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Abstract Utilizing magnetic field measurements made by the Iridium satellites and by ground
magnetometers in North America we calculate 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 magnetometers 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 magnetometers 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.

Plain Language Summary With a new inversion scheme we resolve the full current based on ground
and space magnetometers and spherical elementary current systems We introduce a new inversion scheme for
spherical elementary current systems to resolve the full current using ground and space magnetometers.

1. Introduction
Magnetospheric substorms are dynamic events encompassing a range of phenomena surrounding the deposition
of stored magnetic energy from the magnetotail into the ionospheric plasma environment (Kepko et al., 2015).
The ionospheric currents are constructed from and structured by both the coupling of the interplanetary magnetic
field with the magnetosphere and by nightside activity. In particular, substorms are responsible for large varia-
tions in the strength and extent of the current systems in the region of the substorm onset (Dungey, 1963; Milan
et al., 2017). Much of our understanding of the ionospheric currents in the spatial and temporal vicinity of
substorms is restricted to what can be inferred from equivalent currents derived with ground magnetometers.

A key current system involved in a substorm is the substorm current wedge (SCW) where FACs connect a
westward horizontal cross tail current to a westward horizontal current in the ionosphere (Coxon et al., 2018;
Kepko et al., 2015; McPherron et al., 1973). The true nature of the SCW remains a matter of debate. The original
proposal is a single current system that comprises a loop, but more recent theories have suggested a double loop
system or even an ensemble of current loops referred to as wedgelets (Gjerloev & Hoffman, 2014; Liu et al., 2015;
Ohtani & Gjerloev, 2020). Discussion as to whether the SCW is a development of the Region 1 and 2 currents or
its own distinct current system is ongoing. A full picture of the SCW formation and its dynamics is important to
understanding how the magnetotail plasma environment develops after the closure of magnetic flux in the tail
(Kepko et al., 2015).

The ionospheric current can be described by the sum of its DF and curl‐free (CF) components where at high
latitudes the magnetic field of the CF currents is considered negligible on ground (Boström, 1964; Fukush-
ima, 1994). Green et al. (2007) had the goal of estimating the global scale Pedersen and Hall conductance. In their
steps to achieve this they derived the full ionospheric current, relying on ground magnetometers to measure the
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DF horizontal currents and the magnetometers on board the Iridium satellite constellation to measure the CF
current system. Green et al. (2007) were restricted by a 1‐hr window in order to collect enough measurements for a
robust spherical harmonic fit. Similarly, the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) project takes advantage of the magnetometers on board the Iridium satellite constellation.
AMPERE estimates the FACs on a global scale using spherical cap harmonics and uses a window of only 10 min,
yielding a much improved picture of the temporal variability of the FACs (Anderson et al., 2014; Coxon
et al., 2018). However, absent any additional information about the horizontal ionospheric current, information
about FACs is insufficient for reliable identification of the SCW current system. Similarly to Green et al. (2007)
the spherical cap harmonics used in AMPERE require a global fit and the estimates in the region of the SCW will
be affected by distant measurements.

The global nature of these approaches is effective when one wishes to examine global current systems, but
represents a limitation in the study of more localized phenomena such as the SCW. Furthermore, the 1‐hr window
makes identification of SCW formation (timescales of minutes) and subsequent analysis of its development
impossible.

Ground‐based magnetometers have been used to monitor the DF currents for a long time (Harang, 1946). Existing
networks provide global coverage and continuous measurements in the auroral zone and are frequently used to
detect the onset and phases of substorms (Forsyth et al., 2015; McPherron, 1970; Newell & Gjerloev, 2011;
Ohtani & Gjerloev, 2020). The ground magnetic field disturbances are often visualized and modeled as an
equivalent electric current on a spherical shell that represents the ionosphere. At high latitudes, where magnetic
field lines are radial, this equivalent current coincides with the divergence‐free current (Boström, 1964; Vasy-
linas, 2007). Mathematically, the divergence‐free current has no connection to the field‐aligned current; however,
when combined with physics, we can use it to obtain knowledge about the full 3D current, as outlined below,
following Amm et al. (2002).

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 E→, and Hall and Pedersen
conductance ΣH and ΣP, using the ionospheric Ohm's law:

r̂ ⋅ (∇ × J→h) = − ∇ΣH ⋅ E→ − ΣH∇ ⋅ E→ − r̂ ⋅ (E→ × ∇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,

∇ ⋅ J→h = − jr = ∇ΣP ⋅ E→ + ΣP∇ ⋅ E→ − r̂ ⋅ (E→ × ∇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 J→ are related by the conductance ratio α = ΣH/ΣP such that the radial current density

jr = − ∇ ⋅ J→h =
1
α

r̂ ⋅ (∇ × J→h). (3)

Therefore, if the assumptions about conductance given above are valid the polarity and structure of the FACs can
be derived using ground based magnetic field measurements by calculating the curl of the equivalent current
(Laundal et al., 2022; Weygand & Wing, 2016). We refer to the curl of the equivalent current as the equivalent
field‐aligned current (EFAC). Even without the assumptions mentioned above, Equation 1 can be used to infer the
electric field and FACs, in a mathematically more complicated way: Equation 1 defines a partial differential
equation which, if ΣP, ΣH, and the curl of J are known, can be solved for an electric potential, which in turn can be
used with Equation 2 to calculate the FAC. This is known as the Kamide‐Richmond‐Matsushita technique
(Kamide et al., 1981).
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Weygand and Wing (2016) and Weygand et al. (2021) used the assumptions that r̂ ⋅ (E × ∇ΣP,H) = 0 and
ΣH = αΣP to estimate the FACs from ground magnetometers and describe the Region 1 and 2 current systems.
This approach is however only valid to the extent that the assumptions themselves are valid. These assumptions
therefore place sweeping constraints on the applicability of this approach. Schillings et al. (2023) used auroral
images and particle flux measurements to infer the location of upward and downward FACs and ground mag-
netometers to estimate the DF currents. Like Weygand and Wing (2016); Weygand et al. (2021), however, they
were unable to estimate the full horizontal current and therefore the full current wedge system.

Much like prior work we utilize the magnetometers on board the Iridium constellation in order to estimate the CF
currents and ground magnetometers are used to estimate the DF currents. Taking advantage of the DF and CF
spherical elementary current systems (SECS) basis functions we are able to estimate these currents regionally.
Following the AMPERE approach we use a time window of 10 min to ensure we have enough Iridium magnetic
field measurements within the region of interest. We are therefore unable to resolve temporal variations under
10 min. Using a consistent inversion scheme across the DF and CF systems and across case studies we are able to
robustly and coherently estimate the total ionospheric current and make event‐based comparisons. Furthermore,
we compare the ground‐based EFAC with the space‐based FACs to investigate when the EFAC is a good proxy
for FACs, and therefore where and when the required conductance assumptions hold.

In Section 2, we introduce the space and ground magnetic field measurements we use in our estimates of the
ionospheric current. We go on to describe the SECS technique and regularization approach we use to solve the
under determined inverse problem, explaining clearly how we settle on the scaling of the regularization used.
Finally, we present two examples where we compare our estimates for the CF currents with the AMPERE
estimated FACs and an associated CF horizontal current. In Section 3 we present a time series from a substorm
showing the formation of the SCW and how the EFAC differs from the FAC. We then show current estimates
from the expansion phase of 18 different substorms. In Section 4 we discuss the cause of the differences in the
EFACs and FACs through the use of the ionospheric Ohm's law. We go on to describe the challenges of un-
derstanding the SCW from only ground based magnetometers.

2. Method
In this section we first give a brief overview of SECS and introduce the linear relation between the model am-
plitudes and magnetic field measurements (Section 2.1). Next we outline the regularization scheme used to solve
this under‐determined inverse problem (Section 2.2). To demonstrate the appropriateness of the regularization
scheme and its scaling we estimate the ionospheric current for two extremely different events (Section 2.3).
Finally, we compare our estimates of the CF currents with FACs estimated by AMPERE and its associated
horizontal CF current, and demonstrate our estimates of the full ionospheric current.

To estimate the total ionospheric current we make use of two different sets of magnetic field measurements. The
DF current is estimated using ground magnetometers in North America. The ground magnetic field measurements
are retrieved from SuperMAG where IGRF is used to transform the measurements from local magnetic to the
geographic co‐ordinate system (Gjerloev, 2012). We select sites that are within the limit shown in Figure 1 and
have data within a ten minute window. The mean measurement for each site is then used for the estimation of the
DF current. The CF current is estimated using magnetometers on board the Iridium constellation of satellites that
have been pre‐processed by AMPERE (Anderson et al., 2002, 2014, 2021; Waters et al., 2001, 2020). Iridium data
is selected when it is within the limit shown in Figure 1 and within a ten minute window.

2.1. Spherical Elementary Current Systems (SECS)

We use Spherical Elementary Current Systems (SECS) to derive the CF and DF ionospheric currents. The CF and
DF currents can be expressed as the sum of individually scaled CF and DF basis functions, respectively, where the
scales are found using measurements of the perturbed magnetic field (Amm, 1997; Amm & Viljanen, 1999;
Vanhamäki & Juusola, 2020). In this section we summarize the SECS method and basis functions.

Above the ionosphere, the magnetic field can be modeled as being the product of FACs that close in a 2D
ionosphere via a horizontal CF current system and a DF current system within the same 2D ionosphere (Laundal
et al., 2016). For radial field lines the geometry of the FAC + CF current system is such that it produces no
magnetic signature below the ionospheric current layer (Boström, 1964). In this study we place the 2D
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ionospheric current layer at 110 km, the approximate altitude at which the Hall conductance peaks. This means the
magnetic field signature of the DF current is significant on ground but negligible at the altitude of the Iridium
constellation (≈790 km). We can therefore model the CF and DF currents independently using Iridium
magnetometer data and ground based magnetic field measurements, respectively.

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

J→
DF

( r→) = ∑
i

IDF
i êϕi

4πR
cot(

θi

2
), (4)

where r→ is the location on the sphere where the current is estimated. IDF
i is the amplitude of a DF SECS, êϕi

is a
unit vector eastward in the SECS frame and θi is the angular distance between the location of the DF SECS basis
function and r→. Similarly, the sum of appropriately scaled CF SECS basis functions at radius R can describe the
horizontal surface current density component of a CF current system

J→
CF

( r→) = ∑
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 SECS frame and the remaining
variables have the same interpretation as those in Equation 4. The amplitudes of the CF SECS systems are the
radial FACs connecting to the CF currents from infinity. When divided by the corresponding SECS grid cell area,
these amplitudes may be viewed as estimates of the local FAC density.

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

ΔBDF
θi

(θi, r) =
− μ0IDF

i
4πr sinθi

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

s − cosθi
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + s2 − 2s cosθi

√ + cosθi r < R

1 − s cosθi
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + s2 − 2s cosθi

√ − 1 r > R
(6)

ΔBDF
ϕi

(θi, r) = 0 (7)

ΔBDF
r (θi, r) =

μ0IDF
i

4πr

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + s2 − 2s cosθi

√ − 1 r < R

s
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + s2 − 2s cosθi

√ − s r > R
(8)

ΔBCF
ϕ (θi, r) =

− μ0ICF
i

4πr

⎧⎪⎨

⎪⎩

0 r < R

cot(
θi

2
) r > R

(9)

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

Describing the magnetic field from the DF SECS both above and below the SECS layer is important when using
ground based magnetometers (r = RE) as the total perturbed magnetic field on ground is due to the sum of
ionospheric (RE < RI) and telluric sources (RE > RT) which can also be modeled with SECS. Equation 9 illustrates
Fukushima's theorem, that the magnetic field below the CF ionospheric surface density current layer is negligible
(Boström, 1964; Fukushima, 1976; Marklund et al., 1982).

From Equations 6 to 9 it is evident that the relationship between the magnetic field measurements and the scaling
of each CF and DF SECS is linear:

Gm→ = d
→

, (10)

when we estimate the DF current, m→ consists of DF SECS amplitudes and d
→

of ground magnetic field vector
components with units of Tesla, while the matrix G is based on Equations 6–8. When we estimate the CF current,

m→ consists of CF SECS amplitudes, d
→

consists of Iridium magnetic field measurements with units of Tesla, and
the matrix G is based on Equation 9.

As discussed by Walker et al. (2023), the choice of grid in a SECS‐based approach is important. As we want to
resolve the DF and CF currents in a similar manner we use the same grid for both the DF and CF SECS. Following
previous studies such as Walker et al. (2023) and Laundal et al. (2021), we use a cubed sphere grid (Ronchi
et al., 1996; Sadourny, 1972). Our grid, shown in Figure 1, is centered at 258° geographic longitude (glon) and 61°
geographic latitude (glat) with an average grid spacing of 100 km, and orientated approximately along magnetic
meridians. The grid has N = 2,736 cells, each with a DF and CF elementary current system at an altitude of
110 km. To account for induced currents, we place an additional layer of DF SECS below the ground. Instead of
treating these additional SECS amplitudes as free parameters, we use the mirror current technique (Juusola
et al., 2016), where each telluric current system amplitude depends exactly on the overhead current system, and
place them at such a depth that the radial magnetic field from the telluric SECS cancels the radial magnetic field
from the ionospheric SECS at a depth of 500 km. In the EFAC and in estimates of total ionospheric current
density, only the DF ionospheric current from SECS at 110 km is used.

2.2. Solving the Inverse Problem

Due to the scarcity of both space‐ and ground‐based magnetometer measurements, for all events addressed in this
study the inverse problems are under‐determined. In prior studies, Walker et al. (2023); Laundal et al. (2021),
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regularized least‐squares has been used to guide the solution to a more physical result using prior information such
as the expected structure. The minimization of the cost function

f = ‖Gm→ − d
→

‖2 + λ1‖Lm→‖2 + λ2‖Lem→‖2 (11)

gives the solution of the model amplitudes m→. The first term represents the total misfit between the measurements

d
→

and the model predictions Gm→; for λ1 = λ2 = 0 (i.e., in the absence of any regularization). Minimizing this term
produces the least‐squares solution for which the total model‐data misfit is minimized. The second term repre-
sents the difference between neighboring cells, and its presence encourages solutions with large‐scale, coherent
structures; its importance is scaled by λ1, a value that must be chosen. This regularization term is in contrast to
prior studies where the first regularization term minimizes the euclidean norm of m→ (Laundal et al., 2021; Walker
et al., 2023). The final term represents the gradient of the SECS amplitudes in the magnetic east direction, and
encourages solutions that are aligned in the east‐west direction; it is scaled by λ2, a second value to be chosen. This
same east‐west regularization scheme has been implemented in a number of prior SECS‐based studies (Laundal
et al., 2021; Walker et al., 2023).

To make the amount of regularization consistent across events for given values of λ1 and λ2, we divide the
regularization terms ‖Lm→‖2 and ‖Lem→‖2 by the median of GTG for each inversion. This scaling accounts for
changes in model geometry due to variations in magnetometer sites or Iridium data locations. This re‐scaling
also ensures that the regularization is the same for the DF and CF inversions, encouraging similar spatial scales
and structure as long as λ1 and λ2 are the same for the DF and CF inversions. Through experimentation and
studying a number of events we find that λ1 = 103 and λ2 = 5 × 104 are appropriate choices for these pa-
rameters, these values are appropriate for magnetic field measurements given in Tesla and the specific grid used
for the placement of the SECS. These values are used for both the DF and CF inversions and for all events
presented in this study.

2.3. Examples

To demonstrate the technique and how we chose the scaling of the regularization we present two very different
events in Figures 2 and 3.

Figure 2 is an example that demonstrates an electrojet structure in the DF SECS (top row) that is structured
east‐west. Similarly the CF SECS (bottom row) shows FACs structured east‐west resembling the Region 1 and
2 current systems apart from an interface between opposing polarity FACs at around 330° MLon. The spatial
scales are very similar between the DF and CF SECS models, which we can see most clearly in the agreement
in the location and size of the Region 1 and 2 currents (as seen by the FACs in CF SECS and the EFACs in DF
SECS) in areas away from the center of the plots (between 250° and 310° MLon and between 0° and 65° Mlon)
and below 80° MLat. In the left panels we can see a high goodness of fit as there are clear similarities between
the measured magnetic field (red arrows, for the DF and CF inversion, and colored dots for the DF inversion)
and modeled magnetic field (black arrows, for the DF and CF inversion, and also colored background, for the
DF inversion). At around 65° MLat there is opposing direction of FACs to the east and west of 330° MLon
despite the east‐west gradient regularization applied in the inversion. The EFACs on the other hand do not
display any significant east‐west gradients. These differences demonstrate that (a) the regularization is not so
strong as to defy the measurements, and (b) the east‐west structure in the EFACs is not an artifact of the
inversion.

Figure 3 shows another example of the DF and CF SECS inversion. Treating the data in the same manner as in
Figure 2, we use Iridium and ground magnetometer data from the 12th of January 2011 from 05:15 to 05:25 UT.
Structures in the FACs and EFACs are not as clearly east‐west aligned in this example which shows that the east‐
west regularization is not so strong as to suppress significant structures in the longitudinal direction. Once again
the left panels show a good fit between the measured and modeled magnetic field. Furthermore, there is a very
good agreement between the FACs and the EFACs, which again shows that the regularization encourages similar
scale sizes in the DF and CF inversions. Taken together, Figures 2 and 3 justify the choice of regularization
scaling parameters.
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2.4. AMPERE Comparison

Much like this study, the AMPERE project utilizes the magnetic field measurements from the Iridium constel-
lation of satellites. In contrast to this study, they use spherical cap harmonics to model the FACs in the entire polar
region (Anderson et al., 2002, 2014, 2021; Waters et al., 2001, 2020). Figure 4 shows the two events presented in
Figures 2 and 3. The top row shows the FACs from AMPERE, regridded onto the SECS grid using linear
interpolation (using the scipy regrid function (Virtanen et al., 2020)), as the background color. Using the CF SECS
basis functions and AMPERE FACs we also estimate the horizontal CF current and show it as black vectors. The
middle row shows the CF current using the SECS method described in this study. The bottom shows the full
ionospheric current where the FACs are derived from the CF SECS amplitudes and the horizontal current is the
sum of the SECS estimated DF and CF currents.

The example in the right panels shows that there is a significant difference in the spatial scales produced by
AMPERE and the CF SECS inversion. This is expected due to the differences in the two approaches. The example
in the left panels show a vortex‐like structure where there is a large‐scale upward FAC structure centered at
around 75° MLat and 21 MLT. The scale size of this structure is similar in both the SECS‐derived FACs and the
AMPERE FACs. This again confirms that despite differences between AMPERE and the CF SECS FACs there is
a significant level of consistency that demonstrates the validity of our approach.

Figure 2. Measured and modeled 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 input magnetic field measurements and modeled magnetic
field at the same altitude as the measurements. Measured horizontal components are shown as red vectors, and modeled as black vectors. The color in the top left panel
represents the modeled vertical magnetic field component, and the dots in the stars, which denote measurement locations, represent the measured radial magnetic field.
The middle panels show the SECS amplitudes divided by grid cell area producing EFACs for the DF SECS and FACs for the CF SECS. The right panel shows the
modeled horizontal ionospheric currents as black vectors and their amplitude represented by the background color.
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In both examples the importance of the use of the same regularization scheme for the DF and CF SECS inversions is
highlighted. In the left panel the full horizontal current represents a vortex surrounding the upward FAC structure.
Such circular currents require a coherence between DF and CF currents that can only be achieved with similar
spatial scales. The right example shows a SCW where the full ionospheric current connects the downward FACs
east of 1 MLT with the upward FACs west of 1 MLT. One can see in Figure 2 that although the EFACs and FACs are
not aligned the similar spatial scales are still necessary between the DF and CF horizontal currents to produce this
large scale SCW. Finally, we reiterate that differences between AMPERE and CF SECS FACs merely indicate
different choices in methodology. The CF SECS‐based methodology that we employ is fit for the purpose of
combining the DF and CF currents and for resolving the SCW or current structures of similar spatial scales.

3. Results
In this section we present estimates of the total ionospheric current during a set of substorms, using the technique
described above where we model the horizontal DF and CF currents separately. Substorms are chosen if they are
identified by all three of the Newell and Gjerloev (2011), Forsyth et al. (2015), and Ohtani and Gjerloev (2020)
substorm lists and within the years 2011 and 2012. Additionally, the onset location, determined by the magne-
tometer that contributes to the SML index at the time of onset (provided by Forsyth et al. (2015)), must occur
within a radius of ten grid cells from the center of the SECS grid (shown as blue circle in Figure 1) and between 21
and 1 MLT. We use three lists to reduce the likelihood of a false substorm detection and apply an onset location
restriction to ensure that the current systems surrounding the onset are resolvable and therefore that the SCW, if it
exists, can be found.

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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3.1. Full Ionospheric Current

3.1.1. Current Wedge Formation and Evolution

Figure 5 shows the time evolution of the total ionospheric current during a substorm on the 1st of June 2011 with
onset at 07:51 UT. The left column is based only on ground magnetometers, and shows the total current as the sum
of DF SECS and CF SECS, where the latter is calculated from the DF SECS in accordance with Equation 3 with
α = 1. The EFAC densities are indicated by the background color. The right column shows the total ionospheric
current based on both ground and space measurements. Here the FACs, shown by the background color, are based
on the Iridium satellite data and the horizontal vector is the sum of the ground‐based DF and space‐based CF
current. The bottom panel shows the SML index (Gjerloev, 2012) over the period of the substorm and dotted
vertical lines show the center of the ten minute windows for each panel. The titles to the left of the panels refer to
the center of the data window used for the currents shown; for example, Epoch − 5 uses data from 10 min prior to
substorm onset up to substorm onset.

Prior to the onset of the substorm the FACs and EFACs show some similarity. At Epoch 10 the SCW, which has
been formed between 60° and 70° MLat, connects a downward FAC to the east of 1 MLT to an upward FAC west

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 component 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 current 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 12th of 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 center of the data window used for the inversions (e.g., for Epoch − 5 the data window spans
from 10 min before the substorm onset up to the time of the onset). The bottom panel shows the SML index from 30 min before the onset up to 40 min after onset. The
green dot in each panel shows the location of the substorm onset detected by Forsyth et al. (2015).
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of 1 MLT. Around the location of the substorm onset and once the SCW has been formed the similarity between
the FACs and EFACs is lost. However, at increasing distance from the substorm onset location, such as before 22
MLT and after 3 MLT, the degree of similarity between the EFACs and FACs is greater. Even prior to substorm
onset the full horizontal current derived from only ground based magnetometers (left column) is clearly different
from the full horizontal current based on data from both ground and space (right column). This demonstrates the
difficulty of obtaining a reliable estimate of the total horizontal ionospheric current on the sole basis of ground
magnetometers, even when the FACs and EFACs exhibit similar structures.

3.1.2. Snapshots of the Substorm Current Wedge

The substorm criteria we apply yield 18 substorm events. Through manual examination of the substorms we find
that the SCW generally forms around Epoch 10 to 15. Therefore, we present the ionospheric currents at Epoch 20
to give adequate time for the SCW to form.

Figures 6–8 show all 18 substorms at epoch 20 min, where the data used in the inversion spans from epoch 15 min
to epoch 25 min. The left panel shows the SML index over the period of the substorm, where a green dashed
vertical line marks the time of substorm onset and the time span of data used in the inversions is highlighted in
orange. The middle panels show an equivalent total ionospheric current where the DF SECS amplitudes and are
used to scale the CF SECS (α = 1 in Equation 3). The total horizontal current is then the sum of the DF current and
this equivalent CF current, represented by the black vectors. The background color shows the corresponding CF
SECS amplitudes divided by grid cell area (the EFAC). The right panels show the full ionospheric current as black
vectors, calculated as the sum of the ground‐based DF and space‐based CF current. The background color shows
the FACs, based on the CF SECS amplitudes estimated with Iridium satellite data.

The substorm event on the 1st of June 2011 (second row in Figure 6, identical to last row of Figure 5) shows a
clear SCW between 60° and 70° MLat where a horizontal westward current connects downward and upward
FACs east and west of 1 MLT respectively, as discussed in Section 3.1.1. We consider this current wedge a
depiction of a typical current wedge structure. The horizontal component of the current wedge is aligned toward
magnetic west connecting clearly defined downward and upward FACs in the east and west respectively. Based
on this description of a typical SCW, Table 1 lists the substorm events in this study denoting whether the current
wedge has typical or atypical structure. We see that two thirds of the substorms presented in this study exhibit a
typical current wedge, although width, location and strength of the current wedge can vary. For these events, the
upper limit of the current wedge width is around 10° MLat and the lower limit is just a few degrees MLat.
Furthermore, in these events as we increase in distance from the SCW the FACs return to a more typical region 1
and 2 current structure and become more similar to the EFACs.

The event on the 22nd of June 2011 (top row in Figure 8) is considered atypical. Much like the typical events,
FACs are aligned east‐west. However, they are orientated such that the upward FACs are northward of the
downward FACs and the interface between them occurs at ∼72°. Consequently, the horizontal connecting current
is directed northward.

The event on the 4th of May 2011 (second row in Figure 8) is also considered atypical because the FACs are not well
defined and the overall current system is weak. The reason for this and for the current wedge being so weak and
narrow can be at least partially inferred from the SML index over the period of the substorm: At the time of onset
there is a weak but sharp decline in SML index that triggers the substorm algorithms, with a later and more dramatic
decline in the SML index occurring at Epoch 20. In this event it appears that the weak and narrow SCW is likely
related to the first and weaker dip in the SML index. At Epoch 30 a clear typical SCW appears, suggesting that either
that mechanism behind the initial SCW was weak and affected similarly as the SML index or the required
mechanism began during the second stronger dip and the SCW required more time to form. Given that the typical
events do not show a weak and narrow SCW prior to the formation of the clear SCW, it is most likely that the
mechanisms surrounding the first onset‐related dip in the SML index had little energy and formed a weak and
narrow SCW, and the mechanisms surrounding the subsequent stronger dip provided more energy allowing a
strong typical SCW to form.

The events on the 3rd of June 2012 and on the 29 December 2011 (respectively third and fourth rows in Figure 8)
are considered atypical due to the structure of FACs and horizontal currents but have westward connecting
currents around the location of substorm onset. 3rd of June 2012 is considered atypical because the upward FACs
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Figure 6. Full ionospheric current for six substorms classified as “typical.” Left panels show the SML index from 30 min
before to 40 min 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‐min
window centered 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). The green dot in each
panel shows the location of the substorm onset detected by Forsyth et al. (2015).
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close to the onset location are as weak as and in some cases weaker than the background. Furthermore, the upward
region 1 FACs are weak and poorly distinguished. 29 December 2011 is considered atypical because there is
significant north‐south interface between the upward and downward FACs with a connecting southward hori-
zontal current. The EFACs in these events demonstrate a greater similarity with the FACs close to the current
wedge than the typical events. The atypical event on the 29th of January 2012 (fifth row in Figure 8) shows no
clear formation of a current wedge, and as expected by the strength of the SML index, the currents are very weak
compared to the other events. Much like Figure 5 pre‐onset and in the two events just mentioned (3rd of June 2012

Figure 7. Six different substorm events classified as “typical” in the same layout as Figure 6.
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and 29th of December 2011) the EFACs and FACs are incredibly similar, apart from poleward of 80° MLat where
ground magnetometer sites are lacking.

4. Discussion
We have outlined and demonstrated a methodology that allows us to investigate the total ionospheric current in
close spatial and temporal proximity of substorm onsets. The inversion scheme, which relies on Tikhonov reg-
ularization as described in Section 2.2, is consistent for all events and for both the DF and CF SECS, as shown in

Figure 8. Six different substorm events classified as “atypical” in the same layout as Figure 6.
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Section 2. Using this scheme, in Section 3 we have identified when the SCW
forms during a substorm and tested the validity of resolving the total iono-
spheric current purely from ground based magnetometers during substorms.

The EFAC approach described in the Introduction has often been used to
obtain a proxy for the true FACs (Nishimura et al., 2020). However we find
that the degree of similarity between the ground‐based EFACs and FACs
estimated with satellite magnetometers varies strongly with epoch time
relative to substorm onset: Figure 5 shows that prior to onset the structure of
the upward and downward EFACs are similar to the space‐based FACs but
overall the magnitude of the EFACs is higher. Post‐onset the similarity be-
tween EFACs and space‐based FACs rapidly deteriorates with clearly
different structures that intensify as the substorm progresses.

Figures 6–8 show snapshots from 18 substorms, based on data 15− 25 min after
onset. In events that we consider typical there is a classic substorm current
wedge with a downward current dawnward of onset, connected by horizontal
currents to an upward current on the dusk‐side of the onset. The ground‐based
equivalent current on the other hand, shows clear east‐west bands of downward
EFACs poleward of upward EFACs. Additionally, we find that spatial prox-
imity to the onset also determines the similarity between the EFACs and space‐
based FACs, with the similarity being greater with increasing distance from the
substorm onset. In order for the EFACs and FACs to become increasingly
dissimilar in time there must be a corresponding change in the conductance
ratio and gradients, such that the assumptions E × ∇Σ = 0 and ΣH = αΣP

discussed in connection with Equation 3 are no longer valid. During substorms
the mismatch between FACs and EFACs becomes significant close to the
substorm bulge, but they remain similar away from the onset location. It is
sensible to then infer that there is an alteration to the Pedersen and Hall
conductance beginning at the time of substorm onset and occurring around the
location of the onset.

The changes in conductance that alter the relationship between the EFACs and the true FACs are likely explained
by energetic particle precipitation within the substorm auroral bulge. With this in mind Figure 9 tests the impact of
an auroral bulge on the EFACs. We first generate a FAC pattern consisting of a typical region 1 and 2 current
system (panel A Figure 9). These FACs are produced using the Average Magnetic field and Polar current System
(AMPS) model, an empirical model of the polar ionospheric currents based on magnetic field measurements from
the Swarm and Challenging Minisatellite Payload (CHAMP) satellites (Laundal et al., 2018; Laundal & Tor-
esen, 2018). The AMPS map correspond to a solar wind velocity of 400 kms− 1, 0 nT IMF By, − 5 nT IMF Bz, a
dipole tilt of close to 25° and 100 F10.7 cm radio flux. We now wish to calculate the EFAC that would be
measured by ground magnetometers, given this FAC pattern and various conductivity maps. To do this we use the
ionospheric Ohm's law and the Local Mapping of Polar Electrodynamics (Lompe) technique (Laundal
et al., 2022) to solve the current continuity equation, with a boundary condition of zero convection at 50° MLat.
With this input, the Lompe technique allows us to calculate the EFACs.

In Figure 9b, we show the Hall and Pedersen conductance based on a model of solar extreme ultra violet (EUV)
ionization, as described by Laundal et al. (2022) using the same dipole tilt angle and F10.7 cm solar flux provided to
the AMPS model. The corresponding EFAC is shown in Figure 9d. We then repeat this but add a Gaussian function
to the solar EUV Hall and Pedersen conductance to replicate the creation of the auroral bulge (shown in Figure 9c).

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 amplitude of the Gaussian is placed at
λm = 67°, ϕ = 23, consistent with statistics of substorm onset locations presented by Frey et al. (2004). For the

Table 1
List of Substorm Events Shown in This Study and a Comment on the Current
Wedge Structure

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

Note. 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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Hall conductance we set its peak value to p = 55 Ω− 1 and the Pedersen conductance p = 25 Ω− 1, consistent with
values for substorm conductance presented by Aksnes et al. (2002). Using this conductance model we use Lompe
to produce new EFACs shown in panel E of Figure 9. While the approach we use in Figure 9 should not be treated
as an exact truth and does not guarantee self‐consistency between the conductance and the FACs it is not an
unrealistic scenario. In this example we do not allow the FACs to change despite implying energetic particle
precipitation in the auroral bulge. This can still occur in a real scenario because as the conductance change only
informs us that there are charge particles with motion toward the ionosphere, it does not inform us of the bulk
motion of the energetic particles. Therefore, it is entirely possible for energetic particle precipitation to occur
without a significant change in the FACs.

It is clear that the auroral bulge causes the EFACs to significantly differ from the true FACs and become overall
stronger in the region of the auroral bulge. Stronger EFACs means there is a strengthening of the westward
electrojet as a direct result of the auroral bulge and this change in the DF currents causes the region 1 and 2
currents to close through the bulge. The SCW requires an intensification of the FACs, and therefore this inten-
sification of the westward electrojet in Figure 9e is not an indicator of the SCW. Figure 5 shows that this can be the
case even in typical events. The westward electrojet intensifies at Epoch 5 (when all ground magnetometer data
used in the inversion is at or post substorm onset) but the SCW does not appear until Epoch 10. This means that if
one were to use purely ground magnetometers the formation of the SCW could be misidentified.

The typical substorms in Figures 6 and 7 all show similar EFAC structures: a deformed region 1 and 2 current
system close to that shown in panel E of Figure 9. The space‐based FACs, however, generally show the ex-
pected SCW current system. The formation of the substorm current appears to widen and strengthen the region
1 current system while the region 2 current system weakens and moves equatorward or is not visible above the
background.

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 substorm 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.
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For the atypical substorms shown in Figure 8 the distributions of FAC densities estimated from Iridium
satellites are generally very different from each other, while the EFACs evince the same basic pattern: They
appear as the deformed Region 1 and 2 currents that we expect from the change in the conductance from
the auroral bulge. Given that there is no obviously identifiable SCW in the Iridium‐based FACs and in the
full (space‐ and ground‐based) horizontal currents and that these currents have incredibly different structures
between the events, the similarity of the EFAC densities estimated from ground‐based measurements to
those in the typical substorm events confirms that the SCW is not required to produce the substorm features
seen in the equivalent currents. This reinforces the point made earlier that estimates of ionospheric current
system exclusively via ground‐based measurements can lead to false detection and interpretation of
the SCW.

While there are few studies resolving the full ionospheric current of the SCW, there are similarities between the
components of the current that we have shown here with those shown in at least one previous study: Forsyth
et al. (2018) report on an intensification of the FACs post onset with a slow decay and stronger upwards FACs
compared to downward. This same post‐onset intensification can be seen in Figure 5. The typical onset events
(Figures 6 and 7) also tend to show stronger upward FACs.

5. Conclusion
A new inversion scheme has been introduced to model the total ionospheric current using simultaneous
magnetometer measurements on ground and in space. Consistent data processing across events allows us to
compare equivalent FACs (determined via the curl of the ground‐based equivalent current) with FACs estimated
directly from space‐based magnetometer measurements in 18 different substorms. The spatial resolution of our
estimates of CF and DF currents is also stable and consistent across all events; this enables robust intra‐ and inter‐
event comparison of the spatiotemporal development of the ionospheric current system.

We have also demonstrated that post substorm onset the curl of the horizontal currents, estimated with ground
magnetometers and referred to as the equivalent FAC, is in general a poor proxy for the true FACs with increasing
spatial proximity to the substorm onset location. Using a ten‐minute window for data used in the estimation of the
ionospheric current we are able to investigate the evolution of the ionospheric currents on substorm scales. We
find that the formation of the SCW is delayed relative to substorm onset and, at the scales that we resolve here, that
there are no clear signs of the SCW being composed of wedgelets. Given that the number of space borne
magnetometers is the limiting factor in the temporal resolution and spatial scales of the currents estimated, the use
of extra satellite magnetometers in future studies can reduce the data window and regularization. This would
improve our understanding of the formation and evolution of the SCW and allow us to more fully address the
theory of substorm current wedgelets.

Despite its frequent use in the study of the SCW, we have shown that intensification of the westward electrojet as
manifested by a drop in the SML index does not necessarily imply an enhancement of the FACs that are an
integral part of the formation of the SCW. Such an intensification can occur due to the change in conductance in
the expansion phase, changing the current path through the ionosphere but without the formation of the SCW.

Data Availability Statement
The ground magnetometer data has been retrieved from the SuperMAG collaboration: https://supermag.jhuapl.
edu/mag, where data from all stations were downloaded as yearly files, in April 2022. The AMPERE field‐aligned
currents and processed Iridium magnetometer data has been retrieved through the AMPERE project: https://
ampere.jhuapl.edu/download/?page=zipDataTab in April 2022. The horizontal currents, FACs and EFACs that
have been estimated in this study from epoch − 10 to epoch 30 are provided at Walker (2023).
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