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[1] We present a comprehensive two-dimensional view of the field-aligned currents
(FACs) during the late growth and expansion phases for three isolated substorms utilizing in
situ observations from the Active Magnetosphere and Planetary Electrodynamics Response
Experiment and from ground-based magnetometer and optical instrumentation from the
Canadian Array for Realtime Investigations of Magnetic Activity and Time History of
Events and Macroscale Interactions during Substorms ground-based arrays. We
demonstrate that the structure of FACs formed during the expansion phase and associated
with the substorm current wedge is significantly more complex than a simple equivalent line
current model comprising a downward FAC in the east and upward FAC in the west. This
two-dimensional view demonstrates that azimuthal bands of upward and downward FACs
with periodic structuring in latitude form across midnight and can span up to 8 h of magnetic
local time. However, when averaged over latitude, the overall longitudinal structure of the
net FACs resembles the simpler equivalent line current description of the substorm current
wedge (SCW). In addition, we demonstrate that the upward FAC elements of the structured
SCW are spatially very well correlated with discrete aurora during the substorm expansion
phase and that discrete changes in the FAC topology are observed in the late growth phase
prior to auroral substorm expansion phase onset. These observations have important
implications for determining how the magnetosphere and ionosphere couple during the late
growth phase and expansion phase, as well as providing important constraints on the
magnetospheric generator of the FACs comprising the SCW.
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1. Introduction

[2] The substorm current wedge is an integral feature of
the substorm expansion phase [McPherron et al., 1973].
Following auroral substorm onset [Akasofu, 1964], the night-
side magnetotail dipolarizes [Cummings et al., 1968] and the
westward electrojet enhances [Rostoker et al., 1975] leading
to the formation of current systems in the ionosphere and mag-
netosphere which are known as the substorm current wedge
(SCW). Typically, the SCW is viewed as an equivalent line

current system consisting of a downward field-aligned current
(FAC) in the east, an enhanced westward electrojet and an
upward FAC in the west [McPherron et al., 1973; Clauer
and McPherron, 1974; Yao et al., 2012], although signifi-
cant deviations from this line current have been proposed
[e.g., Birn et al., 1999].
[3] Two-dimensional statistical views of the upward and

downward FAC topology during substorms were originally
compiled by Iijima and Potemra [1978] using magnetometer
data from single-satellite passes of the TRIAD satellite, situ-
ated in a low-altitude 90min polar orbit. These authors
demonstrated that enhanced region 1 and region 2 current
systems [Iijima and Potemra, 1976, 1978] contributed to
the large-scale FACs associated with substorms. However,
for individual events, Iijima and Potemra [1978] noted that
small-scale current structures not observed in the statistical
schematic were superimposed on the larger-scale regions 1
and 2 current systems. They also reported that during larger
events (large auroral electrojet index,AE), a more complex pat-
tern of FACs existed near the edge of the enhanced westward
electrojet, being more structured than the typical nonsubstorm
time region 1 and region 2 current systems. This more compli-
cated current systemwas thought to be composed of an upward
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FAC surrounded by downward FACs to the north and south. A
similar FAC topology was also observed by Rostoker et al.
[1975] utilizing the TRIAD satellite magnetometer.
[4] In general, statistical studies of FACs compiled from

single satellite can only develop an average picture of the large
scale and predominant FACs which couple the ionosphere and
magnetosphere. By their very nature, statistical studies smooth
over fine-scale structures in the FAC topology. This smooth-
ing out of the fine structure of FACs is important when consid-
ering the spatial and temporal variability of these currents
through the substorm growth and expansion phase. More
importantly, the assumption needed to infer FACs from
single-satellite measurements is often invalid [Peria et al.,
2000] leading to erroneous results, both in terms of the
inferred FAC magnitude but more importantly, FAC direction
[Zheng et al., 2003]. Specifically, single-spacecraft magne-
tometer measurements are subject to a space-time ambiguity
which introduces an uncertainty into any derived FAC which
can only be avoided utilizing multispacecraft measurements
[Peria et al., 2000].
[5] In this paper we use detailed multispacecraft estimates of

FACs from the Iridium constellation of satellites and the Active
Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) [Anderson et al., 2000; Waters et al.,
2001] to develop a comprehensive two-dimensional view of
the FACs preceding substorm onset and the structure of the
FACs comprising the SCW during the expansion phase. To
date, the multispacecraft Iridium constellation and AMPERE
provide the most comprehensive view of the FAC systems
comprising the SCW. In this paper we exploit this in order to
establish both the two-dimensional topology and the temporal
evolution of these FACs through substorm onset. Such
structure was previously unknown as this fine-scale struc-
ture was not detectable using single-satellite measurements.
Further, we supplement the AMPERE FACs with auroral
observations provided by the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) all-
sky imagers (ASIs) [Mende et al., 2008] and ground-based
magnetic field observations from the Canadian Array for
Realtime Investigations of Magnetic Activity (CARISMA)
[Mann et al., 2008] and THEMIS magnetometer arrays
[Russell et al., 2008]. Using these combined data sets, we
demonstrate that the FACs associated with the SCW are
highly structured and filamented with discrete regions of

both upward and downward FACs spanning up to 8 h of
magnetic local time (MLT) on the nightside. When spatially
averaged (as a function of MLT), these discrete regions of
upward and downward FACs resemble the equivalent line
current system of the SCW described for example by
McPherron et al. [1973]. Finally, using the AMPERE data,
we are able to confirm that regions of upward FAC are
typically associated with discrete auroral forms.

2. Instrumentation

[6] Multipoint observations of the magnetic field are
required in order to separate the spatial variations from the
temporal fluctuations of the current systems coupling the ion-
osphere and magnetosphere. Specifically, a multispacecraft
study is capable of identifying quasi-stationary time periods
during which temporal changes in the magnetic field can be
neglected. When estimating FAC densities, this enables the
validation of the assumption that variations in the magnetic
field along a spacecraft trajectory can be interpreted as spatial
variations and hence be used as an estimate for the curl of the
magnetic field for determining FAC structure.
[7] AMPERE utilizes over 70 spacecraft as part of the

Iridium constellation to infer the global structure of FACs
from vector measurements of the magnetic field at a 20 s
cadence [Anderson et al., 2000; Waters et al., 2001]. The
Iridium satellites are distributed in six circular orbital planes
at an altitude of ~780 km and a nominal separation of 4 h of
local time. Utilizing the entire Iridium constellation of satel-
lites AMPERE is able to determine the FAC topology in both
the Southern and Northern Hemispheres in 10min intervals,

Figure 1. The location of ground-based magnetometers
(diamonds); ASI and MSP fields of view (purple and blue,
respectively). The north magnetic footprints of G11 and
G13 are marked by blue triangles.
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Figure 2. Summary of geosynchronous and ground-based
observations for the 16 February 2010 substorm. (a) G11 total
magnetic field (red) and inclination angle (blue). (b–d)H (blue),
D (red), and Z (black)magnetic field variations from theDAWS,
FSIM, and FSMI ground-based magnetometers, respectively.
(e) FSIM keogram from the THEMIS ASI; the keogram is
constructed from a slice through the ASI perpendicular to the
growth phase arc and in the MLT sector of auroral onset.
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the time required for the constellation to sample the entire
Northern or Southern Hemisphere. The onboard magnetom-
eters have a temporal resolution of 20 s and a noise level on
the order of 10 nT. These maps have a spatial resolution in
geomagnetic coordinates of 1° in latitude and 1 h of magnetic
local time (MLT) (15° in longitude), a temporal resolution of
2 min (by sliding the 10 min window each 2 min), and FAC
resolution of ~0.1μA (FAC amplitudes below this value or
set to zero) [Anderson et al., 2000; Waters et al., 2001;
Murphy et al., 2012]. Note that the six orbital planes do not
pass directly over the North Pole and precess with time such
that nominal resolution in MLT can vary between approxi-
mately 1 and 3 h.
[8] In addition to FAC estimates provided by AMPERE,

ground-based observations of the aurora and magnetic field
perturbations during the substorm expansion phase provide
complementary observations with which to infer the topol-
ogy of ionospheric current systems. The THEMIS ASIs
provided detailed observations of the aurora through the
substorm expansion phase at 3 s cadence and measure auroral
intensity as a function of counts [Mende et al., 2008]. In this
particular study we utilize the Northern Solar Terrestrial
Array (NORSTAR) meridian scanning photometers (MSPs)
to determine substorm onset times [Donovan et al., 2003] at
times when ASI observations of the aurora were not available.
The MSPs have a 30 s cadence and measure auroral intensity
in Rayleigh.
[9] Ground-based magnetometers can also be used to infer

the location of regions of net upward and downward FAC in

the ionosphere and the location and direction of ionospheric
electrojets [Clauer and McPherron, 1974]. In this study we
use auroral zone and low-latitude magnetometer data from
the THEMIS [Russell et al., 2008] and CARISMA [Mann
et al., 2008] magnetometer arrays to infer the azimuthal
extent of the SCW and location of the upward and downward
FAC elements [cf. Lester et al., 1983; Smith et al., 2002].
Ground-based magnetic field measurements are further
supplemented by geosynchronous magnetic field measure-
ments from GOES 11 and GOES 13 (G11 and G13) [Singer
et al., 1996]. Figure 1 shows the locations of the ground-based
magnetometers, the fields of view of the ASIs and MSPs
mapped to an altitude of 110 km used in this study and the
north magnetic footprints of G11 and G13 traced with the
T96 magnetic field model [Tsyganenko, 1995].

3. Observations

[10] In this section, we use three substorm case studies to
characterize the development of the ionospheric currents and
FAC systems coupling the ionosphere and magnetosphere
through the substorm growth and expansion phases. Using data
from the THEMIS ASIs, and for one case the NORSTAR
MSPs, to define auroral substorm onset, we characterize the
FAC topology associated with the SCW as inferred by
AMPERE and develop a comprehensive two-dimensional
view of the SCW. In addition, we demonstrate that regions of
upward FAC are consistently associated with discrete auroral
forms as viewed by the THEMIS ASIs, and the azimuthal

Figure 3. AMPERE-derived FACs for 16 February 2010 during selected 10min time periods. Red
denotes upward FAC, and blue denotes downward FAC. The FACs are plotted as a function of corrected
geomagnetic latitude and magnetic local time with noon toward the top and midnight toward the bottom.
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extent of the SCW inferred from AMPERE is consistent with
ground-based magnetometer observations.

3.1. The 16 February 2010 Event

[11] Figure 2 is an overview of an isolated substorm
observed on 16 February 2010 from geosynchronous orbit
(Figure 2a), three ground-based CARISMA magnetometers
mapping to near geosynchronous L shells (Figures 2b–2d),
and the THEMIS Fort Simpson (FSIM) ASI (Figure 2e). The
FAC structure prior and local to the auroral onset region of this
substorm was previously characterized in Murphy et al.
[2012]. In this manuscript, we concentrate on the development
of FACs following substorm onset and the structure of the
SCW formed in the expansion phase rather than the evolution
of the FACs and sequence of events leading to substorm
onset. Fluctuations of the magnetic field are observed at
07:18 UT followed by a clear dipolarization of the magnetic
field at 07:30 UT characterized by the sharp increase in the
magnetic field strength (red) and inclination angle (the angle
between the equatorial plane and the magnetic field vector;
blue) of the geosynchronous magnetic field. Prior to the
dipolarization, a sharp decrease in the geosynchronous
magnetic field is observed coincident with the formation
of ground magnetic bays and auroral onset at 07:18:30 UT
of Figures 2b–2e. Figures 2b–2d show the north-south
(H, blue), east-west (D, red), and vertical (Z, black) magnetic
field perturbations from the Dawson City (DAWS), FSIM,
and Fort Smith (FSMI) ground-based magnetometers, respec-
tively. The magnetometers show a typical substorm response
including the formation of magnetic bays [Kisabeth and
Rostoker, 1971] and onset of large-amplitude ultralow

frequency waves [Olson, 1999] associated with the substorm
expansion phase and formation of the SCW. The largest bay
structure is observed by the FSIM magnetometer closest to
the auroral onset as illustrated by the FSIM ASI keogram
(Figure 2e).
[12] The FSIM keogram (Figure 2e) was created by taking a

slice through the FSIMASI image perpendicular to the growth
phase arc and in the local time sector of auroral onset. The
resulting keogram shows a clear equatorward-propagating
auroral arc typical of the growth phase [Akasofu, 1964].
Just prior to onset, a new equatorward arc formed at 07:06 UT,
which briefly faded and finally brightened and expanded
poleward at 07:18:30 UT, marking the onset of the substorm
[cf. Murphy et al., 2012].
[13] Figure 3 shows the evolution of the dayside and night-

side FAC densities through the substorm growth and expan-
sion phases as observed by AMPERE at four selected 10min
quasi-stationary time periods. As detailed in the previous sec-
tion, sequential passes from satellites in the Iridium constel-
lation allow quasi-stationary time periods in the magnetic
field data to be identified. During these periods, we assume
that any changes in the magnetic field represent spatial vari-
ations and thus can be used to determine the curl of the mag-
netic field required to infer FACs. Each panel of Figure 3 is
plotted in magnetic local time (MLT) and corrected geomag-
netic (CGM) latitude coordinates with noon at the top and
midnight at the bottom. Red denotes upward FAC and blue
denotes downward FAC. Between 0642 and 0652 UT shown
in Figure 3a, AMPERE shows evidence of the dayside and
nightside region 1 and region 2 current systems [cf., Iijima
and Potemra, 1978]. Just prior to onset, at 07:06–07:16 UT

Figure 4. A superposition of the THEMIS ASI aurora observations and nightside FACs during the
substorm expansion phase on 16 February 2010. The left column denotes the initial enhancement of
the FAC system between 07:24 and 07:34 UT, and the right column denotes the subsequent evolution of the
FAC system between 07:36 and 07:46. In each column, the three frames overplot the aurora at the beginning,
middle, and end of the 10min window encompassing the AMPERE-derived FACs (top, middle, and bottom
frames, respectively).
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shown in Figure 3b, the nightside regions 1 and 2 current
systems are significantly reduced [cf., Murphy et al., 2012]
while the dayside region 1 and region 2 current systems
remain relatively unchanged. Following auroral onset, the
07:24–07:34 UT and 07:36–07:46 UT frames, Figures 3c
and 3d, respectively, show the development of structured
upward and downward FACs between 60 and 75° CGM
latitude. Initially, at 07:24–07:34 UT and shown in Figure 3c,
the FAC elements form in the region of auroral onset, around
23MLT and 68° CGM latitude, and subsequently, 0736–0746
UT in Figure 3d, expand azimuthally to span about 10 h
of MLT.
[14] Figure 4 shows the AMPERE-derived expansion phase

FAC system between 07:24–07:34 UT and 07:36–07:46 UT
(left and right columns, respectively). Superimposed onto
the FACs are the THEMIS ASI images at three select times:
the beginning of the 10min AMPERE window used to
derive the FACs, the middle of the 10min window, and
the end of the 10 min window (top, middle, and bottom
frames, respectively). Note that even over a 10 min period
within the substorm expansion phase, during which the
westward traveling surge forms and the aurora is extremely
dynamic, the aurora is largely coincident with the upward
FAC (red) regions as inferred by AMPERE. Regions of
downward FAC are conversely typically devoid of discrete
auroral forms or encompass more diffuse aurora.

3.2. The 24 March 2011 Event

[15] Figure 5, in the same format as Figure 2, is an overview
of the geosynchronous magnetic field and ground-based
observations of a substorm on 24 March 2011. Figure 5a
shows the geosynchronous magnetic field and inclination
angle at G13. Figures 5b–5d show the formation of the
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Figure 5. Summary of the geosynchronous magnetic field
and ground-based magnetometer and ASI observations of a
substorm on 24March 2011. (a) The G13 total magnetic field
(red) and inclination angle (blue). (b–c) DAWS, FSIM,
and FSMI magnetograms in the same format as Figure 2.
(e) FSIM keogram in the same format as Figure 2.

Figure 6. AMPERE-derived FACs during three time
periods for the 24 March 2011 substorm. Red denotes upward
FAC, and blue denotes downward FAC.
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ground-based magnetic bays at DAWS, FSIM, and FSMI
following substorm onset at 08:26:30 UT as illustrated in
the FSIM keogram, Figure 5e. Prior to auroral onset and
the formation of the magnetic bays, the FSIM keogram
shows clear evidence of the substorm growth phase. The
growth phase arc propagates equatorward [Akasofu, 1964],
and just prior to onset, the arc dims [Pellinen and Heikkila,
1978; Murphy et al., 2012] and then rapidly brightens and
expands poleward characterizing the substorm expansion
phase [Akasofu, 1964]. The geosynchronous magnetic field
at G13 is nearly dipolar and shows little evidence of a
dipolarization, although both the field strength and inclination
angle increase following onset. There is however evidence of
ultralow frequency (ULF) oscillations in both the G13 total
magnetic field and the inclination angle following auroral
onset likely in response to substorm expansion phase onset.
[16] Figure 6 shows the evolution of the AMPERE-derived

FACs during three selected quasi-stationary 10min time
periods. The top and middle panels, 08:00–0810 UT and
08:14–08:24 UT, respectively, show the AMPERE FAC
topology prior to auroral onset and the bottom panel,
08:32–08:42 UT, illustrates the FAC topology following
onset. Between 08:00 and 08:10 UT, there is evidence of
region 1 and region 2 current systems on the dawnside
flank between 70° and 80° CGM latitude. On the nightside
and duskside flank, the current systems are less well organized
and there is no principal regions 1 and 2 current systems as
defined by Iijima and Potemra [1978]. This may be the result

of northward IMF throughout the duration of the event.
The dawn flank continues to show evidence of the region 1
and region 2 current systems between 08:14 and 08:24 UT
(Figure 6b). Just prior to auroral onset at 08:26:30 UT, the data
in the midnight sector from Figure 6b show evidence of a
decrease in the FAC density. The nightside FAC reduction
occurs between 22–2 MLT and 60°–80° CGM latitude and
is observed in a region conjugate to the subsequent auroral
onset at 66° CGM latitude and 22.8 MLT [cf. Murphy et al.,
2012]. Following auroral onset, 08:32–08:42 UT, there is a
clear increase in the strength of both the dayside and nightside
currents during the substorm expansion phase.
[17] Similar to the previous substorm, an enhanced region

of structured upward and downward FACs forms across
midnight, following auroral onset, spanning about 22 MLT
to nearly 4 MLT. Figure 7 highlights the relation between
the aurora as observed by the THEMIS ASIs and the
enhanced nightside current system forming during the
substorm expansion phase. Similar to Figure 4, the ASI images
are plotted with the AMPERE-derived FAC at the beginning,
middle, and end of the 10min AMPERE time window.
Despite spanning a 10min window, each panel shows remark-
able correlation between regions of upward FAC and discrete
aurora between 21–23 MLT and ~65°–70° CGM latitude.
Similarly, the region of downward FAC, between 21–23 MLT
and ~70°–75° CGM latitude, is nearly devoid of aurora.

3.3. The 16 May 2011 Event

[18] Figure 8 shows a summary of the geosynchronous and
ground-based magnetic fields and auroral observations of aFigure 7. A superposition of the THEMIS ASI auroral

observations and AMPERE-derived FACs for the 24 March
2011 substorm between 08:32 and 08:42 UT in the same
format as Figure 4.

f
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Figure 8. A summary of the 16May 2011 substorm. (a) The
G13 geosynchronous magnetic field (red) and inclination
angle (blue). (b–d) FSIM, FSMI, and GILL magnetograms
are in the same format as Figure 2. (e–f) Green line emissions
from the FSMI and GILL NORSTAR MSPs.
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substorm on 16 May 2011. For this particular substorm, there
are limited auroral observations. Therefore, we use the Gillam
(GILL) and FSMI MSP data from the NORSTAR to diagnose
the auroral onset. The look directions of both MSPs are illus-
trated in Figure 1. The geosynchronous magnetic field shows
a clear dipolarization of the field at 08:28 UT, depicted by
the sharp increase in the inclination angle. Prior to the
dipolarization, there is a compression of the geosynchronous
magnetic field, illustrated by the increase in the magnetic field
strength and decrease in the inclination angle between about
08:15 and 08:25 UT. During this time period, substorm bays
begin to form in the FSIM, FSMI, and GILL magnetograms
(Figures 8b–8d, respectively) and the aurora begins to expand
poleward in the FSMI and GILL MSPs (Figures 8e–8f,
respectively). The FSIM magnetometer shows the earliest
evidence of substorm magnetic bay structure at ~08:17 UT
as the H component (blue) begins to form a negative bay just
before the aurora brightens and begins to move poleward at
08:20:30 UT as observed by the FSMI MSP.
[19] Figure 9, in the same format as Figures 3 and 6, show

the AMPERE-derived FACs through the growth and expan-
sion phase of the substorm. Throughout the growth phase,
there is clear evidence of the region 1 and region 2 current sys-
tems on both the dayside and nightside, between 07:40 and
07:50 UT in Figure 9a, and a similar though enhanced pattern
of currents is seen just prior to auroral onset, 08:02–08:12 UT
in Figure 9b on the dayside. Similar to the previous two events,
there is also evidence of a change in the FAC structure proceed-
ing aurora onset. Initially, in Figure 9a, the 07:40–07:50 UT
frame, the duskside low-latitude downward FAC (blue) extends
to midnight and the high-latitude upward FAC (red) extends to
23 MLT. On the dawnside, the low-latitude upward FAC ex-
tends past midnight to 23 MLT and the upward FAC extends
to 1 MLT. Just prior to onset, in Figure 9b, between 08:02
and 08:12 UT, these FAC structures undergo a clear and distin-
guished change. Both the upward and downward FAC struc-
tures on the duskside have withdrawn from the midnight
meridian, and on the dawnside, the upward and downward
FACs have a notable change in the strength of the current den-
sities through themidnight meridian. Following substorm onset,
between 08:28 and 08:38 UT in Figure 9c, a complex system of
upward and downward FAC forms on nightside, between 23–1
MLT and 60°–80° CGM latitude.

3.4. The Substorm Current Wedge

[20] The nightside expansion phase FACs shown in
Figures 4, 7, and 9c are all characteristic of the SCW. These
current systems show the existence of small-scale FAC struc-
tures and are more complex than the simple equivalent current
system of the SCW [McPherron et al., 1973] and FACs
described by Iijima and Potemra [1978]. Figure 10 shows
the nightside FACs forming during the substorm expansion
phase for each of the three substorms studied here. The left
column of Figure 10 shows the AMPERE-derived FACs as
well as the Pi2 ULF hodograms from selected low-latitude,
middle-latitude, and auroral-latitude magnetometers. Lester
et al. [1983] demonstrated that the direction of azimuth of Pi2
hodograms at low and middle latitudes can be used to infer
the location of the upward and downward FAC elements and
center of the SCW, while Milling et al. [2008] demonstrated
the same polarization pattern of Pi2s in the auroral zone.
The Pi2 hodograms shown in Figure 10 were determined from

Figure 9. AMPERE-derived FACs for the 16 May 2011
substorm during selected periods in the same format as
Figure 3.
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80 to 120 s period band-passmagnetograms following substorm
onset. The color bar denotes the temporal evolution of each
hodogram and the polarization sense. In each hodogram, H is
magnetic north-south and D is magnetic east-west. The green
line, or legend, represents 10nT and the pink line represents
1 nT at auroral- and lower-latitudemagnetometers, respectively.
The center of each line marks the magnetometer location. Each
hodogram and corresponding legend are independently scaled
such that a smaller legend implies a larger Pi2 at that station
and larger signal to noise ratio. Each legend is oriented in the
north-south direction, pointing toward the geomagnetic pole.

[21] The right column of Figure 10 shows the net FAC as a
function of MLT calculated by summing AMPERE FACs in
latitude for each hour of MLT. The strength of the H and D
component magnetic bays from auroral zone stations at the be-
ginning (blue), middle (yellow), and end (red) of the 10min
AMPERE window are plotted as two-dimensional vectors
along the x abscissa. The ground-based magnetic bays, formed
as a result of the development of the SCW through the expan-
sion phase, have distinct polarities based on the relative loca-
tion of the magnetometer station to the longitudinal structure
of the SCW, see for instance Clauer and McPherron [1974]

Figure 10. Left column: Nightside AMPERE-derived FACs during the substorm expansion phase for the
three substorms. The Pi2 hodograms from selected auroral- and low-latitude magnetometer stations are
overplotted. The vertical color bar denotes the time sequence of each hodogram, such that the color evolution
in the hodograms allows the polarization sense (clockwise or counter clockwise) to be inferred. Right column:
The latitudinal summation of the AMPERE FACs as a function of MLT for each of the two-dimension
AMPERE FAC topologies shown in the left column (black line). The strength of the H and D components
auroral zone magnetic bays at the beginning (blue), middle (yellow), and end (red) of each 10 min window used
to derive the AMPERE FACs is superimposed on each panel. In the bays, positive H (north-south) points
upward and positive D (east-west) points right as illustrated by the legend in the top right of each panel.
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Figure 7 [see also Smith et al., 2002, Figure 8]. In each panel of
the right column of Figure 10, the amplitude of the H and D
magnetic bays is plotted to compare ground-based observa-
tions of the SCW with those from AMPERE, positive H and
D pointing up and right, respectively.
[22] Both the right and left columns of Figure 10 support

the classical view of the large-scale structure of the SCW.
For each of the three substorms, the right column shows a
net upward FAC premidnight and a net downward FAC
post-midnight when the AMPERE FACs are integrated across
latitude. Through the auroral zone, the ground-based magne-
tometers show the largest negativeH bays in the region where
the net FAC is nearly zero, i.e., through the expected center of
the SCW. Through this region, there is also a clear reversal in
the D magnetic bays, negative to the east and positive to the
west. This picture of the relation between net FAC and the
ground-based magnetic bays is consistent with those presented
by McPherron et al. [1973] and Smith et al. [2002] using the
equivalent line current model.
[23] The Pi2 hodograms also support the classical picture

of the SCW. As demonstrated by Lester et al. [1983], inside
the SCW, the semi-major axis (or angle of azimuth) of the Pi2
hodograms points toward the center of the wedge and outside
the SCW, the semi-major axes point away from the center
of the wedge such that there is a rotation of the semi-major
axis across the center of the SCW and across the upward
and downward FAC elements (cf. Figure 1 in Lester et al.
[1984]). For each of the substorm events presented, the
auroral zone and low-latitude hodograms show a rotation in
the Pi2 hodogram azimuths consistent with that described by
Lester et al. [1983].
[24] During the substorm on 16 February 2010, the auroral

zone magnetometers show evidence of a reversal in the Pi2
azimuths between 21 and 22 MLT, the semi-major axis
pointing west of north at ~21 MLT and east of north at
~22 MLT. No other clear reversal was observed in the auroral
zone magnetometer data. At lower latitudes, the hodograms
show another reversal in azimuth between magnetic mid-
night and ~1 MLT where the semi-major axis of the low-
latitude magnetometer at ~53° points west of north and
between 1 and 2 MLT the semi-major axis of the hodogram
at ~61° points east of north. Together, the inferred location
of the upward and downward FAC elements of the SCW
from the ground-based Pi2 observations is between 21 and
22 MLT and magnetic midnight and 1 MLT, respectively.
The location of the upward and downward FACs deter-
mined from the Pi2 hodograms is consistent with the net
FAC illustrated in Figure 10b.
[25] On 24 March 2011, the Pi2 hodograms show a rever-

sal of the semi-major axis in the auroral zone between 22 and
23 MLT and another reversal at both the auroral- and low-
latitude magnetometers between 3 and 4 MLT. At 22 MLT,
the semi-major axis at ~66° points west of north, and at 23
MLT, the semi-major axis at ~66° points east of north. In
the morning sector, the semi-major axis auroral zone
hodogram at ~66 and ~3 MLT points just slightly west of
north. Conversely, the low-latitude hodograms between 3
and 4 MLT both have semi-major axes which point east of
north. Together, these hodograms suggest that the upward
FAC of the SCW lies between 22 and 23 MLT and down-
ward FAC element lies between 3 and 4 MLT. These obser-
vations are consistent with the net FAC shown in Figure 10d.

[26] Finally, the hodograms on 5 May 2011 are more com-
plicated than those of the two other substorms, especially in
the auroral zone. The auroral zone does show evidence of a
reversal in the azimuths of the hodograms between 1 and 2
MLT. At 1 MLT, the semi-major axis points west of north,
and at 2 MLT, the semi-major axis points east of north.
However, to the west, there is no clear evidence of any orga-
nized structure in the hodograms. Despite this, auroral zone
hodograms between 1 and 2 MLT are characteristic of a re-
gion of downward FAC and consistent with a net downward
FAC as shown in Figure 10f. It is important to note that
Lester et al. [1984] showed that not all substorms follow
the predicted polarization pattern and that during events with
preexisting magnetic activity, the polarization patterns can
become significantly more complicated making it difficult
to infer the location of the upward and downward FAC
elements of the SCW.

4. Discussion

[27] In this paper we have presented multisatellite observa-
tions of the FACs associated with the substorm growth and
expansion phases and examine the two-dimensional structure
and evolution of FACs in the SCW. FACs are inherently dif-
ficult to determine from in situ measurements, especially
from single satellite, as the derivation of these currents as-
sumes that a temporal observation of the magnetic field can
be used to approximate spatial gradients in the field. For this
reason, single-satellite inferences of FACs can be flawed as
they are unable to separate spatial changes from temporal
changes with single-point measurements. This space-time
ambiguity can be removed using multispacecraft studies to
identify quasi-stationary time periods during which temporal
changes can be neglected. In this paper we use derived FAC
distributions from AMPERE and the Iridium constellation of
70+ satellites, during quasi-stationary time periods for three
substorms, to develop a comprehensive two-dimensional
view of the FAC systems coupling the ionosphere and mag-
netosphere. As a result, we present the most detailed two-
dimensional view of the structure of the FACs comprising
the SCW to date. In particular, we show the following:
[28] 1. During the late growth phase and immediately prior

to substorm onset, there is evidence of a change or reduction
in the nightside FACs in the region of subsequent auroral
substorm onset.
[29] 2. During the substorm expansion phase, regions of

upward FACs are associated with discrete auroral forms.
This demonstrates, for the first time, a two-dimensional
correspondence between discrete aurora and upward FAC.
[30] 3. Following substorm expansion phase onset, an

enhanced and highly structured system of upward and
downward FACs forms on the nightside. When averaged
over all latitudes, this complex current system reduces to
what is typically described in terms of a simpler equivalent
current system, the SCW.
[31] During the late growth phase, immediately preceding

onset, discrete changes in the FAC density are observed on
the nightside in each of the three substorms studied here.
Murphy et al. [2012] discussed in detail the change in FAC
observed during the 16 February 2010 substorm. We briefly
restate those results here and demonstrate that similar
changes are observed during both of the two other substorms.
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For the 16 February 2010 case, Figure 3 shows a clear
decrease in the FAC strength between the 06:42 and 06:52 UT
frame and the 07:06–07:26 UT frame between 21–3 MLT
and 63°–73° CGM latitude. During the 24 March 2011
substorm, a reduction in the FAC density in the region
between 21–3 MLT and 60°–80° CGM latitude is observed
between the 08:00–08:10 UT frame and the 08:14–08:24 UT
frame as illustrated in Figure 6 . Although the 16 May 2011
substorm shows less drastic changes, there is still evidence
of a change in the FAC densities and topology between the
07:40–07:50 UT and the 08:02–08:12 UT frames just prior
to substorm onset in the premidnight sector between 60° and
70° CGM latitude.
[32] Previous observations have clearly shown the presence

of wave activity in ground-based auroral images [Elphinstone
et al., 1995; Donovan et al., 2008; Liang et al., 2008; Rae
et al., 2010] with clear correlation between auroral waves
and ground magnetic waves [e.g., Rae et al., 2009a, 2009b,
2011, 2012] immediately prior to auroral substorm expansion
phase onset and the formation of the SCW and westward
traveling surge in the aurora. Moreover, Newell et al. [2010]
showed a clear increase in wave-driven auroral particle precip-
itation in the minutes prior to substorm expansion phase onset.
Recent observations of localized changes in the strength of
nightside FACs prior to substorm onset suggest a key role
for magnetosphere-ionosphere coupling in the late growth of
a substorm [Murphy et al., 2012]. The changes in FACs prior
to substorm onset are likely mediated via the exchange of
Alfvén waves between the magnetosphere and ionosphere
prior to the traditional definition of substorm onset [Murphy
et al., 2012]. Such changes and related reduction in upward
FACs may be manifested as auroral dimming preceding onset
as illustrated in Figures 2e and 5e [see also Pellinen and
Heikkila, 1978; Baumjohann et al., 1981; Murphy et al.,
2012]. The formation of auroral beads [Donovan et al.,
2008; Rae et al., 2009a, 2009b, 2010], potential characteristic
of a near-Earth plasmasheet disturbance proceeding the
substorm expansion phase [e.g., Roux, 1985; Lui, 1996;
Samson et al., 1996; Maynard et al., 1996], may also be
related to localized changed in the nightside FAC topology.
With additional in situ instrumentation and ground-based
observations, the detailed relationship between these features
will be addressed further in future work. In any case, the obser-
vations ofMurphy et al. [2012] considered together with those
presented here provide important constraints to any substorm
onset paradigm [cf. Murphy et al., 2012].
[33] Following auroral substorm onset, during the substorm

expansion phase, the FACs coupling the ionosphere to the
magnetosphere undergo a radical topological change which
is most notable on the nightside. However, there is evidence
of enhanced FACs on the dayside as well. On the dayside,
the region 1 and region 2 currents become enhanced and
small-scale upward and downward FAC structures are
observed in addition to the standard region 1 and region 2
current features (see Figures 3, 6, and 9). Whether this
enhancement is the result of the substorm expansion phase
or the effects of changes in solar wind driving is unclear.
However, the enhancement of dayside FACs during the
substorm expansion phase is consistent with the observa-
tions ofRostoker et al. [1982] who suggested that the nightside
magnetotail currents can couple to the entire magnetosphere-
ionosphere current system, including the dayside, through an

enhanced auroral electrojet which forms during the substorm
expansion phase.
[34] On the nightside, following auroral substorm onset, the

FAC topology becomes highly structured and enhanced in
each of the three substorms presented here. In each MLT
sector, distinct azimuthal bands of upward and downward
FAC form spanning at least 4 h of MLT and at times covering
the entire nightside (larger than the separation of Iridium
orbital planes) with periodic structuring in latitude (Figures 3,
4, 6, 7, and 9) [cf. Inhester et al., 1981; Gjerloev and
Hoffman, 2002]. These FAC structures are significantly more
complicated than the equivalent line current system associated
with the SCW [McPherron et al., 1973] and the enhanced
region 1 and 2 current system developed during active magne-
tospheric conditions [Iijima and Potemra, 1978]. However,
when spatially averaged, these structured net upward and
downward FACs depict the same line current SCW proposed
by McPherron et al. [1973].
[35] FACs are inherently difficult to infer from in situ

observations. Temporal variations in the magnetic field can
lead to inaccurately derived FACs [Peria et al., 2000; Zheng
et al., 2003;Gjerloev et al., 2011]. Zheng et al. [2003] demon-
strated using the Four Free-Flying Magnetometer payload of
the Estrophy sounding rocket mission that the FAC density
derived from multipoint measurements are typically smaller
than those derived from single-point measurements. Similarly,
using magnetometer data from the three ST 5 satellites,
Gjerloev et al. [2011] showed that the correlation between
multipoint magnetic field measurements decreases as a function
of spacecraft separation. The magnetic fields are often not sta-
tionary in time over the duration of successive satellite passes.
These studies clearly demonstrate that the further apart the
observations, the more susceptible they are to spatiotemporal
ambiguities which introduce errors into any derived FAC. In
order to derive accurate FACs from in situ measurements, a
constellation of closely spaced satellites is required to reduce
the uncertainty introduced by a space-time ambiguity.
[36] In this study we have used quasi-stationary 10min

time periods defined by multiple nightside passes of satellites
from the Iridium constellation to derive FAC estimates and
determine the two-dimensional FAC topology during the
substorm expansion phase. However, the substorm expansion
phase is very dynamic. The aurora explosively expands forming
the westward traveling surge, the magnetotail dipolarizes, and
the auroral electrojets become enhanced. To verify that the
AMPERE-derived FACs are an adequate representation of the
FACs in the expansion phase, the derived FACs have been
overplotted with auroral observations from THEMIS ASIs.
Variability in auroral intensity in the THEMIS white light
imagers is largely the result of the energy of precipitating
electrons [Mende et al., 2011, 2008]. Thus, by assuming that
discrete aurora seen in the THEMIS ASI data is the result
of precipitating electrons associated with upward FAC struc-
tures, we are able to validate the AMPERE-derived FACs
and for the first time, verify that two-dimensional discrete arcs
are identified by upward FAC structures.
[37] Figures 4 and 7 show theAMPEREFACs superimposed

onto the THEMIS ASI data following substorms on 16
February 2010 and 24 March 2011, respectively. Both
Figures 4 and 7 show a remarkable correlation between the
THEMIS ASI auroral observations and derived AMPERE
FACs. In each case, discrete auroral forms are principally
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associated with regions of upward FAC in the premidnight
sector. The largest discrepancy is in the final two auroral
frames in Figure 4 (left column). A discrete auroral arc
expands westward along the boundary between the upward
and downward FACs at 21 MLT and 66° CGM latitude and
back into a region of upward FAC at 22 MLT. This may be
the result of local changes in the magnetic field and auroral
precipitation and specifically, the poleward motion of the
aurora during the expansion phase, leading to a localized
breakdown in the quasi-stationary assumption used to derive
FACs and an incorrectly derived location of the region of

upward FAC over the 10min time period. Despite this small
discrepancy, overall, Figures 4 and 7 demonstrate a remark-
able relation between the AMPERE-derived upward FACs
and discrete aurora seen in the THEMIS ASI data during the
substorm expansion phase. Not only do these observations
verify the accuracy of the derived location and structure of
the FACs from AMPERE and Iridium but they also provide
the first observations of a two-dimensional correspondence
between discrete aurora and upward FAC.
[38] Gelpi et al. [1987] demonstrated, using both in situ

magnetic field and auroral observations and ground-based
magnetometer observations, that the head of the westward
traveling surge was associated with upward FAC. Similarly,
using FAST satellite passes through a single meridian of the
westward traveling surge (WTS) identified by auroral observa-
tions from the Imager for Magnetopause-to-Aurora Global
Exploration spacecraft, Mende et al. [2003a, 2003b] demon-
strated that the WTS is characteristic of intense upward
FACs and precipitating electrons. Using ground-based auroral
cameras and the FAST spacecraft,Dubyagin et al. [2003] have
further shown that the substorm onset arc is embedded in a
region of upward FAC. Our results are consistent with
Mende et al. [2003a, 2003b] and Dubyagin et al. [2003].
However, we extend these results for the first time to two-
dimensions demonstrating a clear correspondence between
discrete aurora and upward FAC over an extended range of
latitude and MLT during the substorm expansion phase.
[39] While the nightside current systems that form during

the substorm expansion phase are more complex than the
equivalent line current system [McPherron et al., 1973],
Figure 10 clearly demonstrates that these current systems are
characteristic of the SCW for each case study shown. The
structured FACs illustrated in Figure 10 are consistent with au-
roral observations from the THEMIS ASI data, the ground-
based Pi2 hodograms, and the ground-based magnetic bays
forming as a result of the overhead SCW. Based on the three
case study observations presented here, in Figure 11, we pres-
ent an idealized schematic of the FAC topology seen by
AMPERE during the substorm sequence. Figures 11a–11c
show the growth phase, just prior to substorm onset and during
the substorm expansion phase. During the substorm growth
phase, the FAC system is characteristic of an enhanced region
1/region2 current system (cf., Figure 11a). This enhanced cur-
rent system is characteristic of the enhanced magnetospheric
and ionospheric currents developing during substorm growth
phase [McPherron, 1970] under active magnetospheric
conditions [Iijima and Potemra, 1978] and also observed
statistically by AMPERE pre-onset by Clausen et al. [2013].
Following the substorm growth phase and just prior to auroral
onset, the nightside FACs undergo a distinct topological
change, Figure 11b. The shaded grey region in Figure 11b
highlights the region surrounding magnetic midnight where
substorm onset typically occurs, and the small circle character-
izes the localized change in FACs associated with substorm
onset. Murphy et al. [2012] discussed highlighting an impor-
tant role for magnetosphere-ionosphere coupling at substorm
onset. However, more work is required in order to fully under-
stand the change in FACs and examine in detail the pre-onset
changes in magnetosphere-ionosphere coupling prior to auroral
onset and their associationwith the SCW.Hence, in Figure 11b,
we only note that there is a change in nightside FACs preceding
auroral onset. Following substorm expansion phase onset, a

Figure 11. A schematic of the nightside FAC system
during (a) the substorm growth phase,(b) prior to substorm
onset, and (c) during the substorm expansion phase. In each
panel, red denotes upward FAC and blue denotes downward
FAC. Figure 11c is a schematic of the fine structure of the
upward and downward FAC seen by AMPERE and which
on a large scale composes the SCW FAC current system.
Higher longitudinal resolution studies are needed to resolve
the onset region in Figure 11b.
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series of azimuthally banded and latitudinally periodic
upward and downward FACs form across the nightside,
Figure 11c. This nightside FAC topology is in fact the
detailed two-dimensional structure of the SCW [cf., Gjerloev
and Hoffman, 2002; Birn et al., 2011].
[40] The original descriptions of the SCW equivalent

current system as a downward FAC element in the east, an
enhanced westward electrojet, and an upward FAC element
in the west were derived from ground-based magnetometer
observations [McPherron et al., 1973]. The FAC topology
illustrated in Figure 11c has the same equivalent current
distribution as that described by McPherron et al. [1973], a
net downward FAC in the east and net upward FAC in the
west (cf. Figure 10). However, with the increased spatial
resolution of the AMPERE in situ observations, we are able to
derive a more detailed view of the SCW and detail potentially
critical aspects of magnetosphere-ionosphere coupling during
substorms. Figure 12 is a schematic of the two-dimensional
FACs forming during the substorm expansion phase. The
azimuthal bands of upward and downward FAC, red and blue,
respectively, illustrate the complex structure of FACs forming
during the expansion phase and comprising the SCW.
Superimposed onto these FACs is the simplified SCW equiv-
alent current system; blue, the net downward FAC; red, the net
upward FAC; and green, the enhanced westward electrojet.
Note that the FAC sheets do not necessarily close solely
through the enhanced electrojet depicted by the green arrow
but more likely through a complex system of Hall and
Pedersen currents throughout the SCW.
[41] Using single-satellite passes through the auroral zone,

Rostoker et al. [1975] demonstrated that an intense region of
upward FAC formed along the enhanced ionospheric electro-
jets surrounded to the north and south by regions of down-
ward FAC following substorm onset which is similar to our
AMPERE results. Using single-satellite passes through the
auroral zone, Iijima and Potemra [1978] compiled a statisti-
cal study of TRIAD passes to develop a statistical view of the
FAC topology during active magnetospheric conditions.

These authors concluded that the region 1 and region 2 cur-
rent systems persisted during active magnetospheric condi-
tions, although in the region of the Harang discontinuity,
the currents were significantly more complex. During moder-
ately active conditions, Iijima and Potemra [1978] found
evidence of a current system similar to that described by
Rostoker et al. [1975], whereas during very active conditions,
the currents were very complicated, exhibiting fine-scale vari-
ations. The current systems described byRostoker et al. [1975]
and Iijima and Potemra [1978] are consistent with the equiv-
alent current system described by McPherron et al. [1973]
and with the SCW schematic shown in Figure 11c. The
upward FAC surrounded by downward FACs at higher
and lower latitudes [cf. Rostoker et al., 1975; Iijima and
Potemra, 1978] is similar to the FAC topology forming in
the postmidnight sector. In the premidnight sector, how-
ever, a more complicated current system forms following
substorm onset and there is no evidence of the distinct
region 1 and region 2 current systems as described by
Iijima and Potemra [1978].
[42] The differences between the premidnight current

system described here and the current systems described by
Rostoker et al. [1975] and Iijima and Potemra [1978] likely
result from comparing single-satellite case and statistical
studies to the more accurate description of FAC structure
obtained from multisatellite studies presented here. Iijima
and Potemra [1978] developed a two-dimensional distribu-
tion of FACs by spatially averaging large-scale FACs from
multiple passes of the TRIAD satellite through the auroral
zone. This averaging will obscure small-scale spatial structures,
producing a smoothed distribution of FACs in both MLT and
latitude. In this study we have derived the schematic illustrated
in Figure 11c using two-dimensional multisatellite coverage
from three case studies. In each case study we were able to
determine the full two-dimensional distribution of FACs, rather
than relying on a statistical average. Therefore, the schematic
illustrated in Figure 11 is not subject to any spatial smoothing
and is expected to be a more accurate representation of the
FAC current topology during the substorm cycle.
[43] In each of the substorms studied, the complex nightside

FAC system formed in the expansion phase developed during
auroral breakup and in two cases during the dipolarization of
the geosynchronous magnetic field. Thus, the inward convec-
tion of electrons [Vasyliunas, 1968], onset of fast flows
[Angelopoulos et al., 1992], and development of dipolarization
fronts [Runov et al., 2008] following tail reconnection are
likely to be intimately linked to the development of the current
system depicted in Figure 11c.
[44] Yao et al. [2012] recently demonstrated that the

azimuthal divergence or deceleration of fast flows in the tail
observed during the substorm expansion phase produced a
FAC current signature consistent with the equivalent current
system described by McPherron et al. [1973]. Our AMPERE-
derived observations of the net FAC as a function of MLT are
consistent with the observations of Yao et al. [2012]. The two-
dimensional AMPERE FAC distributions show latitudinal and
azimuthal structuring in the form of discrete upward and down-
ward FAC current sheets. Birn et al. [1999] demonstrated that
the braking of earthward flows contributed to the initial forma-
tion of the SCW but that the more dominant and permanent
current contributions where the result of pressure gradients.
Further, Mende et al. [2003b] concluded that high-energy

Two-dimensional distribution 
of FACs forming the SCW

Substorm current wedge 
equivalent current system

Figure 12. A schematic of the two-dimensional FACs
forming during the substorm expansion phase, and the equiv-
alent current system forming the SCW. The blue, green, and
red arrows represent the net upward FAC, the enhanced west-
ward electrojet, and the net upward FAC of the SCW. The
azimuthal bands of upward and downward FAC, red and blue,
respectively, illustrate the complex structure of FACs forming
during the expansion phase and comprising the SCW.
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precipitating electrons energized by Alfvén waves driven by
the dipolarization of the field or reconnection at the near-
Earth neutral line are responsible for part of the current
forming in the westward traveling surge. The FAC current sys-
tem developing during the substorm expansion phase illus-
trated in Figure 11c is a superposition of all the current
forming during the substorm expansion phase. Therefore, it
is not surprising that the current system is more complicated
than that described by McPherron et al. [1973] or that illus-
trated in Yao et al. [2012]. Indeed, we have demonstrated that
expansion phase FAC current system is very well correlated
with the expansion phase aurora and forms following auroral
breakup and dipolarization of the tail. Though this current sys-
tem is more complex than the classical view of the SCW, it is
fully consistent with the equivalent current system described
by McPherron et al. [1973] (see schematic in Figure 12).

5. Summary and Conclusions

[45] The substorm current wedge has historically been
viewed using an equivalent current system compozsed of a
downward FAC element in the dawn sector, an enhanced
westward electrojet, and an upward FAC element in the dusk
sector [McPherron et al., 1973]. In this manuscript we have
used in situ measurements from the low Earth-orbiting
Iridium constellation and the AMPERE mission [Anderson
et al., 2000;Waters et al., 2001] to characterize in more detail
the two-dimensional FAC system coupling the ionosphere to
the magnetosphere during the substorm growth and expan-
sion phases. These results are only possible using multipoint
measurements available via AMPERE.
[46] In particular, we have demonstrated that several

minutes prior to substorm onset, there is a localized change
or reduction in the nightside FAC system which was described
byMurphy et al. [2012] and which represents a change in the
magnetosphere-ionosphere coupling before onset. Following
substorm onset, a complex and highly structured system of
FACs forms on the nightside (Figure 12). The upward FAC
elements of this intricate FAC system are correlated with dis-
crete aurora during the expansion phase. This demonstrates
for the first time a two-dimensional correspondence between
upward FAC structures and discrete aurora. Although more
complex than the equivalent line current system comprising
the SCW, the structured FAC systemwe report here andwhich
form during the substorm expansion phase is fully consistent
with that described by McPherron et al. [1973] and with
ground-based observations of the SCW during the expansion
phase [Lester et al., 1983; Smith et al., 2002] if it is integrated
over all latitudes to show the net upward and downward FAC
as a function of MLT. Finally, we present a detailed schematic
of the FACs through the substorm growth and expansion
phases, Figures 11 and 12, and note that the complexity of
the currents suggests future work should address the effects
of multiple nightside FAC sources to explain the observed
morphology of the SCW.
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