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Formation and evolution of high-plasma-pressure
region in the near-Earth plasma sheet: Precursor
and postcursor of substorm expansion onset

Y. Yao', Y. Ebihara’, and T. Tanaka?®

'Research Institute for Sustainable Humanosphere, Kyoto University, Uji, Japan, 2Kyushu University, Fukuoka, Japan

Abstract cause of substorm expansion onset is one of the major problems in the magnetospheric study.
On the basis of a global magnetohydrodynamic (MHD) simulation, Tanaka et al. (2010) suggested that
formation and evolution of a high-pressure region (HPR) in the near-Earth plasma sheet could result in
sudden intensification of the Region 1 field-aligned current and the westward auroral electrojet. In this sense,
the formation and evolution of the HPR are a key in understanding the cause of the onset. On 5 April 2009,
three probes of the Time History of Events and Macroscale Interactions during Substorms (THEMIS) were
located at Xgsm~—11 Re around the equator, which provide unique opportunity to investigate the
spatial-temporal evolution of the HPR near the substorm expansion onset. Just before the onset, a
positive excursion of the plasma pressure appeared at the outermost probe first, followed by the inner
ones. Just after the onset, the opposite sequence took place. A positive excursion of the Y component of
the current density was observed near the onset by the THEMIS probes and followed by a decrease
trend. A similar variation was also found in the MHD simulation. All these features are consistent with
the simulation result that a squeeze of the plasma from the plasma sheet results in the formation of the
HPR before the onset and that the accumulated plasma spreads outward after the onset. The HPR is
shown to be important for the dynamics of the magnetosphere during a substorm.

1. Introduction

Substorm is a transient phenomenon, during which the solar wind energy is transferred into magnetic energy
stored in the magnetotail, and then significantly released into the inner magnetosphere, and the ionosphere.
The time of a sudden brightening of the aurora [Akasofu, 1964] is widely accepted as a substorm expansion
onset. The key issue in the substorm is its triggering mechanism. Numerous models have been proposed,
such as the near-Earth neutral line (NENL) model [e.g., Baker et al., 1996], in which the onset is triggered by
the process of magnetic reconnection at ~20 Re in the near-Earth magnetotail, and the current disruption
(CD) model [e.g., Lui, 1996], in which the ballooning instability or cross-field current instability causes the
CD at ~10 Re, resulting in the dipolarization and formation of the substorm current wedges. A synthesis of
the models have also been suggested [Pu et al., 1999; Machida et al., 2014].

On the basis of a global magnetohydrodynamic (MHD) simulation, Tanaka et al. [2010] pointed out that the
sudden intensification of the westward auroral electrojet can be explained in terms of a substantial increase
of the plasma pressure caused by the state transition (change in the force balance) in the plasma sheet. The
state transition model involves the MHD processes only. During the growth phase, about 6 min before the
substorm expansion onset a near-Earth neutral line (NENL) forms and results in the force imbalance between
pressure gradient force and tension force. It is always over tension in the midtail region just before the onset,
since the reduction of the pressure gradient force. The over tension state brings out earthward tension force
that generates earthward fast flow. The convergence of the fast flow contributes to the pressure enhance-
ment that leads to the generation of high-pressure region (HPR). In other words, the plasma is squeezed in
the near-Earth plasma sheet resulting in the formation of high-pressure region. Also, it can be said that the
plasma implodes earthward. As a consequence, the HPR moves earthward and reaches the inner region from
Xgsm = —6 to —8 Re within 3 or 4 min before the onset. The generation of the HPR causes diamagnetic current
(J4) that can result in an intensification of the Region 2 field-aligned currents, together with the Region 1 cur-
rents on the nightside. Then, auroral electrojets are intensified in the polar ionosphere on the nightside,
which is regarded as a manifestation of the substorm expansion onset. After the onset, the region where
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the plasma is squeezed spreads tail-
ward. As a consequence, the HPR
retreats tailward, although the plasma
flows earthward. Yao et al. [2015]
identified the tailward propagation of
the HPR just after the onset that took
place on 1 March 2008 on the basis of
data from the Time History of Events
and Macroscale Interactions during
Substorms (THEMIS) probes. However,
the earthward implosion of the HPR
before the onset as predicted by the
global MHD simulation was not iden-
tified. One possible reason is that
Figure 1. Temporal variation of simulated plasma pressure as a function of  the THEMIS probes were located at
Xasm in the equatorial plane (Ygsy =0 and Zgsy =0 Re). The vertical off-equator during the substorm on 1
dashed Iings refer to the time at elapsed times of 51 and 542'8 min: The March 2008. The purpose of this study
horizontal lines give reference from Xgsp = —6 to —10 Re with 1 Re interval.
The red thick curve and line indicate evolution of the main part and sub is to identify the earthward implosion
part of the high-pressure region after the substorm onset, respectively. and tailward retreat of the HPR before

and after the onset, respectively, and
associate the propagation of the HPR with a substorm expansion onset in terms of precursor and postcursor

of the onset.

Xz [Re]
[nPa]

time [min]

2. Observations and MHD Simulation Results

We used the global MHD simulation developed by Tanaka et al. [2010]. The boundary condition in the
upstream of the solar wind is the same as the one used by Ebihara and Tanaka [2013] and Yao et al.
[2015], solar wind speed of 372.4 km/s, solar wind density of 10cm 3, and interplanetary magnetic field
(IMF) B, of 4.33 nT and B, of —4.33 nT. Figure 1 shows the plasma pressure calculated by the global MHD simu-
lation as a function of Xgsy and time in equatorial plane (Zgsm = Yesm = 0 Re). Elapsed time at 51 min (in which
the epoch starts with the southward turning of IMF) is defined as a plausible substorm onset based on a sharp
slope of the AL index [Ebihara and Tanaka, 2013]. The near-Earth neutral line (NENL) is formed at Xgspm~—15
Re at elapsed time of ~45 min. After the formation of the NENL, it is found that the plasma pressure starts to
increase in the outer region first, followed by the inner region. The HPR seems to implode earthward. When
the HPR arrives at Xgsm= —7 Re, a substorm expansion onset takes place. After the onset, the HPR splits into
two. A main part (inner part) of the HPR continues to move earthward between 51 and 53 min, and then after
~53 min, it begins to expand both earthward and tailward. After ~52.8 min, a subpart (outer part) of the HPR
could be seen on the outer side of the main one between Xgsy=—8 and —9 Re. The subpart only retreats
tailward. The main part of the HPR results from the convergence of the thermal energy, and the subpart of
the HPR comes from the flow braking [Tanaka et al., 2010]. The “V” structure that appears in the Xgsy-time dia-
gram of the plasma pressure is a characteristic feature seen in the global MHD simulation [Tanaka et al., 2010].

On 5 April 2009, an isolated substorm occurred during the interval that Dst index was 4 nT. According to the
SuperMAG database [Gjerloev, 2012], the substorm expansion onset took place at ~09:17 UT based on a sharp
decrease in the auroral electrojet index (SML) of the SuperMAG. AL index provided by WDC Kyoto reached
—217 nT, so that this substorm may be regarded as a weak one. During the period from 09:10 to 09:30 UT
(including both substorm growth and expansion phases), the average solar wind conditions are as follows:
solar wind density of 7.13 cm ™, solar wind speed of 347.26 km/s, IMF B, of 2.82nT, and B, of —1.31 nT. In this
substorm event, three THEMIS [Angelopoulos, 2008] probes THA, THD, and THE were distributed close to each
other at Xgsp = ~—11 Re. The locations of the probes are shown in Figure 2 by solid circles as its start position.
Solid lines indicate their orbits during the period between 09:00 and 10:00 UT. Figure 2b shows the locations
of the probes in the Xgsm-Zgsm plane, together with magnetic field lines provided by the T89-magnetic field
model [Tsyganenko, 1989]. Probe THE was located at (—11.1, 2.3, 0.0) Re, and probe THD was located at
(—10.7, 1.2, 0.3) Re in the GSM coordinate, so that these two probes were located very close to the equatorial
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,Orbit in GSM plane. Probe THA was located at
(—11.3, 2.6, —1.0) Re, which occupies
the similar Ygsy value as that of probe
THE. In this study we used the same
method as utilized by Yao et al.
[2015] to determine the coincident

1 position of the THEMIS probes in the

] MHD simulation domain. That is, at
% n the coincident position, the overall

-4 T T
| 2009-04-05/09:00:00 @
I 2009-04-05/10:00:00 THE

Yasw [Re]

variations of plasma pressure, bulk
velocity, and magnetic field are similar
to those observed by a corresponding
probe. The coincident positions are
drawn by open circles.

ENIS

Figure 3 demonstrates direct com-
parison between the THEMIS observa-
tion and the MHD simulation at
probes THE and THD. Probe THE is
about 0.4 Re tailward far from probe
THD. Figure 3a shows SML of the
SuperMAG, AL index from WDC Kyoto,

5 > - - s s e i and THEMIS AL index denoted by red,
Xson [RE] blue, and dark green lines, respectively.

According to the SuperMAG database,
Figure 2. Orbit of THEMIS probes (THD, THE, and THA) shown by solid circle  the substorm expansion onset is deter-

(start point) with line pointing the orbit in (a) Xgsm-Yo and (b) Xgsm-Z . . .

planespduring the pe'raiod be?ween 09:00 and 163'\(/)10 SiNc‘)n 5 ApriIG250r\(/)|9.(#1’: mln.ed at ~09:17 UT. Figure 3b .ShOWS

open circles refer to coincident positions of the associated THEMIS probes in AL index computed from the simula-

the MHD simulation domain (see text for details). tion data [Ebihara and Tanaka, 2013].
In the MHD simulation, we define the

time of the onset to the moment at which the calculated AL starts to decrease rapidly, that is elapsed time of

~51 min [Ebihara and Tanaka, 2013]. The determined onset times are indicated by vertical dashed lines in

Figures 3a and 3b.

Zssu [Re]

Each THEMIS probe carries two different instruments to detect ions, the electrostatic analyzer (ESA)
[McFadden et al., 2008] for ions with energy <25keV and Solid State Telescope (SST) [Angelopoulos, 2008]
with energy >30keV. In this study we defined the ion pressure observed by the THEMIS probes as a combina-
tion of the ion pressure from ESA (Pgsa) and SST (Psst). Figure 3¢ shows the observed ion pressure at probe THE.
Although the ion pressure shows fluctuations, at least two major peaks can be clearly seen before and after the
onset as denoted by horizontal bars. The pressure observed by probe THD, which was located closer to the
Earth than probe THE, is shown in Figure 3e. Two peaks can also be found before and after the onset as denoted
by horizontal bars. Time difference between two pressure peaks is smaller at probe THD than that at probe THE.
Figures 3d and 3f show the plasma pressure obtained by the MHD simulation at the coincident positions of
probes E and D, respectively. Two pressure peaks are also seen as denoted by solid triangles, and the time dif-
ference between the two pressure peaks is smaller at coincident position of probe THD than that at probe THE.
It is plausible to indicate that the THEMIS probes could capture the V structure shown in Figure 1.

Probe THE observed a decrease in the ion pressure from 09:06 UT (out of the time range shown in Figure 3c)
and a sharp enhancement from ~09:15 UT. The ion pressure decrease here is due to that probe THE moved
away from the central plasma sheet (CPS). From ion energy flux (not shown here), it is obvious that there is a
decrease in energy level associated to the ion pressure decrease, which may correspond to the movement of
probe THE toward the boundary layer. The ion pressure sharp enhancement from 09:15 UT is the result of
encountering the HPR propagating earthward, which is located within the CPS, and partially due to the loca-
tion change. At ~09:15 UT probe THE moved back to the CPS, and encountered the HPR, which causes the
sharp pressure enhancement. The evidence can be found from the ion energy flux that has a similar enhance-
ment pattern as that observed by probe THD that was always located in the CPS, the fast earthward flow that
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Figure 3. Comparison between THEMIS observations and results of MHD simulation. (a) SML of the SuperMAG (red),
AL index of WDC Kyoto (blue), and THEMIS AL index (dark green). (b) AL index computed from the simulation data.

(c and d) The comparison of plasma pressure between THEMIS observation and simulation at probe THE. (e and f) The
comparison of plasma pressure at probe THD. (g) Jy calculated from the observations of THEMIS probes (see text for details).
(h) Simulated J, at coincident position of probes THE (red) and THD (blue) in the MHD frame.

can be seen associated to the HPR earthward propagation. The location change can contribute to the
pressure variation since the particle properties are different in the CPS and the boundary layer, but only a
glossy enhancement is available.

On the basis of the multispacecraft measurements of the magnetic field obtained by the THEMIS probes, Lui
[2011] and Yao et al. [2014] demonstrated a way to directly calculate the current density in the Ygsy direction
by using Ampere’s

ol =V X B, (1)

where pq is the magnetic constant, J is the current density, and B is the magnetic field. The current density in
the Y-component J, is thus given by

1 (0By 0B, 1 (ABy AB,
Sy=—=-—=); — — . (2)

Ho\ 0z  Ox o\ Az  Ax
In this study, AB,/Az is calculated by the observed data from a pair of two probes THE and THA, and AB,/Ax is
calculated by the data obtained from a pair of two probes THE and THD. We assumed that the magnetic field
is independent of Ygsu. Figure 3g shows the J, calculated based on the THEMIS observations. The black line
indicates J, with a temporal resolution of 3 s. The red line refers to the smoothed one with a 30 s running aver-

age window from the original data in black line. A positive excursion of J is found near or a little bit after the
substorm expansion onset, which is consistent with the global MHD simulation result shown in Figure 3h.

Figure 4 summarizes the plasma pressure P, the plasma velocity V, the magnetic field B, and the current
density J in the GSM coordinates. All the parameters are obtained from the global MHD simulation
at (—10.0, 1.0, —0.5) Re, that is the coincident position of probe THE. Two vertical dashed lines from
left to right refer to times at elapsed times of 51 (substorm expansion onset) and 55 min, respectively.
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Figure 4. Temporal variation of simulated (a) plasma pressure and (b) velocity in GSM coordinate; the blue, dark green,
and red lines refer to V,, V,, and V,, respectively (following vectors have the same format as velocity), (c) magnetic field,
(d) current density, (e) perpendicular current density, (f) parallel current density, (g) inertial current density, (h) diamagnetic
current density. The two vertical dashed lines indicate the time at 51 and 55 min.

In Figure 4a two pressure peaks can be found as denoted by solid triangles, which are also found in
Figure 1. The first one is found before the onset at ~48 min, and the other one is found after the onset
around 56 min. Figure 4b shows the plasma velocity V. The X component of the velocity (V,) starts to
increase at ~46 min. After the onset (~51 min), V, further increases and reaches maximum at ~55 min.
Then, V, decreases. The magnitude of V,, and V, is small as compared with that of V,. After the onset V,
shows a negative excursion around 55 min. This feature is normally found in the tailward retreat of the
HPR away from the equator, in which plasma moves away from the equator in the Zgs) direction because
of the establishment of the pressure gradient force looking away from the equatorial plane [Yao et al.,
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Figure 5. Temporal variation of simulated force terms defined in the equation (4) at coincident position of probe THE in the
MHD frame. (a) Plasma pressure, (b) p(0V/ot), (c) p(VgV)V, (d) plasma pressure gradient force, and (e) Lorentz force. The two
vertical dashed lines indicate the time at 51 and 55 min.

2015]. Figure 4c shows the magnetic field B in the GSM coordinate. Negative B, means that the location is
in the Southern Hemisphere. The magnitude of B, is very small being close to 0. Positive B, means that the
location is well earthward of the NENL. B, experiences a two-step enhancement, which could be consid-
ered as the dipolarization [Sergeev et al., 1993; Baumjohann et al., 1999]. The first one could be regarded
as dipolarization front moving earthward [Nakamura et al., 2002; Runov et al., 2009; Sergeev et al., 2009].
In the global MHD simulation, the dipolarization continues during the expansion phase, which is consistent
with previous observations [e.g., Baumjohann et al., 1999]. Figure 4d shows the current density J. It is
obvious that J, is the dominant component during the interval of interest. J, undergoes a sharp increase
about 1 min after the substorm expansion onset and then begins to decrease. When the plasma pressure
starts to increase at ~55 min (corresponding to the encounter of the sub HPR), the polarity of J, turned from
positive to negative. We divided the current density J into the perpendicular component J,, and the
parallel component Jj, which are shown in Figures 4e and 4f, respectively. It is found that |J| is much
smaller than |/,|, and the intensification of J, found in Figure 4d essentially comes from the perpendicular
current. We further divide the perpendicular current J, into the inertial current (J;,), and the diamagnetic
current (Jg). For isotropic pressure, the perpendicular current can be defined as follows
Jo=Jin+J4
B dV BxVP (3)
= ? X p E + 5

where p is the mass density. Figures 4g and 4h demonstrate J;, and J, respectively. We found two
characteristics to be noted in the Y component of the current density. First, it is obvious that J, is
dominated by the diamagnetic current before ~55min, which may result from the establishment of the
main HPR. Second, the diamagnetic current is almost compensated by the inertial current after ~55 min.
That implies that the inertial current is intensified, but is almost canceled by the diamagnetic current that
results from the establishment of the second peak of the pressure. Because the (dawnward) inertial current
is stronger than (duskward) diamagnetic current, J, is negative (dawnward) after ~55 min.
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Figure 6. Temporal variation of simulated (a) plasma pressure, (b) oP/ot, term 1 (—VgVP) and term 2 (—yPVgV)
on the right-hand side of the equation (5) in the black, blue, and red lines, respectively, (c) 6P/ot in blue line, and
(—VgVP — yPVgV) in red line, (d) three subterms of the term 1, (e) three subterms of term 2. The two vertical dashed lines
indicate the time at 51 and 55 min.

We calculated the force density. Figure 5 summarizes four terms of the force density given in equation (4),

pa—‘:+p(V-V)V: —VP +J x B. (4)
The four terms from left to right in equation (4) are called a temporal term, a convection term, pressure gra-
dient force term, and a Lorentz force term and shown in Figures 5b-5e, respectively. The magnitude of the
temporal term is minor as compared with the convection term except near the onset (~51 min). Near the
onset, the imbalance between the pressure gradient force (Figure 5d) and the Lorentz force (Figure 5e)
results in the local acceleration and an increase in the earthward velocity (Figure 4b). After the onset, the
plasma is accelerated earthward by the convection term (Figure 5c). In Figure 5c¢, it is found that in the
Xgsm direction the convection term undergoes two different progresses. During the first interval between
51 and 55 min, the convection term is almost positive because the plasma is transported earthward by the
tension force (Lorentz force) [Tanaka et al, 2010] as indicated in Figure 5e. During the second interval
between 55 and 59 min, it is found that the convection term is largely negative. The plasma is primarily
decelerated by the pressure gradient force as well as the Lorentz force in the Xgsy direction. Since the
temporal term is much smaller than the convection term, it can be safely said that flow braking [Shiokawa
et al., 1997] takes place during the second interval.

To understand the evolution of the plasma pressure, the following adiabatic equation [Tanaka et al., 2010]
was evaluated

% = —V.VP —yPV .V, (5)
where y is a specific heat ratio being equal to 5/3. The first term on the right-hand side of the equation is
regarded as the convection of the plasma pressure, and the second term is regarded as convergence of
the plasma flow. We refer these two terms to (0P/0t); and (0P/0t),, respectively. Figure 6 summarizes all
the relevant quantities at (—10, 1, —0.5) Re, which is the coincident position of probe THE. In Figure 6b,
(OP/0t), and (OP/dt), are shown in blue and red lines, respectively. The black line indicates a sum of them,
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that is (OP/0t); and (OP/0t),. A blue line in Figure 6¢ indicates AP/At that was derived from a simple
differential calculation of P. A red line in Figure 6c is the same as the black line in Figure 6b. Because of
unwanted numerical error in the evaluating the equation, the red line (0P/0t) is not identical with the
blue line (AP/At) as previously discussed by Yao et al. [2015]. The first term (0P/0t), is divided into three
subterms: — V,(0P/0x), — V,(0P/dy), and — V,(0P/0z), which are shown in Figure 6d. The second term (0P/0t), is
also divided into three subterms: — yP(0V,/0x), — yP(0V,/0y), and — yP(0V,/0z), which are shown in Figure 6e.
We found that the essential cause of the pressure enhancements peaking at ~48 min and ~56 min is the
— yP(0V,/0x) term (blue line in Figure 6e), that is the convergence of the plasma flow in the Xgsy direction.

3. Discussion

We have identified two ion pressure peaks taking place just before and after the substorm expansion onset in
the near-Earth plasma sheet in the data from the THEMIS probes. From the multispacecraft observations, it can
be said that the first peak propagates earthward, and the latter one propagates tailward. In the previous study,
Yao et al. [2015] found the tailward propagation of the HPR just after the onset but did not identify the earth-
ward implosion before the onset. The difference between the previous study and this study comes from the dis-
tance from the equatorial plane. In this study, the THEMIS probes were located at 0.0, 0.3 and —1.0 Re in Zgsw,
whereas in the previous study they were located at —1.9, —1.5, —1.4, and —0.9 Re in Zgsu. The global MHD
simulation also shows that two peaks of the plasma pressure appears near the equatorial plane only, which is
consistent with the THEMIS observations. The distance from the equatorial plane is crucial to identify the
evolution of the plasma pressure in the near-Earth plasma sheet.

We have identified in this study that the subterm — yP(0V,/0x) is a dominant contributor to the plasma pressure
enhancement near the equatorial plane before and after the onset. At the off-equator, the subterm — yP(0V,/0z2)
is found to be a dominant contributor to the plasma pressure enhancement [Yao et al., 2015]. As Yao et al. [2015]
have stated, the pressure is enhanced near the equatorial plane first. The enhancement of the pressure near
the equatorial plane results in the plasma flow away from the equatorial plane. Thus, V, depends on Z, that
is, 0V,/0z < 0, resulting in the enlargement of the — yP(0V,/0z) term, that is, oP/0t > 0 at off-equator. In this sense,
the pressure enhancement takes place in a two-step way, and we believe that we could identify the pressure
enhancement caused by both the ways. In any case, it can be said that the convergence of the plasma flow
(that is — yPVgV) plays an important role in enhancing the pressure before and after the onset.

In a pseudo-breakup event occurred on 22 March 2010, Yao et al. [2014] found that the diamagnetic current
may play a major role in contributing to the cross-tail current reduction at Xgsm~—11 Re. Because the
pseudo-breakup event is considered to be caused by the same physical processes as the substorm, it is
plausible to make a comparison between each other. On the basis of the THEMIS data Yao et al. [2014]
calculated the pressure gradient in the Ygsm and Zgsy directions, in which the probes were located at
(~—11, =3, 0) Re and then estimated the diamagnetic current and the current derived from the
Ampere’s law. It is found that the simulated 0P/6z and J; from the MHD simulation at the coincident position
of probe THE at (—11.1, 2.3, 0.0) Re in this study have similar trend as that calculated by Yao et al. [2014]. That is,
Jgincreases first and then decreases, which may contribute to the current reduction. From Figure 4h we found
similar variation in simulated J; during the interval between 52 and 55 min. During this interval, the perpendi-
cular current is dominated by the diamagnetic current, so that the current reduction is mainly contributed by
the reduction of the diamagnetic current, which is consistent with the observation of Yao et al. [2014]. In the
MHD simulation, however, the perpendicular current is further decreased, and the polarity of the perpendicular
current is finally opposed by the growth of the inertial current that is a dawnward current. The difference
between the result of Yao et al. [2014] and our result may come from the difference between the pseudo-
breakup and the full-breakup. In previous studies the magnitude of the inertial current is considerably less than
that of the diamagnetic current [Birn et al., 1999] and is normally ignored [Keiling et al., 2009; Lui et al., 2010].
Shiokawa et al. [1997] suggested that the inertial current due to the flow braking is about 1 order of magnitude
smaller than the current caused by the magnetic flux pileup, which is equal to the current derived from
Ampere’s law. Our simulation result shows that the magnitude of the inertial current is comparable to that of
the diamagnetic current; however, the inertial current is almost canceled by the diamagnetic current that is
caused by the plasma pressure enhancement. Thus, to extract the inertial current from the observation is
expected to be difficult.
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4, Conclusions
The major conclusions are as follows.

1. We found two peaks of the ion pressure observed by the THEMIS probes located at Xgsm~—11 Re near the
equatorial plane. The first peak took place just before the substorm expansion onset, and the second one
took place just after the onset. The duration of the two pressure peaks is shorter in the inner region than in
the outer region. This is consistent with the V structure of the high-pressure region in the distance-time
diagram, which is predicted by the global MHD simulation [Tanaka et al., 2010].

2. The THEMIS observations show that the Y component of the current density J, shows a positive excursion
near the onset. According to the MHD simulation, the increase in J, is primarily caused by the intensifica-
tion of the diamagnetic current, and the decrease in it is caused by the reduction of the diamagnetic
current and intensification of the inertial current. During the latter interval, the magnitude of the inertial
current is comparable to that of the diamagnetic current, but the direction is opposite. Thus, the inertial
current (which points mostly dawnward) does not emerge clearly in the observational data.

3. These results may provide observational evidence of the sequence of a substorm as predicted by the MHD
simulation [Tanaka et al., 2010]. The convergence of the plasma flow caused by the change in the force
balance (state transition in the plasma sheet) plays an important role in the enhancement of the plasma
pressure around the substorm expansion onset.
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Erratum

In the originally published version of this article, equations (4) and (5) each contain instances where the
dot-product “” should have appeared instead of the letter “g”. The error has since been corrected, and this
version may be considered the authoritative version of record.
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