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Abstract

The substorm current wedge (SCW) is believed to be driven by pressure gra-
dients and vortices associated with fast flows. Therefore, it is expected that
relevant observations are organized by the SCW’s central meridian, which can-
not be determined using in-situ observations. This study takes advantage of the
SCW inversion technique, which provides essential information about an SCW
(e.g., location and strengths of field-aligned currents (FACs) and investigates
the generation mechanisms of the SCW. First, we have found good temporal
and spatial correlations between earthward flows and substorm onsets identified
using the midlatitude positive bay (MPB) index. Over half of the flows are ob-
served within 10 minutes of substorm onsets. Most flows (85%) were located
inside the SCW between its upward and downward FACs. Second, superposed
epoch analysis (SPEA) shows that the onset-associated flow velocity has a flow-
scale (3-min) peak, while the equatorial thermal pressure has a substorm-scale
(>30 min) enhancement and a trend similar to the westward electrojet and FACs
in the SCW. Third, the pressure gradient calculated using in-situ observations is
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well organized in the SCW frame and points toward the SCW’s central merid-
ian. These facts suggest that the SCW is likely sustained by substorm-scale
pressure gradient rather than flow-scale flow vortices. The nonalignment be-
tween the pressure gradient and flux tube volume could generate an SCW with
a quadrupole FAC pattern, similar to that seen in global MHD and RCM-E
simulations. Their magnetic effects on the ground and geosynchronous orbit
resemble a classic one-loop SCW.

Plain Language Summary

Substorm current wedge (SCW) formation is believed to be related to the flow
braking and diversion process of magnetospheric fast flows. Therefore, the pres-
sure gradients and flow vortices are expected to be organized relative to the
center of the current wedge. Obtaining the pattern of pressure gradients and
flow vortices requires the knowledge of field-aligned currents (FAC) locations
since the current wedge can occur at any local time in the night sector. How-
ever, the FAC locations are not available from satellite measurements. In this
study, we take advantage of an SCW inversion technique that provides essential
information using ground-based magnetic field observations.

First, we found good temporal and spatial correlations between earthward flows
during five THEMIS tail seasons and substorm onsets identified using the midlat-
itude positive bay index. Flow occurrence is found to peak at substorm onset.
More than half the flows observed within one hour of substorm onsets occur
within ten minutes of onsets. In addition, most of these flows (85%) are found
inside an SCW between its upward and downward FACs. It has been suggested
that these FACs are generated either by flow vortices, pressure gradients, or
both. It is shown here that the flow speed (related to the flow vortices) decays
quickly within several minutes. On the other hand, the equatorial thermal pres-
sure (related to the pressure gradient) increases and persists for about an hour
and has a trend similar to that for the westward electrojet and FACs of the
SCW. Therefore, the SCW is likely sustained by the pressure gradient rather
than short-lived flow vortices. The pressure gradient, calculated when three
THEMIS probes were distributed in a triangular configuration in the equatorial
plane, was found to be well organized relative to the central meridian (CM) of
the SCW. The component ∇𝑃𝑥 increases for all substorms; while ∇𝑃𝑦 increases
in magnitude and points toward the center of the current wedge. Although the
flux tube volume gradient ∇𝑉 cannot be obtained from observations, it can be
inferred from the magnetic field BZ allowing for a determination of the sense of
the FACs. The peak of increased BZ was more tailward than the peak of the
thermal pressure increase. The nonalignment of ∇𝑃 and ∇𝑉 should generate
an SCW with a quadrupole FAC pattern, similar to that seen in global MHD
and RCM-E simulations. In these simulations, the inner current loop is weaker
than the outer loop so that the magnetic effect at geosynchronous orbit and on
the ground is that of the outer loop diminished in strength by the inner loop,
which resembles a classic SCW.

1. Introduction
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A substorm current wedge (SCW) is an essential current system associated with
magnetospheric substorms. It consists of a reduction of the cross-tail current in
the magnetotail, a pair of field-aligned currents (FACs) connecting the cross-tail
current with the ionosphere (one flowing into, and the other flowing out of the
ionosphere), and a westward electrojet flowing in the ionosphere that connects
two FACs. An SCW is believed to be generated by flow braking in the near-
Earth region [Haerendel, 1992; Shiokawa et al., 1997; Shiokawa et al., 1998a;
Shiokawa et al., 1998b; Kepko et al., 2012]. Note that although substorms are
triggered by reconnection-generated earthward flows [Hones et al., 1973; Hones,
1977; Angelopoulos et al., 2008], the flows can occur at any level of magnetic
activity [Angelopoulos et al., 1994]. The fast flows are more common than
substorms, and there is no one-to-one correspondence between them [McPherron
et al., 2011]. Furthermore, the speed of earthward flow drops significantly inside
12 RE [McPherron et al., 2011], which is the flow braking region where SCWs are
generated. It was suggested that the magnetic flux accumulation in the inner
magnetosphere is correlated with the strength of a substorm current wedge
[Chu et al., 2021]. Therefore, it is reasonable to expect earthward flows in the
flow braking region to correlate better with SCW formation than fast flows in
the middle magnetotail. However, which mechanisms and parameters determine
whether a fast flow can trigger a global substorm versus a pseudo breakup is still
unknown. The temporal and spatial correlation of fast flows with the substorm
current wedge, which is essential to study the SCW mechanisms, is investigated
in this paper.

Substorm current wedge formation has been studied using theory, simulations,
and observations [Birn et al., 1999; Keiling et al., 2009; Xing et al., 2010; Yao
et al., 2012; Birn and Hesse, 2014; Kepko et al., 2015]. Theory suggests that
the FACs in an SCW are generated by an inertial current, flow vortices, and
pressure gradients [Vasyliunas, 1970]. The inertial current is usually neglected
because it is considerably weaker than the current created by flow vortices and
pressure gradients [Haerendel, 1992; Shiokawa et al., 1997; Shiokawa et al.,
1998a; Shiokawa et al., 1998b; Birn et al., 1999]. On the other hand, event stud-
ies show that flow vortices and pressure gradients can generate strong FACs to
support a typical SCW [Keiling et al., 2009; Xing et al., 2010; Yao et al., 2012].
Global MHD simulations suggest that a depleted plasma bubble with thermal
pressure lower than the ambient plasma flowing earthward can set up flow vor-
tices and azimuthal pressure gradient pointing away from the flow, generating
a quadrupole distribution of FACs [Birn and Hesse, 1991; 2014]. A quadrupole
SCW has an outer current loop the same as pictured in the classic SCW (usually
referred to as a region-1-sense current) and a weaker inner current loop flowing
in the opposite direction at the same local time (referred to as a region-2-sense
current). The magnetic effect of the inner current loop partially cancels the
effect of the outer loop on the ground and in geosynchronous orbit. Thus, their
combined magnetic effect is equivalent to a classic SCW with current corre-
sponding to the difference current. Therefore, as suggested by simulations, the
pressure gradients and flow vortices are expected to be organized relative to the
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central meridian of the current wedge. Obtaining the pattern of pressure gradi-
ents and flow vortices requires the knowledge of FAC locations since the current
wedge can occur at any local time in the night sector. The FAC locations can-
not be determined from in-situ observations because FACs are weak and spread
over large regions relative to the satellite coverage. Furthermore, in-situ obser-
vations are sometimes transient and localized and not necessarily related to a
global SCW. In addition, the generation mechanisms of the FACs, including the
pressure gradient and flow vortices, are supposed to be well organized by the
central meridian of the SCW (i.e., in the SCW frame). This paper will examine
the pattern of the pressure gradients and flow vortices in the SCW frame. The
central meridian of the SCW will be obtained using the FACs locations obtained
from the SCW inversion technique using ground magnetometer data based on
the positive bay signature at midlatitudes [Chu et al., 2014].

The database of the flows and substorm onset is described in section 2. Then,
the observations and statistical analysis are presented in section 3. Finally, we
discuss the implication of the analysis in section 4.

1. Data and model

The auroral electrojet indices (AE and AL) at a 1-min resolution from the World
Data Center for Geomagnetism are used to indicate the strength of the westward
electrojet in the SCW. The midlatitude positive bay (MPB) index, designed to
indicate the strength of the FACs in the SCW, is calculated at a 1-min resolution
using magnetometer data at midlatitudes from InterMagnet [Chu et al., 2015].
A substorm onset list is first identified using the MPB index and then refined
using original magnetometer data [Chu et al., 2015]. The timing of maximum
substorm development is identified when the MPB index reaches its maximum.
The end of the substorm is identified when the MPB index decreases to a quiet
level. Note that the MPB index was designed to detect major onsets, and it
is less sensitive to pseudo breakups and localized intensifications (see details in
[Chu et al., 2015; McPherron and Chu, 2016a, b; McPherron and Chu, 2018]).
Furthermore, the strength and location of the SCW are obtained every minute
using the SCW inversion technique [Chu et al., 2014]. The inversion technique
takes ground magnetometer data at midlatitudes as input and determines the
optimal parameters of the current system, including the location and strength
of the FACs in the SCW.

The observations in the magnetotail are obtained from the identically-
instrumented Time History of Events and Macroscale Interactions during
Substorms (THEMIS) probes (P1-P5) during five tail seasons from 2008 to
2012 [Angelopoulos, 2008]. The apogees of the five probes are 30 RE for P1,
20 RE for P2, and 10-12 RE for P3, P4, and P5. The fluxgate magnetometer
(FGM) provides three-second spin-averaged magnetic field [Auster et al., 2008].
The electrostatic analyzer (ESA) obtains ion and electron measurements in
the 5 eV to 25 eV energy range [McFadden et al., 2008]. The solid state
telescope (SST) obtains ion and electron fluxes in the 25 keV to 1 MeV range
(Angelopoulos, 2008). The joint plasma moments (density, velocity, and tem-
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perature) have been calculated from a combination of the measurements from
both ESA and SST instruments with proper calibrations (e.g., subtraction of
the effect of spacecraft potential, sun-contamination, and detector calibration)
[Angelopoulos, 2008].

A list of earthward flows is created using THEMIS observations from P3, P4, and
P5 in the nightside near-Earth magnetotail region using the following criteria,
which are adopted in many previous studies (e.g., McPherron et al., [2012];
Kissinger et al., [2012]). The nightside observations are confined to a cylindrical

region bounded by √𝑌 2 + 𝑍2 < 12𝑅𝐸 , X<0 RE and √𝑋2 + 𝑌 2 + 𝑍2 > 6𝑅𝐸.
Observations are restricted to the plasma sheet by requiring plasma beta (�),
the ratio of thermal pressure to magnetic pressure, to be greater than 0.5. The
plasma velocities are converted to parallel (𝑉∥) and perpendicular velocities
(𝑉⊥) relative to the background magnetic field. Fast earthward flows are defined
as 𝑉𝑥 ≥ 0 km/s and 𝑉xy ≥ 150 km/s, where 𝑉xy is the flow velocity in the
GSM coordinates. Flow onsets are defined when 𝑉xy exceeds 100 km/s, and
the end is defined when 𝑉xy is lower than 100 km/s. In addition, another list
of earthward flows in the mid magnetotail is created using THEMIS P2, whose
apogee is about 20 RE, during the first two tail seasons in 2008 and 2009. Unless
otherwise specified, the earthward flows are those observed by THEMIS P3, P4,
and P5 earthward of 12 RE.

1. Observations

(a) Substorm event analysis

Figure 1 shows an overview of an isolated substorm between 01:20 UT and
02:00 UT on February 07, 2008. The MPB and AL indices in the first two
panels indicate the strengths of the FACs and the westward electrojet of the
SCW, respectively. They started to change sharply at ~01:28 UT, which is
identified as the substorm onset. The MPB index reached its maximum at
01:43 UT, and the AL index was close to its maximum value during the same
period. The two indices showed that the SCW lasted for ~30 minutes. The
locations of the upward and downward FACs in the SCW, obtained from the
SCW inversion technique [Chu et al., 2014], are shown in magnetic local time
(MLT). The downward FAC was located at 03:00 MLT, and the upward FAC
at around 19:00 MLT. The central meridian of the SCW was located at 23:00
MLT.

As shown by the thin, nearly horizontal lines, THEMIS satellites were located at
23:00 MLT at the onset. They were co-located with the SCW central meridian
at the onset and shifted duskward of it after the onset. Three THEMIS satellites
observed earthward flows of ~1000 km/s in the central plasma sheet (beta �>1)
at the onset, which lasted for roughly 2 minutes. Thus, the earthward flows
were observed at the SCW central meridian and inside the SCW between the
two FACs. No other earthward flow was observed during the remainder of
the substorm. The equatorial thermal pressure was calculated using 𝑃eq =
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𝑃th + (𝐵2
𝑥+𝐵2

𝑦)
2𝜇0

, assuming that BZ was relatively constant near the current sheet
[Xing et al., 2009; Xing et al., 2011].

The pressure gradient ∇𝑃 has been calculated under a linear variation assump-
tion since three THEMIS probes were very close (within 2 RE) and in a tri-
angular configuration on the equatorial plane (bottom panel). First, the equa-
torial thermal pressure (Peq) started to increase after the earthward flow and
sustained for 30 minutes throughout the substorm, much longer than the flow
duration. Second, the variation in the pressure Peq and pressure gradient ∇𝑃
showed two distinct patterns: flow-scale (3 min) and substorm-scale (30 min).
When the earthward flows were observed at substorm onset, the equatorial
pressure Peq started to increase and was associated with strong fluctuations.
The pressure gradient ∇𝑃𝑥 increased from a background of 0.7 𝑛𝑃𝑎/𝑅𝐸 to
1.4 𝑛𝑃𝑎/𝑅𝐸 while the azimuthal ∇𝑃𝑦 turned from roughly zero to a nega-
tive peak of ∇𝑃𝑦 = −4 𝑛𝑃𝑎/𝑅𝐸. It suggests that the thermal pressure was
higher earthward and eastward. When the flows disappeared after 3 min, the
pressure gradient ∇𝑃 dropped quickly to the background value. On the other
hand, a substorm-scale pressure enhancement developed during the substorm
expansion phase. The radial pressure gradient ∇𝑃𝑥 persisted in being positive
and increased slightly (1.2 𝑛𝑃𝑎/𝑅𝐸). The azimuthal pressure gradient reached
∇𝑃𝑦 = −1.5 𝑛𝑃𝑎/𝑅𝐸, which was weaker than the peak value during flows but
lasted longer. It suggests that a substorm-scale pressure gradient persisted earth-
ward and toward the SCW’s central meridian. Most importantly, the timescale
and trend of the pressure gradient were similar to that of the westward electrojet
and FACs in the SCW, as indicated by the AL and MPB indices.
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Figure 1. An overview of observations for an isolated substorm on February 07,
2008. The panels show: (ab) MPB and AL indices; (c) the MLT locations of
the upward (blue) and downward (red) FACs and their central meridian (black)
are shown in asterisks. The MLT of THEMIS P3 (blue), P4 (green), and P5
(red) are shown as solid lines. The plasma beta at the location of the THEMIS
probes is shown in the fourth panel. The flow velocity in GSM coordinates at
THEMIS probes is shown in the following three panels (blue, green, and red for
the x, y, and z directions). The equatorial thermal pressures observed at the
three THEMIS satellites are shown in the next panel for P3(blue), P4 (green),
and P5 (red). The pressure gradients ∇𝑃𝑥 (blue) and ∇𝑃𝑦 (red) are shown in
the last panel.

1. Temporal correlation between flows and substorm onsets

The substorm onset is believed to be triggered by the reconnection-generated
earthward fast flows [Angelopoulos et al., 2008; Pu et al., 2009; Chu et al.,
2009]. Therefore, the fast flows are usually observed within a few minutes of
the substorm onset. This study investigates the temporal correlation between
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the earthward flows and substorm onsets.

Figure 2a shows the time delay analysis between earthward flows observed within
12 RE and substorm onsets within a time window of ± 1 hour. The MPB
substorm onset was set to epoch zero in the time delay analysis. Thus, a positive
(negative) time delay means that flows were observed after (before) the substorm
onset. A total of 703 flows were observed within 1 hour of substorm onset, using
the selection criteria described in Section 2. A sharp peak was found at epoch
zero in the time delay distribution. More than half of these flows (356) were
found within 10 minutes of substorm onsets, referred to as onset-associated
flows. The close temporal correlation suggests that most flows were observed
simultaneously with substorm onsets.

The flow occurrence during different substorm phases is investigated in Figure
2b. Because the substorm durations vary between events, they were normalized
to 1 and divided into ten bins. The substorm duration is defined as the interval
between the substorm onset and the end of the substorm [Chu et al., 2015]. The
mean value of the substorm duration is 46 minutes. A total of 1299 flows were
found in the interval between -1 to 2 substorm durations. The flow occurrence
normalized by substorm duration was also seen to be peaked at substorm onset.
The flow occurrence was much lower at other substorm phases, but not zero.
Furthermore, the flow occurrence during the substorm growth phase before the
substorm onset was slightly higher than after the substorm onset.

Figure 2. (a) Time delay analysis between the earthward flows observed by
THEMIS P3, P4, and P5 within 12 RE and substorm onsets identified using the
MPB index. The substorm onsets have been set to epoch zero. The positive
(negative) delay means that flows were observed after (before) the substorm
onsets. (b) The probability of flows is normalized by substorm duration.

1. Spatial correlation between flows and SCWs

Figure 1 shows that the MLT locations of the onset-associated earthward flows
were inside the SCW and positioned between the MLT locations of the two FACs.
Statistical analysis was carried out to study the spatial correlation between the
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earthward flows and the FACs. Only onset-associated flows were selected to
ensure the locations of the FACs were available (see the second paragraph in
section 3.2 for details). Then, the locations of the FACs were determined using
the SCW inversion technique [Chu et al., 2014]. Since the SCWs have different
MLT widths for different substorms, the SCW widths are normalized to one
where the location of the upward FAC is set to zero, and the downward FAC is set
to one. Figure 3 shows the probability of the flows’ locations relative to the FACs.
The probability peaks inside the SCW between two FACs. Among the 589 flows
associated with substorm onset, more than 85% (501) were found inside an SCW.
Moreover, the occurrence distribution was asymmetric and skewed toward the
duskside (upward) FAC. An SCW is also asymmetric because the two FACs
have different widths. The upward FAC is usually narrow, and the downward
FAC is wider, as illustrated by the horizontal bars at the top of Figure 3 [Chu
et al., 2014]. The spatial correlation between the onset-associated flows and the
FACs is consistent with the view that the earthward flows generate upward FAC
on their duskside and downward FAC on their dawnside.

Figure 3. The probability distribution of spacecraft-observed flow locations as-
sociated with substorm onset as a function of the FAC locations in the SCW,
inverted from the ground magnetometers. The FACs’ locations have been nor-
malized so that the location of the upward (downward) FAC is located at zero
(one). The FAC widths are indicated by horizontal bars at the top. More than
85% of the flows are between the upward and the downward FACs.

1. Pressure and flows

Superposed epoch analysis (SPEA) of the flow velocity and the equatorial ther-
mal pressure was used to investigate the potential contribution of flow vortices
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and pressure gradients to the FAC generation. Figure 4 shows the SPEA of the
MPB and AL indices, equatorial thermal pressure, magnetic field BZ, and flow
velocity. The epoch zero is set to the onset-associated flows. Both the MPB and
AL indices started to change sharply at epoch zero, suggesting that the FACs
and the westward electrojet in the SCW strengthened. These currents reached
a maximum within about 20 minutes and then gradually decayed within about
an hour. The equatorial thermal pressure increased sharply at epoch zero and
slowly decayed within about an hour. The magnetic field BZ rapidly increased
after the onset, reaching a maximum in ~20 minutes, and then slowly decreased,
indicating a magnetic dipolarization and consequent reduction in the cross-tail
current associated with the SCW formation. The trends of the equatorial ther-
mal pressure and the magnetic dipolarization are similar to those of the currents
in the SCW. On the other hand, the flow velocity had a sharp peak at epoch
zero and quickly decayed within a few minutes. Although the flow occurrence
was non-zero after the onset in Figure 2, the SPEA of the flow velocity was
smeared out by quiet periods without flows. It should be noted that the equato-
rial thermal pressure reached its maximum much quicker than the dipolarization
of BZ. In other words, the peak center of BZ arrived later than the peak center
of the equatorial thermal pressure. It suggests that the center of BZ was more
tailward than the center of the pressure increase.

Figure 4. Superposed epoch analysis of the MPB and AL indices, the equatorial
thermal pressure, the magnetic field BZ, and the flow velocity relative to the
onset-associated flows within 12 RE.
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Figure 5 shows the SPEA of the equatorial thermal pressure, plasma thermal
pressure, plasma density, temperature, and magnetic field BZ relative to flows in
the mid-tail observed by THEMIS P2 (from -12 to -20 RE). Note that the equa-
torial thermal pressure was almost constant after detecting the flows. Although
the plasma density decreased in the plasma bubble, the plasma temperature
increased significantly. Therefore, the thermal pressure increased after the flow
onset. The magnetic field BZ had a short spike of 2 min at the flow onset, which
was associated with the dipolarization front ahead of the fast flow (e.g., [Runov
et al., 2009; Liu et al., 2014] and references therein). The BZ reached its maxi-
mum value in about 10 minutes and slowly decreased. The percentage change
in BZ was larger than the change in the equatorial thermal pressure. Therefore,
in the mid-tail region (-12 to -20 RE), the magnetic dipolarization was observed
while the equatorial thermal pressure remained almost constant.

The results above suggest that as fast flows travel earthward, plasma tempera-
ture and equatorial thermal pressure increase, with most of the heating occur-
ring in the near-Earth region (within -12 RE). On the other hand, the elevated
flow velocity did not last long enough to sustain an SCW, which endured for
much longer. Therefore, the pressure gradient resulting from the substorm-scale
increased pressure is more likely to be the sustaining mechanism of the FACs
of the SCW. This fact is consistent with our previous study showing that the
SCW strength correlated with the substorm-scale magnetic flux accumulation
in the inner magnetosphere [Chu et al., 2021].

Figure 5. Superposed epoch analysis of the equatorial thermal pressure, plasma
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thermal pressure, plasma density, thermal temperature, and the magnetic field
BZ relative to the flows observed in the mid-tail region, defined to be between
-12 and -20 RE.

1. Pressure gradient in SCW frame

This section investigates the pressure gradient distribution in the SCW frame.
Three THEMIS probes (P3, P4, and P5) must be located in a triangular con-
figuration near the equatorial plane and close to each other (within 2 RE) to
calculate the pressure gradient. During five tail seasons, 42 time intervals with
a total of 253 hours of data satisfy these criteria. A large fraction of intervals
occurred in 2008 because the THEMIS probes were separated in the z-direction
in later years. Twenty-three isolated substorms, including the substorm exam-
ple in Figure 1, were found in these time intervals. The FAC locations and
central meridian of the SCW were obtained for each event using the SCW inver-
sion technique. The change in the equatorial thermal pressure was obtained by
subtracting the initial value at the onset. Then, the pressure gradient ∇𝑃 was
calculated using data from three THEMIS satellites. Figure 6 shows the changes
in ∇𝑃𝑥 and ∇𝑃𝑦 as a function of local time relative to the central meridian of
the SCW. The ∇𝑃𝑥 , pointing toward the Earth, increased during most of the
substorms, suggesting that the equatorial pressure increased with decreasing dis-
tance, in moving closer to the Earth. The ∇𝑃𝑦, pointing duskward, increased on
the dawnside of the central meridian, and decreased on the duskside, suggesting
that the maximum equatorial thermal pressure was co-located with the central
meridian of the SCW. This fact is consistent with the results shown in Figure
3 that the flows were located inside the SCW between two FACs, supporting
the idea that the high-pressure region created in the flow braking process was
co-located with the central meridian of the SCW. As a result, the downward
FAC was generated on its dawnside and the upward FAC on its duskside.
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Figure 6. The changes in the components of the pressure gradients ∇𝑃𝑥 and
∇𝑃𝑦 during substorms as a function of local time relative to the central meridian
of the SCW.

1. Discussion

Substorm current wedge formation is usually attributed to pressure gradients
and flow vortices generated in the flow braking and diversion process [Vasyli-
unas, 1970; Yao et al., 2012; Kepko et al., 2015 and references therein]. The
pressure gradients and flow vortices are expected to be organized relative to the
central meridian of the SCW, i.e., in the SCW frame. Unfortunately, the central
meridian of the SCW could not be readily obtained from in-situ satellite obser-
vations in past studies. In this study, we obtained the central median of the
SCW using the SCW inversion technique based on ground magnetometer data.
Then, we statistically investigated the generation mechanisms of the FACs in
the SCW frame. In this section, we discuss how these results may shed light on
the generation mechanisms of the SCW.

1. Flow occurrence relative to substorm onset

Although earthward flows are associated with substorms, they can nevertheless
occur at any level of magnetic activity [Angelopoulos et al., 1994], and there is
no one-to-one correspondence between them [McPherron et al., 2011]. Since the
SCW is believed to be generated in the flow braking region inside 12 RE, we
investigated the temporal and spatial correlation between the earthward flows
inside 12 RE and substorms identified using the MPB index. Figure 2a shows
the time delay analysis between the flows and substorms with a one-hour time
window. The flow occurrence peaks at substorm onset, and more than half of the
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flows were observed within 10 min of substorm onset. A similar close temporal
correlation was found between earthward flows and substorm onsets identified
using the AL index [McPherron et al., 2011]. The flow occurrence normalized
by the substorm duration in Figure 2b also peaks at substorm onset. These
results support the idea that SCW formation is associated with flow braking
within 1-2 minutes. It should be noted that the flow occurrence is non-zero all
the time, consistent with the fact that flows can occur at any level of magnetic
activity and with recent studies showing that only a small fraction of fast flows
can trigger a substorm [Ohtani et al., 2006; Takada et al., 2006; Weygand et
al., 2008]. The penetration depth of an earthward flow is generally thought to
depend on its entropy, rather than its initial flow velocity [Dubyagin et al., 2010;
2011; Sergeev et al., 2014a]. The flow has an entropy lower than the ambient
plasma when generated by magnetic reconnection [Pontius and Wolf, 1990]. The
flow is expected to move earthward adiabatically, conserving its lower entropy,
and reaches a location where the background plasma entropy equals that of
the flow. It should also be noted that the flow occurrence is higher before the
substorm onset during the growth phase and lower during the expansion phase.
The occurrence of ground Pi 2 pulsations, associated with fast flows, was also
shown to be higher during the substorm growth phase [McPherron, 1994]. It
is possible that the magnetic energy stored in the tail lobe is released by the
onset-associated reconnection so that another magnetic reconnection does not
occur until enough energy is again stored in the tail lobe. It is also possible that
the magnetic field lines in the inner magnetosphere become highly dipolarized
during the expansion phase, which makes it more difficult for flows to penetrate
the near-Earth region. In other words, the background entropy decreases when
the magnetic field lines become dipolarized, and thus the flows stop at locations
further from the Earth.

1. Flow locations in the SCW frame

The statistical results shown in Figures 2 and 3 indicate a close temporal and
spatial correlation between the flows and the SCW. According to numerical
simulations, the pressure gradient and the FACs are expected to be organized by
the MLT location of the flows. Although the occurrence distribution of the flows
is centered at 23:00 MLT, the flows can reach the nightside inner magnetosphere
from any local time [McPherron et al., 2011]. In addition, the central meridian
of the SCW is also centered at 23:00 MLT, but it can be anywhere in the
nightside. In this study, the spatial correlation between the flows and the SCWs
has been investigated statistically for the first time. As shown in Figure 3, more
than 85% of the onset-associated flows were located inside the SCW between
the MLT locations of the two bounding FACs, suggesting that FACs are usually
located on both sides of the flow. In other words, these results support the
mechanism that earthward flows generate FACs of different polarities on each
side, and are further consistent with numerical simulations of the current wedge
formation, in which the pressure gradients and the flow vortices have different
polarities on each side of the flows, generating FACs of different polarity.
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In addition, the flow distribution shown in Figure 3 is asymmetric, skewed to-
ward the duskside of the flow. The FACs in an SCW are also asymmetric due to
their different current carriers, with narrow upward FACs and wider downward
FACs. The skewness of the flow distribution in the SCW frame is likely due
to the asymmetry of the FACs. One possible reason is that ion acceleration is
more effective on the duskside of the flows, and the plasma is heated more on the
duskside [Zhou et al., 2014a; Zhou et al., 2014b]. The asymmetry in plasma heat-
ing might produce an asymmetric pressure increase; thus, asymmetric pressure
gradients generate asymmetric FACs. The asymmetric pressure distribution is
also evident in Figure 6, in which both ∇𝑃𝑥 and ∇𝑃𝑦 are stronger on the dusk-
side in the SCW frame, resulting in FACs with stronger current density on the
duskside.

1. Substorm current wedge generation mechanisms

In this study, we investigated the contributions of the pressure gradients and
flow vortices to the generation of the SCW’s FACs. As shown in Figure 4, the
FACs and westward electrojet in the SCW increased sharply after the onset and
lasted for about an hour. The equatorial thermal pressure also increased after
the onset and had a temporal trend similar to the strength of the SCW. How-
ever, the earthward flows lasted for less than 3 minutes, significantly shorter
than the SCW measured by the MPB and AL indices on the order of ~30 min-
utes. Therefore, the pressure gradient is likely to be the sustaining mechanism
responsible for the FACs in the SCW rather than the flow vortices. An event
study showed that a flow vortex with a peak speed of 500 km/s and a radius of
1 RE could generate enough FACs for an SCW [Keiling et al., 2009]. Another
event study found that the total FACs from the flow vortices and the azimuthal
pressure gradient are comparable to a typical SCW [Yao et al., 2012]. The flow
vortices lasted less than 5 minutes in both studies. Therefore, although flow
vortices and azimuthal pressure gradients could generate FACs having a strong
current density initially, the pressure gradient is likely the dominant contributor
to the FACs in an SCW because the flow vortices disappear quickly. To further
validate this conclusion, it is necessary to have multiple in-situ measurements
to confirm the existence of the flow vortices and examine their contribution to
the FACs, which requires a satellite constellation such as the proposed Magne-
tospheric Constellation mission (MagCON) [Kepko et al., 2018].

The equatorial thermal pressure observed within 12 RE showed a substorm-
scale (~1 hour) increase of ~20%, as shown in Figure 4. In contrast, in the
mid-tail (from -12 to 20 RE), the equatorial thermal pressure showed only a flow-
scale transient change (~2 min). In addition, the equatorial thermal pressure
in the mid-tail did not decrease within the flow, suggesting a picture slightly
different from previous simulations in which the thermal pressure decreased
inside the flow [Yang et al., 2011; Birn and Hesse, 2013]. This result does not
contradict previous statistical studies showing that thermal pressure decreases
after a dipolarization front [Runov et al., 2011; Liu et al., 2013b]. In their
results, the decrease in the thermal pressure lasted less than two minutes and

15



then increased above the background level. Furthermore, the transient drop
in the pressure corresponds to a localized current structure surrounding the
dipolarization front rather than a global SCW. As shown in Figure 1, both
flow-scale and substorm-scale pressure gradients are observed in the course of
a substorm. The flow-scale pressure gradient was associated with a decrease
in the equatorial pressure during the flow interval; the substorm-scale pressure
gradient was associated with increased equatorial pressure even when no flow
was present. The flow-scale pressure gradient is usually related to a narrow
current system (current wedgelet) [Birn and Hesse, 2013; Liu et al., 2015] and
the substorm-scale pressure gradient to the global SCW.

Because the pressure gradient seems to sustain the global SCW, the pressure
gradient pattern was investigated in the SCW frame. Figure 6 demonstrates
that ∇𝑃𝑥 increased for almost all substorm events, suggesting that the thermal
pressure becomes higher at decreasing distances toward the Earth. The ∇𝑃𝑦 was
negative on the duskside of the central meridian and positive on the dawnside,
pointing toward the central meridian, and increasing in intensity on either side.
Therefore, it can be concluded that the azimuthal pressure gradient is well
organized in the SCW frame, suggesting that the equatorial thermal pressure is
higher closer to the central meridian of the SCW. In other words, the center of
the high pressure created by flow braking is co-located with the central meridian
of the SCW. This result is consistent with FAC generations on each side of the
flows, as shown in Figure 4. In addition, both ∇𝑃𝑥 and ∇𝑃𝑦 are larger on
the duskside than on the dawnside, likely corresponding to stronger current
density. The asymmetry in the pressure gradient may be responsible for an
asymmetric SCW (with narrower, stronger upward FACs and weaker, wider
downward FACs). The results also suggest that the earthward flow heats the
ambient plasma as it travels earthward, leaving a high-pressure region behind
it. The equatorial pressure increased faster than the magnetic field BZ in the
near-Earth region.

The current density of the FACs is determined not only by pressure gradient
∇𝑃 but also by the gradient of flux tube volume ∇𝑉 . However, ∇𝑉 cannot
be accurately obtained from in situ observations since it is determined by an
integration along the flux tube from the magnetosphere to the ionosphere. It
can, however, be roughly inferred from the magnetic dipolarization. As shown
in Figures 4 and 5, the equatorial pressure increased faster than BZ in the near-
Earth region. Thus, the center of BZ was more tailward than the equatorial
thermal pressure. This configuration of the equatorial pressure and BZ is similar
to the RCM-E simulation of an idealized plasma sheet bubble (Figure 5 in [Yang
et al., 2011]), in which a quadrupole pattern of FACs is generated.

Figure 7 shows an illustration of the substorm current wedge formation. Mag-
netic reconnection generates an earthward flow with a dipolarization front (or
reconnection front) [Angelopoulos et al., 2013], which accelerates the plasma
ahead of it and forms a high-pressure front [Zhou et al., 2014a]. The currents
surrounding a dipolarization front are related to narrow current wedgelets in the
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ionosphere [Liu et al., 2013a; Liu et al., 2015]. As the flow approaches the near-
Earth region, especially the transition region, it quickly slows down and diverts
azimuthally [McPherron et al., 2011]. The flow braking and diversion create
two flow vortices on each side and a high-pressure region. Initially at the onset,
both the flow vortices and the pressure gradient generate FACs that support
the SCW [Keiling et al., 2009; Yao et al., 2012]. The flow vortices disappear
within several minutes as the flow vanishes. The high pressure lasts for about
an hour, and the associated pressure gradient sustains the SCW. The peak of
magnetic dipolarization is located more tailward than the high-pressure region,
as illustrated in Figure 7. According to the Vasyliunas equation, the nonalign-
ment between their gradients generates an SCW with quadrupole FACs. The
outer current loop is a classic SCW, a region-1-sense current loop; the inner
current loop is a region-2-sense current loop. The existence of quadrupole SCW
was also suggested by previous simulations [Yang et al., 2011; Birn and Hesse,
2014] and observations [Sergeev, 2013; Sergeev et al., 2014b]. The combined
magnetic effects of these FACs on the ground and in geosynchronous orbit can
be represented by their net current, similar to a classic SCW.

Figure 7. Cartoon illustration of substorm current wedge formation. The color
contour shows the plasma pressure on the equator. The lines are the contours
of the magnetic field BZ. The purple and black vectors represent the gradient of
thermal pressure and flux tube volume. The directions of the FACs are obtained
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from the Vasyliunas equation.

1. Conclusions

This study investigates substorm current wedge (SCW) formation using a set
of earthward flows observed during five THEMIS tail seasons and substorm
onsets identified using the MPB index. It is found that the flow occurrence
has flow-scale (few minutes) peaks at substorm onsets, as shown in the time
delay analysis, and the flow speed quickly dropped in 3 minutes. The close
temporal correlation between the fast flows and substorm onsets suggests that
SCW formation is highly correlated with the flow braking process. In addition,
it is found that most (85%) of the onset-associated flows were spatially located
inside the MLT region of the SCW, between the two FACs. Such a good spatial
correlation supports the mechanism that FACs are generated on both sides of
the flows.

The equatorial thermal pressure and flow vortices relative to the flow onsets
were investigated, and it was found that the equatorial thermal pressure has
a substorm-scale enhancement and lasts for about an hour, comparable to the
durations of the FACs and westward electrojet in the SCW. On the other hand,
the flows related to the flow vortices lasted for less than 3 minutes, which was
significantly shorter than the SCW. The different time scales suggest that the
SCW may be generated by pressure gradient and flow vortices in the first few
minutes before the flows decayed. However, the SCW is likely sustained by
substorm-scale high-pressure generated in the flow braking process rather than
flow-scale flow vortices.

Furthermore, the pressure gradient was found to be well organized in the SCW
frame. The ∇𝑃𝑥 increased for almost all substorms; the ∇𝑃𝑦 increased on
its dawnside of the central meridian and decreased on its duskside. This fact
suggests that the center of the high-pressure region caused by flow braking is
co-located with the central meridian of the SCW, which is consistent with the
theory that FACs are generated on both sides of the flows. Although the gra-
dient of the flux tube volume cannot be obtained from in situ observations, it
can be inferred from the magnetic dipolarization of BZ. The center of the mag-
netic dipolarization was more tailward than the center of the increased pressure,
which is consistent with simulation results. As a result, the nonalignment be-
tween the gradient of the flux tube volume and pressure can generate an SCW
with quadrupole FACs. Their combined magnetic effects on the ground and
geosynchronous orbit are similar to their net current, which resembles a classic
one-loop SCW.
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