show similar EFAC structures: a deformed469

region 1 and 2 current system close to that shown in panel E of Figure 9. The space-based470

FACs, however, generally show the expected SCW current system. The formation of the471
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Figure 9: Lompe calculations of the impact of the auroral bulge on the EFACs. Panel A
shows an AMPS-determined FAC pattern to replicate a typical steady state FAC system.
Panel B shows example Hall conductance created by solar EUV radiation. Panel C shows
the Hall conductance using the solar EUV model plus a Gaussian to replicate the sub-
storm auroral bulge. Panel D shows the EFACs for purely solar EUV conductance. Panel
E shows the EFACs when the conductance of the auroral bulge is added.

substorm current appears to widen and strengthen the region 1 current system while the472

region 2 current system weakens and moves equatorward or is not visible above the back-473

ground.474

For the atypical substorms shown in Figure 8 the distributions of FAC densities475

estimated from Iridium satellites are generally very different from each other, while the476

EFACs evince the same basic pattern: They appear as the deformed Region 1 and 2 cur-477

rents that we expect from the change in the conductance from the auroral bulge. Given478

that there is no obviously identifiable SCW in the Iridium-based FACs and in the full479

(space- and ground-based) horizontal currents and that these currents have incredibly480

different structures between the events, the similarity of the EFAC densities estimated481

from ground-based measurements to those in the typical substorm events confirms that482

the SCW is not required to produce the substorm features seen in the equivalent cur-483

rents. This reinforces the point made earlier that estimates of ionospheric current sys-484

tem exclusively via ground-based measurements can lead to false detection and inter-485

pretation of the SCW.486

While there are few studies resolving the full ionospheric current of the SCW, there487

are similarities between the components of the current that we have shown here with those488

shown in at least one previous study: Forsyth et al. (2018) report on an intensification489

of the FACs post onset with a slow decay and stronger upwards FACs compared to down-490

ward. This same post-onset intensification can be seen in Figure 5. The typical onset491

events (Figures 6–7) also tend to show stronger upward FACs.492
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5 Conclusion493

A new inversion scheme has been introduced to model the total ionospheric cur-494

rent using simultaneous magnetometer measurements on ground and in space. Consis-495

tent data processing across events allows us to compare equivalent FACs (determined496

via the curl of the ground-based equivalent current) with FACs estimated directly from497

space-based magnetometer measurements in 18 different substorms. The spatial reso-498

lution of our estimates of CF and DF currents is also stable and consistent across all events;499

this enables robust intra- and inter-event comparison of the spatiotemporal development500

of the ionospheric current system.501

We have also demonstrated that post substorm onset the curl of the horizontal cur-502

rents, estimated with ground magnetometers and referred to as the equivalent FAC, is503

in general a poor proxy for the true FACs with increasing spatial proximity to the sub-504

storm onset location. Using a ten-minute window for data used in the estimation of the505

ionospheric current we are able to investigate the evolution of the ionospheric currents506

on substorm scales. We find that the formation of the SCW is delayed relative to sub-507

storm onset and, at the scales that we resolve here, that there are no clear signs of the508

SCW being composed of wedgelets. Given that the number of space borne magnetome-509

ters is the limiting factor in the temporal resolution and spatial scales of the currents510

estimated, the use of extra satellite magnetometers in future studies can reduce the data511

window and regularisation. This would improve our understanding of the formation and512

evolution of the SCW and allow us to more fully address the theory of substorm current513

wedgelets.514

Despite its frequent use in the study of the SCW, we have shown that intensifica-515

tion of the westward electrojet as manifested by a drop in the SML index does not nec-516

essarily imply an enhancement of the FACs that are an integral part of the formation517

of the SCW. Such an intensification can occur due to the change in conductance in the518

expansion phase, changing the current path through the ionosphere but without the for-519

mation of the SCW.520

6 Data Availability Statement521

The ground magnetometer data has been retrieved from the SuperMAG collabo-522
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loaded as yearly files, in April 2022.524

The AMPERE field-aligned currents and processed Iridium magnetometer data has525
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Key Points:7

• With a new inversion scheme we resolve the full current based on ground and space8

magnetometers and spherical elementary current systems9

• During substorms and close to the onset the ground-based equivalent field-aligned10

current is a poor proxy for the field-aligned current11

• The intensification of the westward electrojet can be a false indication of the for-12

mation of the substorm current wedge13
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Abstract14

Utilising magnetic field measurements made by the Iridium satellites and by ground mag-15

netometers in North America we calculate the full ionospheric current system and in-16

vestigate the substorm current wedge. The current estimates are independent of iono-17

spheric conductance, and are based on estimates of the divergence-free (DF) ionospheric18

current from ground magnetometers and curl-free (CF) ionospheric currents from Irid-19

ium. The DF and CF currents are represented using spherical elementary current sys-20

tems (SECS), derived using a new inversion scheme that ensures the current systems’21

spatial scales are consistent. We present 18 substorm events and find a typical substorm22

current wedge (SCW) in 12 events. Our investigation of these substorms shows that dur-23

ing substorm expansion, equivalent field-aligned currents (EFACs) derived with ground24

magnetometers are a poor proxy of the actual FAC. We also find that the intensifica-25

tion of the westward electrojet can occur without an intensification of the FACs. We present26

theoretical investigations that show that the observed deviation between FACs estimated27

with satellite measurements and ground-based EFACs are consistent with the presence28

of a strong local enhancement of the ionospheric conductance, similar to the substorm29

bulge. Such enhancements of the auroral conductance can also change the ionospheric30

closure of pre-existing FACs such that the ground magnetic field, and in particular the31

westward electrojet, changes significantly. These results demonstrate that attributing32

intensification of the westward electrojet to SCW current closure can yield false under-33

standing of the ionospheric and magnetospheric state.34

1 Introduction35

Magnetospheric substorms are dynamic events encompassing a range of phenom-36

ena surrounding the deposition of stored magnetic energy from the magnetotail into the37

ionospheric plasma environment (Kepko et al., 2015). The ionospheric currents are con-38

structed from and structured by both the coupling of the interplanetary magnetic field39

with the magnetosphere and by nightside activity. In particular, substorms are respon-40

sible for large variations in the strength and extent of the current systems in the region41

of the substorm onset (Dungey, 1963; Milan et al., 2017). Much of our understanding42

of the ionospheric currents in the spatial and temporal vicinity of substorms is restricted43

to what can be inferred from equivalent currents derived with ground magnetometers.44

A key current system involved in a substorm is the substorm current wedge (SCW)45

where FACs connect a westward horizontal cross tail current to a westward horizontal46

current in the ionosphere (McPherron et al., 1973; Coxon et al., 2018; Kepko et al., 2015).47

The true nature of the SCW remains a matter of debate. The original proposal is a sin-48

gle current system that comprises a loop, but more recent theories have suggested a dou-49

ble loop system or even an ensemble of current loops referred to as wedgelets (Liu et al.,50

2015; Gjerloev & Hoffman, 2014; Ohtani & Gjerloev, 2020). Discussion as to whether51

the SCW is a development of the Region 1 and 2 currents or its own distinct current sys-52

tem is ongoing. A full picture of the SCW formation and its dynamics is important to53

understanding how the magnetotail plasma environment develops after the closure of mag-54

netic flux in the tail (Kepko et al., 2015).55

The ionospheric current can be described by the sum of its DF and curl-free (CF)56

components where at high latitudes the magnetic field of the CF currents is considered57

negligible on ground (Boström, 1964; Fukushima, 1994). Green et al. (2007) had the goal58

of estimating the global scale Pedersen and Hall conductance. In their steps to achieve59

this they derived the full ionospheric current, relying on ground magnetometers to mea-60

sure the DF horizontal currents and the magnetometers on board the Iridium satellite61

constellation to measure the CF current system. Green et al. (2007) were restricted by62

a 1-hour window in order to collect enough measurements for a robust spherical harmonic63

fit. Similarly, the Active Magnetosphere and Planetary Electrodynamics Response Ex-64
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periment (AMPERE) project takes advantage of the magnetometers on board the Irid-65

ium satellite constellation. AMPERE estimates the FACs on a global scale using spher-66

ical cap harmonics and uses a window of only 10 minutes, yielding a much improved pic-67

ture of the temporal variability of the FACs (Anderson et al., 2014; Coxon et al., 2018).68

However, absent any additional information about the horizontal ionospheric current,69

information about FACs is insufficient for reliable identification of the SCW current sys-70

tem. Similarly to Green et al. (2007) the spherical cap harmonics used in AMPERE re-71

quire a global fit and the estimates in the region of the SCW will be affected by distant72

measurements.73

The global nature of these approaches is effective when one wishes to examine global74

current systems, but represents a limitation in the study of more localised phenomena75

such as the SCW. Furthermore, the 1-hour window makes identification of SCW forma-76

tion (timescales of minutes) and subsequent analysis of its development impossible.77

Ground-based magnetometers have been used to monitor the DF currents for a long78

time (Harang, 1946). Existing networks provide global coverage and continuous measure-79

ments in the auroral zone and are frequently used to detect the onset and phases of sub-80

storms (McPherron, 1970; Forsyth et al., 2015; Newell & Gjerloev, 2011; Ohtani & Gjer-81

loev, 2020). The ground magnetic field disturbances are often visualised and modelled82

as an equivalent electric current on a spherical shell that represents the ionosphere. At83

high latitudes, where magnetic field lines are radial, this equivalent current coincides with84

the divergence-free current (Boström, 1964; Vasylinas, 2007). Mathematically, the divergence-85

free current has no connection to the field-aligned current; however, when combined with86

physics, we can use it to obtain knowledge about the full 3D current, as outlined below,87

following Amm et al. (2002).88

The height integrated horizontal current can be uniquely decomposed as the sum
of divergence-free and curl-free currents, so the curl of the current is the curl of the divergence-
free current. The vertical curl of the equivalent / divergence-free current can therefore
be related to the electric field in the neutral frame E⃗, and Hall and Pedersen conduc-
tance ΣH and ΣP , using the ionospheric Ohm’s law:

r̂ · (∇× J⃗h) = −∇ΣH · E⃗ − ΣH∇ · E⃗ − r̂ · (E⃗ ×∇ΣP ), (1)

where we have assumed that the Earth’s main magnetic field points radially downwards,
corresponding to the polar Northern hemisphere. On the other, hand, the divergence of
the ionospheric Ohm’s law gives the radial (field-aligned), current,

∇ · J⃗h = −jr = ∇ΣP · E⃗ +ΣP∇ · E⃗ − r̂ · (E⃗ ×∇ΣH). (2)

We see that Equation 1 resembles Equation 2, and if r̂ · (E ×∇ΣP,H) = 0 and ΣH =

αΣP , the curl and divergence of J⃗ are related by the conductance ratio α = ΣH/ΣP

such that the radial current density

jr = −∇ · J⃗h =
1

α
r̂ ·

(
∇× J⃗h

)
. (3)

Therefore, if the assumptions about conductance given above are valid the polarity and89

structure of the FACs can be derived using ground based magnetic field measurements90

by calculating the curl of the equivalent current (Laundal et al., 2022; Weygand & Wing,91

2016). We refer to the curl of the equivalent current as the equivalent field-aligned cur-92

rent (EFAC). Even without the assumptions mentioned above, Equation (1) can be used93

to infer the electric field and FACs, in a mathematically more complicated way: Equa-94

tion (1) defines a partial differential equation which, if ΣP , ΣH , and the curl of J are known,95

can be solved for an electric potential, which in turn can be used with Equation 2 to cal-96

culate the FAC. This is known as the Kamide-Richmond-Matsushita technique (Kamide97

et al., 1981).98
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Weygand and Wing (2016) and Weygand et al. (2021) used the assumptions that99

r̂ · (E ×∇ΣP,H) = 0 and ΣH = αΣP to estimate the FACs from ground magnetome-100

ters and describe the Region 1 and 2 current systems. This approach is however only valid101

to the extent that the assumptions themselves are valid. These assumptions therefore102

place sweeping constraints on the applicability of this approach. Schillings et al. (2023)103

used auroral images and particle flux measurements to infer the location of upward and104

downward FACs and ground magnetometers to estimate the DF currents. Like Weygand105

and Wing (2016); Weygand et al. (2021), however, they were unable to estimate the full106

horizontal current and therefore the full current wedge system.107

Much like prior work we utilise the magnetometers on board the Iridium constel-108

lation in order to estimate the CF currents and ground magnetometers are used to es-109

timate the DF currents. Taking advantage of the DF and CF spherical elementary cur-110

rent systems (SECS) basis functions we are able to estimate these currents regionally.111

Following the AMPERE approach we use a time window of 10 minutes to ensure we have112

enough Iridium magnetic field measurements within the region of interest. We are there-113

fore unable to resolve temporal variations under 10 minutes. Using a consistent inver-114

sion scheme across the DF and CF systems and across case studies we are able to robustly115

and coherently estimate the total ionospheric current and make event-based comparisons.116

Furthermore, we compare the ground-based EFAC with the space-based FACs to inves-117

tigate when the EFAC is a good proxy for FACs, and therefore where and when the re-118

quired conductance assumptions hold.119

In section 2 we introduce the space and ground magnetic field measurements we120

use in our estimates of the ionospheric current. We go on to describe the SECS technique121

and regularisation approach we use to solve the under determined inverse problem, ex-122

plaining clearly how we settle on the scaling of the regularisation used. Finally, we present123

two examples where we compare our estimates for the CF currents with the AMPERE124

estimated FACs and an associated CF horizontal current. In section 3 we present a time125

series from a substorm showing the formation of the SCW and how the EFAC differs from126

the FAC. We then show current estimates from the expansion phase of 18 different sub-127

storms. In section 4 we discuss the cause of the differences in the EFACs and FACs through128

the use of the ionospheric Ohm’s law. We go on to describe the challenges of understand-129

ing the SCW from only ground based magnetometers.130

2 Method131

In this section we first give a brief overview of SECS and introduce the linear re-132

lation between the model amplitudes and magnetic field measurements (section 2.1). Next133

we outline the regularisation scheme used to solve this under-determined inverse prob-134

lem (section 2.2). To demonstrate the appropriateness of the regularisation scheme and135

its scaling we estimate the ionospheric current for two extremely different events (sec-136

tion 2.3). Finally we compare our estimates of the CF currents with FACs estimated by137

AMPERE and its associated horizontal CF current, and demonstrate our estimates of138

the full ionospheric current.139

To estimate the total ionospheric current we make use of two different sets of mag-140

netic field measurements. The DF current is estimated using ground magnetometers in141

North America. The ground magnetic field measurements are retrieved from SuperMAG142

where IGRF is used to transform the measurements from local magnetic to the geographic143

co-ordinate system (Gjerloev, 2012). We select sites that are within the limit shown in144

Figure 1 and have data within a ten minute window. The mean measurement for each145

site is then used for the estimation of the DF current. The CF current is estimated us-146

ing magnetometers on board the Iridium constellation of satellites that have been pre-147

processed by AMPERE (Anderson et al., 2002, 2014, 2021; Waters et al., 2001, 2020).148
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Iridium data is selected when it is within the limit shown in Figure 1 and within a ten149

minute window.150

2.1 Spherical Elementary Current Systems (SECS)151

We use Spherical Elementary Current Systems (SECS) to derive the CF and DF152

ionospheric currents. The CF and DF currents can be expressed as the sum of individ-153

ually scaled CF and DF basis functions, respectively, where the scales are found using154

measurements of the perturbed magnetic field (Amm, 1997; Amm & Viljanen, 1999; Van-155

hamäki & Juusola, 2020). In this section we summarise the SECS method and basis func-156

tions.157

Above the ionosphere, the magnetic field can be modelled as being the product of158

FACs that close in a 2D ionosphere via a horizontal CF current system and a DF cur-159

rent system within the same 2D ionosphere (Laundal et al., 2016). For radial field lines160

the geometry of the FAC+CF current system is such that it produces no magnetic sig-161

nature below the ionospheric current layer (Boström, 1964). In this study we place the162

2D ionospheric current layer at 110 km, the approximate altitude at which the Hall con-163

ductance peaks. This means the magnetic field signature of the DF current is significant164

on ground but negligible at the altitude of the Iridium constellation (≈ 790 km). We can165

therefore model the CF and DF currents independently using Iridium magnetometer data166

and ground based magnetic field measurements, respectively.167

Using the sum of appropriately scaled DF SECS basis functions at radius R, the
total DF surface current density can be written as

J⃗DF (r⃗) =
∑
i

IDF
i êϕi

4πR
cot

(
θi
2

)
, (4)

where r⃗ is the location on the sphere where the current is estimated. IDF
i is the ampli-168

tude of a DF SECS, êϕi is a unit vector eastward in the SECS frame and θi is the an-169

gular distance between the location of the DF SECS basis function and r⃗. Similarly, the170

sum of appropriately scaled CF SECS basis functions at radius R can describe the hor-171

izontal surface current density component of a CF current system172

J⃗CF (r⃗) =
∑
i

ICF
i êθi
4πR

cot

(
θi
2

)
. (5)

where ICF
i is the amplitude of a CF SECS, êθi is a northward unit vector in the SECS173

frame and the remaining variables have the same interpretation as those in equation 4.174

The amplitudes of the CF SECS systems are the radial FACs connecting to the CF cur-175

rents from infinity. When divided by the corresponding SECS grid cell area, these am-176

plitudes may be viewed as estimates of the local FAC density.177

Amm and Viljanen (1999) derived the magnetic field of each DF and CF SECS:178

∆BDF
θi (θi, r) =

−µ0I
DF
i

4πr sin θi

{
s−cos θi√

1+s2−2s cos θi
+ cos θi r < R

1−s cos θi√
1+s2−2s cos θi

− 1 r > R
(6)

∆BDF
ϕi

(θi, r) = 0 (7)

∆BDF
r (θi, r) =

µ0I
DF
i

4πr

{
1√

1+s2−2s cos θi
− 1 r < R

s√
1+s2−2s cos θi

− s r > R
(8)

∆BCF
ϕ (θi, r) =

−µ0I
CF
i

4πr

{
0 r < R

cot( θi2 ) r > R
(9)

–5–



manuscript submitted to Enter journal name here

where s = min(r,R)/max(r,R).179

Describing the magnetic field from the DF SECS both above and below the SECS180

layer is important when using ground based magnetometers (r = RE) as the total per-181

turbed magnetic field on ground is due to the sum of ionospheric (RE < RI) and tel-182

luric sources (RE > RT ) which can also be modelled with SECS. Equation 9 illustrates183

Fukushima’s theorem, that the magnetic field below the CF ionospheric surface density184

current layer is negligible (Boström, 1964; Marklund et al., 1982; Fukushima, 1976).185

From equations 6 to 9 it is evident that the relationship between the magnetic field186

measurements and the scaling of each CF and DF SECS is linear:187

Gm⃗ = d⃗, (10)

When we estimate the DF current, m⃗ consists of DF SECS amplitudes and d⃗ of ground188

magnetic field vector components with units of Tesla, while the matrix G is based on equa-189

tions 6–8. When we estimate the CF current, m⃗ consists of CF SECS amplitudes, d⃗ con-190

sists of Iridium magnetic field measurements with units of Tesla, and the matrix G is based191

on equation 9.192

As discussed by Walker et al. (2023), the choice of grid in a SECS-based approach193

is important. As we want to resolve the DF and CF currents in a similar manner we use194

the same grid for both the DF and CF SECS. Following previous studies such as Walker195

et al. (2023) and Laundal et al. (2021), we use a cubed sphere grid (Sadourny, 1972; Ronchi196

et al., 1996). Our grid, shown in figure 1, is centred at 258◦ geographic longitude (glon)197

and 61◦ geographic latitude (glat) with an average grid spacing of 100 km, and orien-198

tated approximately along magnetic meridians. The grid has N=2736 cells, each with199

a DF and CF elementary current system at an altitude of 110 km. To account for in-200

duced currents, we place an additional layer of DF SECS below the ground. Instead of201

treating these additional SECS amplitudes as free parameters, we use the mirror cur-202

rent technique (Juusola et al., 2016), where each telluric current system amplitude de-203

pends exactly on the overhead current system, and place them at such a depth that the204

radial magnetic field from the telluric SECS cancels the radial magnetic field from the205

ionospheric SECS at a depth of 500 km. In the EFAC and in estimates of total ionospheric206

current density, only the DF ionospheric current from SECS at 110 km is used.207

2.2 Solving the Inverse Problem208

Due to the scarcity of both space- and ground-based magnetometer measurements,209

for all events addressed in this study the inverse problems are under-determined. In prior210

studies, Walker et al. (2023); Laundal et al. (2021), regularised least-squares has been211

used to guide the solution to a more physical result using prior information such as the212

expected structure. The minimisation of the cost function213

f = ∥Gm⃗− d⃗∥2 + λ1∥Lm⃗∥2 + λ2∥Lem⃗∥2 (11)

gives the solution of the model amplitudes m⃗. The first term represents the total mis-214

fit between the measurements d⃗ and the model predictions Gm⃗; for λ1 = λ2 = 0 (i.e.,215

in the absence of any regularisation). Minimising this term produces the least-squares216

solution for which the total model-data misfit is minimised. The second term represents217

the difference between neighbouring cells, and its presence encourages solutions with large-218

scale, coherent structures; its importance is scaled by λ1, a value that must be chosen.219

This regularisation term is in contrast to prior studies where the first regularisation term220

minimises the euclidean norm of m⃗ (Laundal et al., 2021; Walker et al., 2023). The fi-221

nal term represents the gradient of the SECS amplitudes in the magnetic east direction,222

and encourages solutions that are aligned in the east-west direction; it is scaled by λ2,223

–6–



manuscript submitted to Enter journal name here

Figure 1: The cubed sphere grid on which SECS basis function are placed is shown using
green crosses. The outer boundaries within which data are used in the inversions is shown
with an orange line. The blue circle indicates the region where the substorm onsets must
occur for the event to be used in this study.
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a second value to be chosen. This same east-west regularisation scheme has been imple-224

mented in a number of prior SECS-based studies (Laundal et al., 2021; Walker et al.,225

2023).226

To make the amount of regularisation consistent across events for given values of227

λ1 and λ2, we divide the regularisation terms ∥Lm⃗∥2 and ∥Lem⃗∥2 by the median of GTG228

for each inversion. This scaling accounts for changes in model geometry due to variations229

in magnetometer sites or Iridium data locations. This re-scaling also ensures that the230

regularisation is the same for the DF and CF inversions, encouraging similar spatial scales231

and structure as long as λ1 and λ2 are the same for the DF and CF inversions. Through232

experimentation and studying a number of events we find that λ1 = 103 and λ2 = 5×233

104 are appropriate choices for these parameters, these values are appropriate for mag-234

netic field measurements given in Tesla and the specific grid used for the placement of235

the SECS. These values are used for both the DF and CF inversions and for all events236

presented in this study.237

2.3 Examples238

To demonstrate the technique and how we chose the scaling of the regularisation239

we present two very different events in Figure 2 and 3.240

Figure 2 is an example that demonstrates an electrojet structure in the DF SECS241

(top row) that is structured east-west. Similarly the CF SECS (bottom row) shows FACs242

structured east-west resembling the Region 1 and 2 current systems apart from an in-243

terface between opposing polarity FACs at around 330◦ MLon. The spatial scales are244

very similar between the DF and CF SECS models, which we can see most clearly in the245

agreement in the location and size of the Region 1 and 2 currents (as seen by the FACs246

in CF SECS and the EFACs in DF SECS) in areas away from the centre of the plots (be-247

tween 250◦ and 310◦ MLon and between 0◦ and 65◦ Mlon) and below 80◦ MLat. In the248

left panels we can see a high goodness of fit as there are clear similarities between the249

measured magnetic field (red arrows, for the DF and CF inversion, and coloured dots250

for the DF inversion) and modelled magnetic field (black arrows, for the DF and CF in-251

version, and also coloured background, for the DF inversion). At around 65◦ MLat there252

is opposing direction of FACs to the east and west of 330◦ MLon despite the east-west253

gradient regularisation applied in the inversion. The EFACs on the other hand do not254

display any significant east-west gradients. These differences demonstrate that (i) the255

regularisation is not so strong as to defy the measurements, and (ii) the east-west struc-256

ture in the EFACs is not an artefact of the inversion.257

Figure 3 shows another example of the DF and CF SECS inversion. Treating the258

data in the same manner as in Figure 2, we use Iridium and ground magnetometer data259

from the 12th of January 2011 from 05:15 to 05:25 UT. Structures in the FACs and EFACs260

are not as clearly east-west aligned in this example which shows that the east-west reg-261

ularisation is not so strong as to suppress significant structures in the longitudinal di-262

rection. Once again the left panels show a good fit between the measured and modelled263

magnetic field. Furthermore, there is a very good agreement between the FACs and the264

EFACs, which again shows that the regularisation encourages similar scale sizes in the265

DF and CF inversions. Taken together, Figure 2 and 3 justify the choice of regularisa-266

tion scaling parameters.267

2.4 AMPERE Comparison268

Much like this study, the AMPERE project utilises the magnetic field measurements269

from the Iridium constellation of satellites. In contrast to this study, they use spherical270

cap harmonics to model the FACs in the entire polar region (Anderson et al., 2002, 2014,271

2021; Waters et al., 2001, 2020). Figure 4 shows the two events presented in Figure 2272
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Figure 2: Measured and modelled magnetic fields of DF (top row) and CF (bottom row)
currents based on data from 1 June 2011 between 07:56 and 08:06 UT. The DF SECS
inversion is based on the mean magnetic field measurements from ground magnetometers,
and the CF SECS inversion is based on Iridium magnetic field measurements within two
grid cells of the grid (limit show as an orange line in Figure 1). Left panels show the in-
put magnetic field measurements and modelled magnetic field at the same altitude as the
measurements. Measured horizontal components are shown as red vectors, and modelled
as black vectors. The colour in the top left panel represents the modelled vertical mag-
netic field component, and the dots in the stars, which denote measurement locations,
represent the measured radial magnetic field. The middle panels show the SECS ampli-
tudes divided by grid cell area producing EFACs for the DF SECS and FACs for the CF
SECS. The right panel shows the modelled horizontal ionospheric currents as black vec-
tors and their amplitude represented by the background colour.
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Figure 3: The same as Figure 2 but using mean ground magnetometer measurements and
Iridium magnetometer measurements from the 12th of January 2011 between 05:15 and
05:25 UT
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and 3. The top row shows the FACs from AMPERE, regridded onto the SECS grid us-273

ing linear interpolation (using the scipy regrid function (Virtanen et al., 2020)), as the274

background colour. Using the CF SECS basis functions and AMPERE FACs we also es-275

timate the horizontal CF current and show it as black vectors. The middle row shows276

the CF current using the SECS method described in this study. The bottom shows the277

full ionospheric current where the FACs are derived from the CF SECS amplitudes and278

the horizontal current is the sum of the SECS estimated DF and CF currents.279

The example in the right panels shows that there is a significant difference in the280

spatial scales produced by AMPERE and the CF SECS inversion. This is expected due281

to the differences in the two approaches. The example in the left panels show a vortex-282

like structure where there is a large-scale upward FAC structure centred at around 75◦283

MLat and 21 MLT. The scale size of this structure is similar in both the SECS-derived284

FACs and the AMPERE FACs. This again confirms that despite differences between AM-285

PERE and the CF SECS FACs there is a significant level of consistency that demonstrates286

the validity of our approach.287

In both examples the importance of the use of the same regularisation scheme for288

the DF and CF SECS inversions is highlighted. In the left panel the full horizontal cur-289

rent represents a vortex surrounding the upward FAC structure. Such circular currents290

require a coherence between DF and CF currents that can only be achieved with sim-291

ilar spatial scales. The right example shows a SCW where the full ionospheric current292

connects the downward FACs east of 1 MLT with the upward FACs west of 1 MLT. One293

can see in Figure 2 that although the EFACs and FACs are not aligned the similar spa-294

tial scales are still necessary between the DF and CF horizontal currents to produce this295

large scale SCW. Finally, we reiterate that differences between AMPERE and CF SECS296

FACs merely indicate different choices in methodology. The CF SECS-based method-297

ology that we employ is fit for the purpose of combining the DF and CF currents and298

for resolving the SCW or current structures of similar spatial scales.299

3 Results300

In this section we present estimates of the total ionospheric current during a set301

of substorms, using the technique described above where we model the horizontal DF302

and CF currents separately. Substorms are chosen if they are identified by all three of303

the Newell and Gjerloev (2011), Forsyth et al. (2015) and Ohtani and Gjerloev (2020)304

substorm lists and within the years 2011 and 2012. Additionally, the onset location, de-305

termined by the magnetometer that contributes to the SML index at the time of onset306

(provided by Forsyth et al. (2015)), must occur within a radius of ten grid cells from the307

centre of the SECS grid (shown as blue circle in figure 1) and between 21 and 1 MLT.308

We use three lists to reduce the likelihood of a false substorm detection and apply an309

onset location restriction to ensure that the current systems surrounding the onset are310

resolvable and therefore that the SCW, if it exists, can be found.311

3.1 Full Ionospheric Current312

3.1.1 Current Wedge Formation and Evolution313

Figure 5 shows the time evolution of the total ionospheric current during a sub-314

storm on the 1st of June 2011 with onset at 07:51 UT. The left column is based only on315

ground magnetometers, and shows the total current as the sum of DF SECS and CF SECS,316

where the latter is calculated from the DF SECS in accordance with Equation 3 with317

α = 1. The EFAC densities are indicated by the background colour. The right column318

shows the total ionospheric current based on both ground and space measurements. Here319

the FACs, shown by the background colour, are based on the Iridium satellite data and320

the horizontal vector is the sum of the ground-based DF and space-based CF current.321
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Figure 4: Comparison of the CF current system as interpreted using CF SECS or using
AMPERE FAC. The top row shows the AMPERE field aligned currents regridded onto
the SECS grid used in this study. Black vectors show the estimated horizontal compo-
nent of the CF current when AMPERE FACs are translated into CF SECS amplitudes.
The middle row shows the CF currents based on the magnetic field measurements from
Iridium and the method presented in Section 2. The bottom row shows the total cur-
rent where the horizontal current is the sum of the DF and CF current and the FAC is
based on the CF SECS amplitudes. The left panels shows an event on 12thof January
2011 where Iridium magnetic field measurements between 05:15 and 05:25 UT are used for
AMPERE and the CF SECS inversion. The right panels are in the same layout but for
observations made on the 1st of June 2011 between 07:56 and 08:06 UT.
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Figure 5: Time series of the total ionospheric current purely determined from ground
measurements (left column) and from both ground- and space-based measurements (right
column). Epoch refers to the minutes from the substorm onset for the centre of the data
window used for the inversions (e.g., for Epoch -5 the data window spans from 10 minutes
before the substorm onset up to the time of the onset). The bottom panel shows the SML
index from 30 minutes before the onset up to 40 minutes after onset.
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The bottom panel shows the SML index (Gjerloev, 2012) over the period of the substorm322

and dotted vertical lines show the centre of the ten minute windows for each panel. The323

titles to the left of the panels refer to the centre of the data window used for the cur-324

rents shown; for example Epoch -5 uses data from 10 minutes prior to substorm onset325

up to substorm onset.326

Prior to the onset of the substorm the FACs and EFACs show some similarity. At327

Epoch 10 the SCW, which has been formed between 60◦ and 70◦ MLat, connects a down-328

ward FAC to the east of 1 MLT to an upward FAC west of 1 MLT. Around the location329

of the substorm onset and once the SCW has been formed the similarity between the FACs330

and EFACs is lost. However, at increasing distance from the substorm onset location,331

such as before 22 MLT and after 3 MLT, the degree of similarity between the EFACs and332

FACs is greater. Even prior to substorm onset the full horizontal current derived from333

only ground based magnetometers (left column) is clearly different from the full hori-334

zontal current based on data from both ground and space (right column). This demon-335

strates the difficulty of obtaining a reliable estimate of the total horizontal ionospheric336

current on the sole basis of ground magnetometers, even when the FACs and EFACs ex-337

hibit similar structures.338

3.1.2 Snapshots of the Substorm Current Wedge339

The substorm criteria we apply yield 18 substorm events. Through manual exam-340

ination of the substorms we find that the SCW generally forms around Epoch 10 to 15.341

Therefore, we present the ionospheric currents at Epoch 20 to give adequate time for the342

SCW to form.343

Figures 6 to 8 show all 18 substorms at epoch 20 minutes, where the data used in344

the inversion spans from epoch 15 minutes to epoch 25 minutes. The left panel shows345

the SML index over the period of the substorm, where a green dashed vertical line marks346

the time of substorm onset and the time span of data used in the inversions is highlighted347

in orange. The middle panels show an equivalent total ionospheric current where the DF348

SECS amplitudes and are used to scale the CF SECS (α = 1 in equation 3). The to-349

tal horizontal current is then the sum of the DF current and this equivalent CF current,350

represented by the black vectors. The background colour shows the corresponding CF351

SECS amplitudes divided by grid cell area (the EFAC). The right panels show the full352

ionospheric current as black vectors, calculated as the sum of the ground-based DF and353

space-based CF current. The background color shows the FACs, based on the CF SECS354

amplitudes estimated with Iridium satellite data.355

The substorm event on the 1st of June 2011 (second row in Figure 6, identical to356

last row of Figure 5) shows a clear SCW between 60◦ and 70◦ MLat where a horizon-357

tal westward current connects downward and upward FACs east and west of 1 MLT re-358

spectively, as discussed in Section 3.1.1. We consider this current wedge a depiction of359

a typical current wedge structure. The horizontal component of the current wedge is aligned360

toward magnetic west connecting clearly defined downward and upward FACs in the east361

and west respectively. Based on this description of a typical SCW, Table 1 lists the sub-362

storm events in this study denoting whether the current wedge has typical or atypical363

structure. We see that two thirds of the substorms presented in this study exhibit a typ-364

ical current wedge, although width, location and strength of the current wedge can vary.365

For these events, the upper limit of the current wedge width is around 10◦ MLat and366

the lower limit is just a few degrees MLat. Furthermore, in these events as we increase367

in distance from the SCW the FACs return to a more typical region 1 and 2 current struc-368

ture and become more similar to the EFACs.369

The event on the 22nd of June 2011 (top row in Figure 8) is considered atypical.370

Much like the typical events, FACs are aligned east-west. However, they are orientated371

such that the upward FACs are northward of the downward FACs and the interface be-372
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Figure 6: Full ionospheric current for six substorms classified as ”typical”. Left panels
show the SML index from 30 minutes before to 40 minutes after the substorm. Middle
panels show the full ionospheric current when DF SECS amplitudes are used to interpret
the FACs, DF and CF currents. Right panels show the full ionospheric current when CF
SECS are used to interpret the FACs and horizontal currents are DF currents (based on
DF SECS and ground-based measurements) plus CF currents (based on CF SECS and
Iridium measurements). Each row shows a different substorm using measurements from
a 10-minute window centred at substorm epoch twenty minutes (shown in orange in the
left panels). For each panel the substorm onset occurs 20 min prior to the indicated time
(e.g., for the top panel substorm onset occurs at 06:23 UT).
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Figure 7: Six different substorm events classified as ”typical” in the same layout as Fig-
ure 6.
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Figure 8: Six different substorm events classified as ”atypical” in the same layout as Fig-
ure 6.
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tween them occurs at ∼72◦. Consequently, the horizontal connecting current is directed373

northward.374

The event on the 4th of May 2011 (bottom row in Figure 8) is also considered atyp-375

ical because the FACs are not well defined. The reason for this and for the current wedge376

being so weak and narrow can be at least partially inferred from the SML index over the377

period of the substorm: At the time of onset there is a weak but sharp decline in SML378

index that triggers the substorm algorithms, with a later and more dramatic decline in379

the SML index occurring at Epoch 20. In this event it appears that the weak and nar-380

row SCW is likely related to the first and weaker dip in the SML index. At Epoch 30381

a clear typical SCW appears, suggesting that either that mechanism behind the initial382

SCW was weak and affected similarly as the SML index or the required mechanism be-383

gan during the second stronger dip and the SCW required more time to form. Given that384

the typical events do not show a weak and narrow SCW prior to the formation of the385

clear SCW, it is most likely that the mechanisms surrounding the first onset-related dip386

in the SML index had little energy and formed a weak and narrow SCW, and the mech-387

anisms surrounding the subsequent stronger dip provided more energy allowing a strong388

typical SCW to form.389

The events on the 3rd of June 2012 and on the 29th December 2011 (respectively390

second and fourth rows in Figure 8) are considered atypical due to the structure of FACs391

but have westward connecting currents around the location of substorm onset. The EFACs392

in these events demonstrate a greater similarity with the FACs close to the current wedge393

than the typical events. The atypical event on the 29th of January 2012 (fifth row in Fig-394

ure 8) shows no clear formation of a current wedge, and as expected by the strength of395

the SML index, the currents are very weak compared to the other events. Much like Fig-396

ure 5 pre-onset and in the two events just mentioned (3rd of June 2012 and 29th of De-397

cember 2011) the EFACs and FACs are incredibly similar, apart from poleward of 80◦398

MLat where ground magnetometer sites are lacking.399

4 Discussion400

We have outlined and demonstrated a methodology that allows us to investigate401

the total ionospheric current in close spatial and temporal proximity of substorm onsets.402

The inversion scheme, which relies on Tikhonov regularisation as described in Section 2.2,403

is consistent for all events and for both the DF and CF SECS, as shown in Section 2.404

Using this scheme, in Section 3 we have identified when the SCW forms during a sub-405

storm and tested the validity of resolving the total ionospheric current purely from ground406

based magnetometers during substorms.407

The EFAC approach described in the Introduction has often been used to obtain408

a proxy for the true FACs (Nishimura et al., 2020). However we find that the degree of409

similarity between the ground-based EFACs and FACs estimated with satellite magne-410

tometers varies strongly with epoch time relative to substorm onset: Figure 5 shows that411

prior to onset the structure of the upward and downward EFACs are similar to the space-412

based FACs but overall the magnitude of the EFACs is higher. Post-onset the similar-413

ity between EFACs and space-based FACs rapidly deteriorates with clearly different struc-414

tures that intensify as the substorm progresses.415

Figures 6 to 8 show snapshots from 18 substorms, based on data 15−25 min after416

onset. In events that we consider typical there is a classic substorm current wedge with417

a downward current dawnward of onset, connected by horizontal currents to an upward418

current on the dusk-side of the onset. The ground-based equivalent current on the other419

hand, shows clear east-west bands of downward EFACs poleward of upward EFACs. Ad-420

ditionally, we find that spatial proximity to the onset also determines the similarity be-421

tween the EFACs and space-based FACs, with the similarity being greater with increas-422
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Time Figure number Typical

2012-03-06 06:23 6 Yes

2011-06-01 07:51 6 Yes

2011-09-29 06:56 6 Yes

2012-02-26 06:09 6 Yes

2012-03-15 08:56 6 Yes

2011-05-26 05:19 6 Yes

2012-03-24 04:54 7 Yes

2012-10-27 07:23 7 Yes

2012-01-09 07:58 7 Yes

2012-02-12 04:47 7 Yes

2012-10-25 08:13 7 Yes

2011-12-18 09:17 7 Yes

2011-06-22 05:56 8 No

2012-06-03 05:34 8 No

2012-02-14 05:01 8 No

2011-12-29 06:35 8 No

2012-01-29 08:01 8 No

2011-05-04 06:46 8 No

Table 1: List of substorm events shown in this study and a comment on the current wedge
structure. The main characteristic of a ”typical” substorm current wedge structure is the
presence of a clear westward current connecting clearly defined downward and upward
FACs eastward and westward respectively.
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ing distance from the substorm onset. In order for the EFACs and FACs to become in-423

creasingly dissimilar in time there must be a corresponding change in the conductance424

ratio and gradients, such that the assumptions E×∇Σ = 0 and ΣH = αΣP discussed425

in connection with Equation 3 are no longer valid. During substorms the mismatch be-426

tween FACs and EFACs becomes significant close to the substorm bulge, but they re-427

main similar away from the onset location. It is sensible to then infer that there is an428

alteration to the Pedersen and Hall conductance beginning at the time of substorm on-429

set and occurring around the location of the onset.430

The changes in conductance that alter the relationship between the EFACs and the431

true FACs are likely explained by energetic particle precipitation within the substorm432

auroral bulge. With this in mind Figure 9 tests the impact of an auroral bulge on the433

EFACs. We first generate a FAC pattern consisting of a typical region 1 and 2 current434

system (panel A Figure 9). These FACs are produced using the Average Magnetic field435

and Polar current System (AMPS) model, an empirical model of the polar ionospheric436

currents based on magnetic field measurements from the Swarm and Challenging Min-437

isatellite Payload (CHAMP) satellites (Laundal & Toresen, 2018; Laundal et al., 2018).438

The AMPS map correspond to a solar wind velocity of 400 kms−1, 0 nT IMF By, −5 nT439

IMF Bz, a dipole tilt of close to 25◦ and 100 F10.7 cm radio flux. We now wish to cal-440

culate the EFAC that would be measured by ground magnetometers, given this FAC pat-441

tern and various conductivity maps. To do this we use the ionospheric Ohm’s law and442

the Local Mapping of Polar Electrodynamics (Lompe) technique (Laundal et al., 2022)443

to solve the current continuity equation, with a boundary condition of zero convection444

at 50◦ MLat. With this input, the Lompe technique allows us to calculate the EFACs445

In Figure 9B, we show the Hall and Pedersen conductance based on a model of so-446

lar extreme ultra violet (EUV) ionisation, as described by Laundal et al. (2022) using447

the same dipole tilt angle and F10.7 cm solar flux provided to the AMPS model. The448

corresponding EFAC is shown in Figure 9D. We then repeat this but add a Gaussian func-449

tion to the solar EUV Hall and Pedersen conductance to replicate the creation of the au-450

roral bulge (shown in Figure 9C).451

ΣBulge = pe
− 1

2

(
(λm−67)2

52
+

min((ϕ−23)2,(24−|ϕ−23|)2)

22

)
(12)

where λm and ϕ are magnetic latitude and locale time, respectively, and the amplitude452

of the Gaussian is placed at λm = 67◦, ϕ = 23, consistent with statistics of substorm453

onset locations presented by (Frey et al., 2004). For the Hall conductance we set its peak454

value to p = 55 Ω−1 and the Pedersen conductance p = 25 Ω−1, consistent with val-455

ues for substorm conductance presented by Aksnes et al. (2002). Using this conductance456

model we use Lompe to produce new EFACs shown in panel E of Figure 9.457

It is clear that the auroral bulge causes the EFACs to significantly differ from the458

true FACs and become overall stronger in the region of the auroral bulge. Stronger EFACs459

means there is a strengthening of the westward electrojet as a direct result of the auro-460

ral bulge and this change in the DF currents causes the region 1 and 2 currents to close461

through the bulge. The SCW requires an intensification of the FACs, and therefore this462

intensification of the westward electrojet in Figure 9E is not an indicator of the SCW.463

Figure 5 shows that this can be the case even in typical events. The westward electro-464

jet intensifies at Epoch 5 (when all ground magnetometer data used in the inversion is465

at or post substorm onset) but the SCW does not appear until Epoch 10. This means466

that if one were to use purely ground magnetometers the formation of the SCW could467

be misidentified.468

The typical substorms in Figures 6–7 all show similar EFAC structures: a deformed469

region 1 and 2 current system close to that shown in panel E of Figure 9. The space-based470

FACs, however, generally show the expected SCW current system. The formation of the471
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Figure 9: Lompe calculations of the impact of the auroral bulge on the EFACs. Panel A
shows an AMPS-determined FAC pattern to replicate a typical steady state FAC system.
Panel B shows example Hall conductance created by solar EUV radiation. Panel C shows
the Hall conductance using the solar EUV model plus a Gaussian to replicate the sub-
storm auroral bulge. Panel D shows the EFACs for purely solar EUV conductance. Panel
E shows the EFACs when the conductance of the auroral bulge is added.

substorm current appears to widen and strengthen the region 1 current system while the472

region 2 current system weakens and moves equatorward or is not visible above the back-473

ground.474

For the atypical substorms shown in Figure 8 the distributions of FAC densities475

estimated from Iridium satellites are generally very different from each other, while the476

EFACs evince the same basic pattern: They appear as the deformed Region 1 and 2 cur-477

rents that we expect from the change in the conductance from the auroral bulge. Given478

that there is no obviously identifiable SCW in the Iridium-based FACs and in the full479

(space- and ground-based) horizontal currents and that these currents have incredibly480

different structures between the events, the similarity of the EFAC densities estimated481

from ground-based measurements to those in the typical substorm events confirms that482

the SCW is not required to produce the substorm features seen in the equivalent cur-483

rents. This reinforces the point made earlier that estimates of ionospheric current sys-484

tem exclusively via ground-based measurements can lead to false detection and inter-485

pretation of the SCW.486

While there are few studies resolving the full ionospheric current of the SCW, there487

are similarities between the components of the current that we have shown here with those488

shown in at least one previous study: Forsyth et al. (2018) report on an intensification489

of the FACs post onset with a slow decay and stronger upwards FACs compared to down-490

ward. This same post-onset intensification can be seen in Figure 5. The typical onset491

events (Figures 6–7) also tend to show stronger upward FACs.492
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5 Conclusion493

A new inversion scheme has been introduced to model the total ionospheric cur-494

rent using simultaneous magnetometer measurements on ground and in space. Consis-495

tent data processing across events allows us to compare equivalent FACs (determined496

via the curl of the ground-based equivalent current) with FACs estimated directly from497

space-based magnetometer measurements in 18 different substorms. The spatial reso-498

lution of our estimates of CF and DF currents is also stable and consistent across all events;499

this enables robust intra- and inter-event comparison of the spatiotemporal development500

of the ionospheric current system.501

We have also demonstrated that post substorm onset the curl of the horizontal cur-502

rents, estimated with ground magnetometers and referred to as the equivalent FAC, is503

in general a poor proxy for the true FACs with increasing spatial proximity to the sub-504

storm onset location. Using a ten-minute window for data used in the estimation of the505

ionospheric current we are able to investigate the evolution of the ionospheric currents506

on substorm scales. We find that the formation of the SCW is delayed relative to sub-507

storm onset and, at the scales that we resolve here, that there are no clear signs of the508

SCW being composed of wedgelets. Given that the number of space borne magnetome-509

ters is the limiting factor in the temporal resolution and spatial scales of the currents510

estimated, the use of extra satellite magnetometers in future studies can reduce the data511

window and regularisation. This would improve our understanding of the formation and512

evolution of the SCW and allow us to more fully address the theory of substorm current513

wedgelets.514

Despite its frequent use in the study of the SCW, we have shown that intensifica-515

tion of the westward electrojet as manifested by a drop in the SML index does not nec-516

essarily imply an enhancement of the FACs that are an integral part of the formation517

of the SCW. Such an intensification can occur due to the change in conductance in the518

expansion phase, changing the current path through the ionosphere but without the for-519

mation of the SCW.520

6 Data Availability Statement521

The ground magnetometer data has been retrieved from the SuperMAG collabo-522

ration: https://supermag.jhuapl.edu/mag, where data from all stations were down-523

loaded as yearly files, in April 2022.524

The AMPERE field-aligned currents and processed Iridium magnetometer data has525

been retrieved through the AMPERE project: https://ampere.jhuapl.edu/download/526
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The horizontal currents, FACs and EFACs that have been estimated in this study528

from epoch -10 to epoch 30 are provided at Walker (2023)529
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