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[1] The azimuthal plasma pressure gradient in the near‐Earth plasma sheet makes crucial
contributions to field‐aligned current (FAC) formation. Numerical simulations and
statistical observations have shown that a plasma pressure peak tends to build up in the
premidnight region of the near‐Earth plasma sheet during the substorm growth phase
owing to enhanced magnetic drift. This leads to azimuthal pressure gradients in this region.
The temporal variation of the azimuthal pressure gradient may provide an indication
for the FAC variations associated with the substorm growth phase and may set up a plasma
sheet precondition for the substorm onset being triggered near this region. We take
advantage of two of the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) spacecraft separated azimuthally near the orbit apogee and
investigate the azimuthal plasma pressure gradient before substorm onset in the
R ∼10–12 RE region. Equatorial plasma pressure is estimated by removing the curvature
force effect. Five events with the spacecraft footprints mapped very close to the aurora
onset region were selected. These events show substantial duskward pressure gradient
enhancement 1–5 min before onset. The onset arc, which results from enhanced energetic
electron precipitation, was found to intensify simultaneously with the pressure gradient
enhancement before onset breakup occurs. Since the energy and energy flux of
precipitating electrons reflect the upward FAC strength, these results indicate that the
duskward azimuthal pressure gradient enhancement is associated with enhanced upward
FAC during the late growth phase and leads to the intensification of the onset auroral arc
soon before it breaks up. It is possible that this pressure gradient enhancement may lead
to ballooning mode instability and thus substorm onset along the intensifying arc.

Citation: Xing, X., L. R. Lyons, Y. Nishimura, V. Angelopoulos, E. Donovan, E. Spanswick, J. Liang, D. Larson, C. Carlson,
and U. Auster (2011), Near‐Earth plasma sheet azimuthal pressure gradient and associated auroral development soon before
substorm onset, J. Geophys. Res., 116, A07204, doi:10.1029/2011JA016539.

1. Introduction

[2] The substormonset triggeringmechanismhas been a key
question since the beginning of substorm research, but general
agreement on the timing sequence leading to substorm onset
has yet to reach a conclusive agreement despite over 40 years
of debate [e.g., McPherron et al., 1973; Angelopoulos et al.,
2008; Lui, 2008]. Recently, Nishimura et al. [2010a], Lyons

et al. [2010], and Xing et al. [2010] presented evidence for a
new idea of the preonset sequence starting with a poleward
boundary intensification (PBI) associated with local recon-
nection occurring near the magnetic separatrix. Reduced
entropy flow channels formed after the PBIs then convected
approximately earthward into the near‐Earth plasma sheet
associated with approximately equatorward moving aurora
streamers. Substorm onset occurs following the low‐entropy
plasma intrusion to the near‐Earth plasma sheet. However,
some reduced entropy flow channels associated aurora strea-
mers reach the preexisting aurora arc near the equatorward
boundary of the auroral oval but do not lead to onset [Xing
et al., 2010; Nishimura et al., 2010b], consistent with what
was found earlier byOhtani et al. [2002] in a case study. Xing
et al. [2010] suggested that necessary preonset conditions,
such as enhanced plasma pressure and pressure gradient, have
to be built up in the near‐Earth plasma sheet.
[3] During the substorm growth phase, the statistical

plasma sheet pressure is found to be higher than during quiet
times owing to the enhanced earthward convection [Wang
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et al., 2004a; Miyashita et al., 2009]. The enhanced mag-
netic drift in the near‐Earth plasma sheet gives an enhanced
dawn‐dusk pressure asymmetry leading to increased azi-
muthal pressure gradient [Lui and Rostoker, 1991; Wang
et al., 2004a, 2004b, 2007; Gkioulidou et al., 2009], which
increases and redistributes the Region 2 field‐aligned currents
(FACs) [Vasyliunas 1970; Lyons et al., 2003; Stepanova
et al., 2004; Gkioulidou et al., 2009] relative to the quiet
time background FAC [Wing and Newell, 1998; Xing et al.,
2009]. A well‐developed Region 2 FAC system in the
near‐Earth plasma sheet has been suggested to play a crucial
role in substorm physics [Lyons et al., 2009]. The changing
of the FAC distribution may feed back to the plasma sheet
convection via magnetosphere‐ionosphere electrodynamic
coupling, and thus affect the formation of the Harang rever-
sal, which is found to be closely related to substorm onsets
[Bristow et al., 2001, 2003; Bristow and Jensen, 2007; Zou
et al., 2009]. Therefore, the evolution of the azimuthal pres-
sure gradient during the growth phase may set up an important
precondition for the initiation of substorm onset instabilities.
[4] The large‐scale azimuthal pressure gradient in the

near‐Earth plasma sheet has been estimated from statistical
observations of the pressure distribution within the plasma
sheet [Shiokawa et al., 1998;Wang et al., 2007], and from low‐
altitude observationsmapped to the equatorial plane [Wing and
Newell, 1998, 2000] sorted by solar wind conditions and
activity levels. However, the temporal evolutions of the pres-
sure gradient during the growth phase cannot be deduced from
these statistics. Miyashita et al. [2009] studied the plasma
sheet pressure evolution during the several minutes time
period before the substorm onset, which also reveals some
information about the pressure gradient change, but they did
not consider the pressure gradient evolution or relations to
the onset location.
[5] In situ observations at different locations in the near‐

Earth plasma sheet are desirable for examining pressure
gradient evolution, as was performed by Xing et al. [2009] for
the quiet time plasma sheet. In the present study, we adopt the
method used by Xing et al. [2009] by taking advantage of two
of the THEMIS [Angelopoulos, 2008] spacecraft D and E,
which have overlapping orbits in the near‐Earth plasma
sheet and align azimuthally near the orbit apogee every day,
to analyze the azimuthal pressure gradient evolution during
the growth phase. The pressure gradient changes very close
to the substorm onset location will be investigated in detail.
[6] In section 2, the event selection criteria and the basic

data information will be presented. In section 3, we will first
introduce the method used to estimate the equatorial plasma
pressure from observations in the near‐Earth plasma sheet,
where pressure balance in ZGSM may not hold, and then
analyze the selected events in detail. The results will be
summarized in section 4.

2. Data Set

[7] We collected observations during the 2009 THEMIS
tail season for substorms occurring while the spacecraft
THD and THE were within 1.5 h of the orbit apogee so that
the radial difference between the two spacecraft was small
(dR/R < 0.02). Rough estimation form the Tsyganenko and
Mukai [2003] plasma sheet pressure model under different
solar wind conditions suggests that the pressure radial dif-

ference within dR/R < 0.02 at R ∼10 RE is usually smaller
than 3% of the local pressure. Thus we take the measured
pressure gradient near orbit apogee to be mainly the azi-
muthal component. We used only the 2009 tail season data
because the spacecraft THA was above/underneath one of
THD and THE in ZGSM during the orbit apogee during this
year, and we used THA for removing the magnetic tension
effect while calculating equatorial plasma pressure (see
section 3.1). Substorm onsets are selected to be the auroral
breakup onset, which are identified using the THEMIS
ground‐based All‐Sky Imagers (ASIs) by abrupt aurora
brightening followed by poleward expansion. The spacecraft
THD and THE are both required to have a close equatorial
passing (magnetic b > 20; see Lui et al. [1992]) during or
before the growth phase field line stretching starts, which is
important for accurately calculating the equatorial plasma
pressure. The events with spacecraft footprints mapped to
the vicinity of the aurora onset breakup are selected for
analysis in section 3. While the events selected under these
criteria are limited in number, these conditions limit the
ambiguities in determining the azimuthal gradient of the
equatorial plasma pressure near the onset location.
[8] Both the Electrostatic Analyzer (ESA) [McFadden

et al., 2008] and Solid State Telescope (SST) particle detec-
tors, which cover the particle energy range from 5 eV to
6MeV for ions and 5 eV to 1MeV for electrons, were used for
particle pressure measurements. The magnetic field and
electric field data are taken from the Fluxgate Magnetometer
(FGM) [Auster et al., 2008]. The aurora data are obtained
from THEMIS All‐Sky Imagers (ASIs) [Mende et al., 2008].
Spacecraft footprints ranges are roughly estimated by map-
ping to the ionospheric E region using the T96 magnetic
field model [Tsyganenko and Stern, 1996] with the different
input solar wind conditions referred from OMNIWeb and
WDC‐C2 for Geomagnetism, Kyoto, and the Tsyganenko
2001 magnetic field model [Tsyganenko 2002a, 2002b] using
instantaneous solar wind conditions as a comparison.

3. Data Analysis

3.1. Vertical Pressure Balance Estimation

[9] Vertical pressure balance in ZGSM is believed to be a
good assumption in stretched tail configurations. However,
this condition may be broken in the plasma sheet transition
region where the magnetic field lines are less stretched
[Erickson and Wolf, 1980]. Xing et al. [2009] compared the
magnetic pressure and tension force in different 2‐D magnetic
field line configurations and found that the tension force is
much smaller than the magnetic pressure in a stretched mag-
netic field, and comparable but still smaller than the magnetic
pressure in near‐dipolar magnetic field. The THEMIS space-
craft locations during the 2009 tail season makes calculating
the tension force possible under the assumption that the mag-
netic field dawn‐dusk variation is smaller than the radial var-
iation. The equatorial plasma pressure can be estimated using
equation (1) (GSM coordinate are used throughout) by verti-
cally projecting the spacecraft location at (x0, y0, z1) to the
equatorial plane at (x0, y0, 0).

Peq ¼ Pth�1 þ
B2
x�1 þ B2

y�1

2�0
� 1

�0

Zz1

0
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Bxdz ð1Þ
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Peq represents estimated equatorial plasma pressure. Pth‐1 is
the measured thermal pressure. Bx/y‐1 represent the x and
y components of the measured magnetic field. The third term
representing the curvature force is the factor that can break
down the vertical pressure balance assumption in the tail
transition region and affect the accuracy of the pressure gra-
dient calculation. By taking advantage of the third THEMIS
probe THA located at (x0, y0, z2), which is above/below THD
or THE located at (x0, y0, z1) and have very close projection
in the equatorial plane. ∂Bx/∂x in the curvature term can be
calculated by equation (2).

@Bx

@x
¼

2�0 Pth�1 � Pth�2ð Þ þ B2
x�1 þ B2

y�1 � B2
x�2 � B2

y�2

� �� �
2 Bx�1Z1 � Bx�2Z2ð Þ

ð2Þ

Assuming that ∂Bx/∂x is only a function of ZGSM, and the
plasma sheet is symmetric across the neutral sheet, the curva-
ture term can be calculated from data directly.
[10] Figure 1 shows an example of the curvature force

estimation for different field line configurations. The mag-
netic b > 1 in Figure 1 (top left) and the ratio of Bx/Bz

around 1 in Figure 1 (middle left) suggest a plasma sheet
measurement in a less stretched magnetic field line config-
uration than that in Figure 1 (middle right), whereas smaller
magnetic b associated with large Bx/Bz indicates a more
stretched field. Figure 1 (bottom left) also displays the three
terms in the right‐hand side of equation (1) with the thermal
pressure in red, the magnetic pressure in blue, and the cur-
vature term in black. The curvature force is about one
order smaller than the magnetic force. In the highly stret-
ched field line in Figure 1 (right), where the spacecraft
gradually moved away from the central plasma sheet owing
to the field line stretching, the curvature force is roughly two
orders smaller than the magnetic force. These are consistent
with the results in the work of Xing et al. [2009] that the
curvature force is always much smaller than the magnetic
force, particularly in the growth phase stretched field lines.

However, because the azimuthal pressure gradient is small
at R ∼11 RE [Xing et al., 2009], and the two spacecraft may
move to different vertical distance from the neutral sheet
during stretching, ignoring the curvature force can still
affect the accuracy of the pressure gradient calculation. Thus
the curvature effect has been removed in the analysis pre-
sented here.

3.2. Case Studies of Azimuthal Pressure Gradient Near
the Plasma Sheet Onset Region Prior to Onset

[11] We have identified five good conjunction events dur-
ing the 2009 THEMIS tail season, for which well‐defined
substorms occurred while the THD and THEwere close to the
orbit apogee, mapped close to the onset location, and had
equatorial passing before or during the growth phase. All of
these events show a substantial duskward pressure gradient
enhancement 1–5 min before the substorm onset associated
with an intensification of a fine aurora arc, from which the
substorm poleward expansion was initiated. Three of these
events are shown bellow.
3.2.1. The 5 April 2009 Event
[12] The spacecraft observations from 06:55 to 07:15 UT

on 5April 2009 are summarized in Figure 2, with THD shown
in Figure 2 (top) and THE shown in Figure 2 (bottom). The
energy spectrograms, pressures including thermal pressure,
magnetic pressure, total pressure and equatorial plasma
pressure, magnetic field, bulk velocity and perpendicular
velocity are shown for both spacecraft. Magnetic b is shown
for THD, which is located in the central plasma sheet. The
magnetic b observed by THE was large during the early
growth phase but reduced substantially due to THE moving
out of the plasmas sheet before onset. The substorm onset
was identified at 07:04:54 UT (red vertical dashed line).
During the growth phase, the plasma sheet was highly stret-
ched as can be seen from the extremely lowBz. The equatorial
pressure slightly increased starting ∼4 min before the substorm
onset, with the enhancement being larger at themore duskward
spacecraft THE. This pressure increase is associated with the
ion energy flux enhancement in the ∼5 to ∼10 keV range, and

Figure 1. (top) Magnetic b, (middle) Bx/Bz, and (bottom) the three terms on the right‐hand side of
equation (1) with thermal pressure (red curves), magnetic pressure (blue curves), and tension force
(black curves). (left) Less stretched field line. (right) Highly stretched field line.
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substantial westward flows. From ∼1 min before onset, the
earthward and duskward flow at THE location strongly
enhanced associated with an energy flux increase near 10 keV,
while the duskward flows at THD reduced. This pattern is seen
in two of our events, but not the others.
[13] Figure 3 displays contours of the ion distribution

function in the plane perpendicular to the magnetic field
with the velocities projected into the XGSM ‐ YGSM plane
from THD (left) and THE (right) at ∼07:04:30 UT. The
white dash circles indicate energies of ∼1 keV, ∼5 keV and
∼10 keV. The distribution observed by THD does not show
substantial shift in velocity, which is consistent with the
small perpendicular velocity shown in Figure 2. THE shows
a weak distribution shift corresponding to earthward

velocity for lower‐energy ions at one to several keV, and a
strong distribution shift corresponding to earthward and
westward velocity at energies from about several keV and
above. The energy dependence of the duskward flow shift is
a signature that is expected from magnetic drift.
[14] The spacecraft footprints were mapped to the vicinity

of the THEMIS ground based ASI station at Fort Smith
(FSMI). Figure 4 shows selected images near the center
FSMI field‐of‐view (FOV) during the late growth phase,
with cyan and blue squares representing the footprints of
spacecraft THD and THE, respectively, mapped by using
the T96 magnetic field model using 2 h averaged solar wind
as input (obtained from OMNIWeb high‐resolution data).
The dashed rectangle in the first plot of Figure 4 represents

Figure 2. (top) THD observations: ion energy flux; thermal pressure (red curve), magnetic pressure
(blue curve), equatorial plasma pressure (solid black line), and total pressure (dashed black line); magnetic
field; magnetic b; ion bulk flow; and perpendicular flow. (bottom) THE observations are in a similar for-
mat as those for THD, excluding magnetic b on 5 April 2009 between 06:55:00 and 07:15:00 UT.
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the possible range of the footprint of THD using extremum
solar wind conditions during the 2 h before the substorm
onset. The cyan and blue circles represent the footprints of
THD and THE mapped by the T01 magnetic field model
using instantaneous solar wind input. The T96 model maps
the spacecraft footprints closer to the aurora arc that
developed simultaneously with the spacecraft observations
(shown below). Thus we consider the more highly stretched
T96 model to be the better model for field line tracing for
the growth phase conditions considered here.
[15] Ignoring the moon light in the lower left portion of

the FOV, a thin arc appeared at ∼07:01 UT and gradually
intensified after ∼07:02:30 UT near the latitudinal center of
the FOV. The substorm onset brightening initiated from this
arc toward the west of the FOV at ∼07:04:54 UT. There was
another weak wider arc located slightly poleward of the
onset arc, but its intensity did not noticeably change during
the entire late growth phase, suggesting that this more
poleward arc did not affect the occurrence of the onset.
[16] In Figure 5, the azimuthal pressure gradient calcu-

lated from PTHD‐PTHE by using the equatorial plasma
pressure shown in Figure 2, and ground‐based keograms
from FSMI are stacked together. The first plot in Figure 5
shows that the azimuthal pressure gradient was very small
∼10 min before onset with moderate oscillations, and similar
small gradient were found over the entire 30 min growth
phase period (not shown here). Starting ∼2.5 min before
onset, the pressure gradient started to increase toward neg-
ative values (which means duskward), and experienced a
sharp increase starting ∼1 min before onset. According to
the Vasyliunas equation [Vasyliunas, 1970], enhanced
duskward pressure gradient with the flux tube volume gra-
dient dominantly radially outward gives enhanced upward
FAC from the ionosphere.
[17] The second and third plots of Figure 5 also shows the

white light keograms from the camera center‐west FOV

(∼0.36 MLT to the west of the center) and the center FOV.
The auroral poleward expansion was initiated at 07:04:54 UT
near the camera center‐west view, and expanded azimuthally
to the center FOV ∼1 min later. A thin arc, from which the
poleward expansion occurred, started to intensify ∼2.5 min
before the onset time at the center FOV near 66.8° MLAT
(highlighted by the yellow arrow), and extended westward
to the onset meridian before onset. The intensification of
this arc occurred nearly simultaneously with the duskward
pressure gradient enhancement, suggesting correlation
between the enhanced upward FAC associated with the arc
intensification and that with the enhanced duskward pres-
sure gradient. This arc intensification is also consistent with
the preonset intensification of the onset arc found by Lyons
et al. [2002], which is formed equatorward of the growth
phase arcs a few minutes before onset.
[18] The fourth through the sixth plots in Figure 5 are

multispectral keograms from NORSTAR meridian scanning
photometer (MSP) data at wavelengths 557.7 nm, 630.0 nm,
and 486.1 nm (Hb) along the FSMI central meridian. The
557.7 nm emission shows a thin arc intensification centered
at ∼66.8° MLAT starting from ∼2.5 min before onset, which
exactly corresponds to the white light arc during the late
growth phase. This intensification is consistent with the hard
electron emission found by Voronkov et al. [2003] during
the several minutes time interval before substorm onset.
The 630.0 nm emission shows a similar arc of much weaker
intensity than the 557.7 nm emissions, indicating that the
onset electron auroral arc is related to both hundreds of
eV and >1 keV electrons, with the harder electron precipi-
tation dominant. The enhanced energy flux of the electron
precipitation, inferred from the arc intensification, is the
expected result of the enhanced field‐aligned potential
drop caused by the enhanced upward FAC associated with
the increasing duskward pressure gradient. The weak
Hb emission shows a persistent diffuse pattern before onset

Figure 3. Two‐dimensional ion distribution from (left) THD and (right) THE in the plane perpendicular
to magnetic field with x axis projected from XGSM and y axis projected from YGSM at ∼07:04:30 UT on
5 April 2009.

XING ET AL.: PLASMA SHEET AZIMUTHAL PRESSURE GRADIENT A07204A07204

5 of 14



with its peak region located equatorward of the electron
aurora arc, which is consistent with growth phase arc
properties observed by Deehr and Lummerzheim [2001] and
Lessard et al. [2007]. The Hb emission does not display a
substantial arc intensification, which confirms that the
white light arc intensification during the late growth phase
in our event is the electron aurora.
3.2.2. The 19 March 2009 Event
[19] The second event on 19 March 2009 shows similar

preonset pressure changes. Figure 6 displays the spacecraft
observations from THD and THE in the upper and lower
portions, respectively, from 06:30 to 07:10 UT, with the
substorm onset occurring at ∼06:51 UT. Shown in Figure 6
are (from top to bottom): pressures in the same format as
those in Figure 2, magnetic fields, perpendicular velocities,
and magnetic b for THD. The equatorial plasma pressure in
solid black line shows a gradual increase ∼10 min before
onset at both spacecraft locations. This enhancement started

to become larger at THE ∼5 min before the onset, which is
not observed at THD. During the entire 20 min before onset,
the magnetic field was highly stretched. The energy flux
data are not comparable between these two spacecraft due to
THE moving off equatorial plane. Nevertheless, the ion
duskward flow was sustainably larger at THE than that at
THD near the center plasma sheet within ∼10 min before
onset. The magnetic b increased to over 50 and underwent
strong fluctuations several minutes before onset, which is
similar to the first event above. The ion distribution function
with the YGSM and ZGSM projected on the perpendicular
plane shown in Figure 7 from the two spacecraft show also
the energy‐dependent duskward drift, indicating stronger
duskward magnetic drift at the more duskward location
during the growth phase.
[20] During the late growth phase, the spacecraft foot-

prints were mapped to the vicinity of the THEMIS ASI at
Gilliam (GILL) where the onset expansion was observed.

Figure 4. Selected white light auroral images from the FSMI All‐Sky Imager before the substorm onset
on 07:04:54 UT on 5 April 2009. The cyan and blue squares represent the footprints of THD and THE
mapped by T96 magnetic field model by using 2 h averaged solar wind conditions. The dashed cyan rect-
angle represents the THD footprint range by using extremum solar wind conditions in 2 h as T96 input.
The cyan and blue circles represent the footprints of THD and THE mapped by T01 magnetic field model
using instantaneous solar wind conditions as input.
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Figure 8 shows six selected snapshots zoomed in to the
center of the GILL FOV. The onset arc started to intensify
∼5 min before onset, as can be observed in the eastern
portion of the GILL FOV, and then extended westward near
the auroral oval equatorward boundary. Multi‐image ob-
servations show that this arc extended more eastward over
2 MLT to the SNKQ FOV (not shown here), and an east-
ward gradient of brightness along the onset arc is visible in
the arc as it extended westward. At the same time, another arc
located more poleward and westward of the onset arc started
to move equatorward and could be connected to a preonset
aurora streamer structure as considered by Nishimura et al.
[2010a]. The substantial duskward flow and very minor
earthward flow observed by the spacecraft indicate that the
plasma sheet temporal changes at the spacecraft location
should be related to the westward expanded onset arc rather
than the equatorward moving poleward arc. The onset
occurred in the western portion of the GILL FOV where the

two arcs moved close together. This substorm event is not an
entirely isolated onset. A pseudobreakup occurred near the
onset location ∼30 min before onset, and a ∼5 min arc azi-
muthal shear was found ∼2° poleward of the onset arc ∼20min
before onset. However, the timing and the location of these
activities did not show any direct relation with the onset arc
intensification. Thus we suggest that the onset arc intensifi-
cation and the near‐Earth plasma sheet variations prior to
onset are not consequent changes of the previous activities.
[21] Figures 9a and 9b display the azimuthal pressure

gradient and the GILL multispectral keograms at different
longitudes between 06:40 and 07:00 UT. The first plots in
Figures 9a and 9b show a strong duskward enhancement of
the azimuthal pressure gradient initiating ∼5 min before
onset, indicating enhanced upward FAC. The onset pole-
ward expansion can be identified starting from ∼06:51 UT
from both the white light and the 630.0 nm emission keo-
grams in the GILL center‐west FOV as shown in the second

Figure 5. (top to bottom) Equatorial plasma pressure gradient, auroral white light keogram from FSMI
center‐west FOV, white light keogram from FSMI center FOV, auroral 557.7 nm emission from FSMI
center FOV, 630.0 nm emission, and 486.1 nm between 06:55:00 and 07:15:00 UT on 5 April 2009.
The dashed magenta line identifies the initiation of the pressure gradient enhancement.
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and third plots of Figure 9a. The equatorward moving more
poleward arc can also be identified extending from ∼66.5°
MLAT to ∼66° MLAT during the whole 10 min before
onset at this longitude. The onset arc is observed to intensify
∼5 min before onset at ∼66° MLAT by both the white light
and the 630.0 nm keograms in the GILL center‐east FOV as
shown in the fourth and fifth plots of Figure 9a, which is at
exactly the same time as the duskward pressure gradient
enhancement, and suggests that the electron arc results from
the enhanced upward FAC associated with enhancing
pressure gradient. This also suggests that the spacecraft
footprints should be mapped slightly more eastward than
those shown in Figure 8.
[22] Figure 9b stacks the same pressure gradient data with

the MSP data at GILL center FOV. Both white light and
557.7 nm emission show that the onset arc extended to this
longitude and connected with the equatorward moving arc
∼1 min before onset. The onset arc at 630.0 nm emission is
weaker than the 557.7 nm emission, which suggests that the
strong duskward pressure gradient associated with upward
FAC led to precipitation with keV electrons dominant.
While 557.7 nm emission data is only available along the
central meridian during this event, the same arc is observed
in both white light and 630.0 nm at the more eastward
longitude that we suggest maps closet to the spacecraft.
Thus it is likely that the onset arc at the camera center‐
east meridian was also more intense in 557.7 nm than at
630.0 nm. The proton aurora in the fifth plot of Figure 9b
does not show a substantial intensification as electron
aurora does, but a small and noisy increase, consistent with
the enhanced upward FAC doing changes to electrons.
It is difficult to reliably connect this small increase to the
proton flux increase associated with the pressure gradient
increase. The onset arc is located within the proton arc,
consistent with our mapping of the electron arc brightening
associated with the pressure changes observed within the
plasma sheet.

Figure 6. THEMIS spacecraft data from (top) THD and
(bottom) THE between 06:30:00 and 07:10:00 UT on
19 March 2009, respectively. Pressures (same color code
as in Figure 1), magnetic field, and perpendicular velocity
are shown. Also shown is the central plasma sheet magnetic
b obtained from THD.

Figure 7. Two‐dimensional ion distribution from (left) THD and (right) THE in the same plane as those
in Figure 3 at ∼06:41:40 UT on 19 March 2009.
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3.2.3. The 29 March 2009 Event
[23] Consistent features were also found in the third sub-

storm event on 29 March 2009. Figure 10 shows the ion
energy flux, pressures, magnetic field and perpendicular flow
from the spacecraft THD in the upper portion, and the same
quantities together with magnetic b from THE in the lower
portion between 04:50:00 and 05:40:00 UT. The growth
phase plasma sheet within half an hour before onset is quite
steady with the ion energy peaks between 5 and 10 keV. The
central plasma sheet pressure remains almost constant, and
the field line is highly stretched. Starting ∼10 min before
onset, THD gradually moved into the northern plasma sheet,
while THE still stayed very close to the neutral sheet. THE
observed a sharp small amplitude pressure increase ∼2 min
before onset, which was associated with an enhanced earth-
ward and duskward perpendicular flow, which are not
observed by THD. The distribution functions show stronger
energy‐dependent duskward flow by THE than that by THD
(not shown here). These are similar as seen for the first event
shown in Figures 2 and 3. The magnetic b observed by THE

in this case stayed as high as ∼100, and strongly increased
∼2 min before onset as pressure increased.
[24] Figure 11 shows, from top to bottom, the azimuthal

pressure gradient, auroral white light and multispectral auroral
keograms at 557.7 nm, 630.0 nm and Hb emissions between
05:05:00 and 05:25:00 UT. The pressure gradient gradually
turned toward dawnward during 05:05 to 05:15 UT. This
trend was reversed ∼2 min before onset, where the pressure
gradient experienced a moderate enhancement toward dusk.
This duskward change may indicate a reverse of FAC from
downward to upward contribute from azimuthal pressure
gradient. The enhancement of the upward current may be
smaller than for the previous two events owing to the smaller
pressure gradient amplitude.
[25] The white light keogram does not show any clear pre-

onset arc intensification possibly due to the light contamination
overwhelming the arc intensity during thewhole growth phase.
The 557.7 emission shows a very weak and scattered
enhancement ∼1 min before onset. The 630.0 emission dis-
plays a moderate enhancement starting ∼2 min before onset,

Figure 8. Selected white light auroral images from the GILL All‐Sky Imager before the substorm onset
at 06:51:00 UT on 19 March 2009.
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which is consistent with the pressure gradient change, although
it covers a wider range in latitude than the previous two events.
We suspect that the weak upward FAC driven by moderate
duskward pressure gradient is not able to provide large enough
field‐aligned potential drop to energize the precipitating elec-
trons up to the keV energy range. Thus in this case the soft
electron precipitation dominants the preonset arc intensifica-
tion during the late growth phase. Comparing with the Hb
emission keogram in the fifth plot of Figure 11, the soft elec-
tron precipitation is again located within the poleward of the
proton precipitation region, and theremay have been someweak
proton aurora intensification, though there is added uncertainty
because atmospheric scattering seems to be somewhat stronger
for this event than that for the previous events.
[26] It should be noticed that for balancing the azimuthal

pressure changes in the near‐Earth plasma sheet, themagnetic
field has to change with the plasma redistribution, which
would lead to the changing of azimuthal flux tube volume
gradient. Combined with the strong earthward pressure gra-
dient, this term will also contribute to FAC in a direction
depending on the flux tube volume gradient direction. It
should also be noted that radial pressure gradient temporal
evolution could exist simultaneously with the azimuthal
pressure gradient evolution. Despite these limitations, the
similarity between aurora responses and the duskward azi-
muthal pressure gradient enhancements are consistent with
the pressure gradient enhancements being responsible for the
onset arc brightening prior to onset. The other two cases of

our five events show similar duskward pressure gradient
enhancement associated with preonset arc intensification
before substorm onset, thus supporting this inference.

4. Summary and Discussion

[27] We have investigated the plasma sheet azimuthal
pressure gradient during the late growth phase in the near‐
Earth transition region by using data from azimuthally
lined‐up THEMIS spacecraft during the 2009 tail season.
Strict criteria were applied for selecting substorm events that
were observed in ground based auroral observations while
the azimuthal pressure gradient can be accurately measured
within the central plasma sheet near the onset meridian. The
auroral onset arc was found to intensify simultaneously
with this azimuthal pressure gradient enhancement during
this period preceding auroral breakup. Electron precipitation
>1 keV was found to be dominant for cases having stronger
pressure gradient enhancement; and softer electron precipi-
tation was dominant for the one case when the pressure
gradient enhancement was more moderate. We suggest that
this reflects the strength of the upward FAC being determined
by the strength of the azimuthal pressure gradient, and the
field‐aligned potential drop that energizes the precipitation
electrons increasing with the strength of the upward FAC.
[28] In this study, we have adopted the auroral breakup

onset as the substorm onset time, which has been broadly
used in recent years [e.g., Lyons et al., 2002; Voronkov et al.,

Figure 9. (a) (top to bottom) Equatorial plasma pressure gradient, auroral white light from GILL center‐
west FOV, 630.0 nm emission keograms from GILL center‐west FOV, white light from GILL center‐east
FOV, and 630.0 nm emission keograms from GILL center‐east FOV. (b) (top to bottom) White light,
MSP 557.7 nm emission, 630.0 nm emission, and Hb emission from GILL center FOV on 19 March
2009 between 06:40:00 and 07:00:00 UT.
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2003; Mende et al., 2008; Nishimura et al., 2010b]. This
makes the onset time easier and more accurately defined
[Mende et al., 2007] than using the initiation of gradual onset
arc brightening before breakup. However, the several‐minute
thin arc brightening before poleward expansion could be the
first stage of the substorm onset. Regardless of the definition
of the onset time, our study reflects the plasma sheet evolution
corresponding to the gradual auroral enhancement before the
explosive stage.
[29] Our observations could be relevant to suggestions

that have been presented for the substorm onset instability.
For example, Stepanova et al. [2002] suggested that the
azimuthal pressure gradient associated with enhanced FAC
might lead to a modified interchange instability. Our results
are consistent with this suggested process for substorm
expansion onset. Also, Antonova et al. [2009] suggested that

a gradual auroral enhancement as found here might lead to
an electrostatic instability within the inner plasma sheet. It is
also worth noting that pressure angular data (not shown)
shows an enhancement of parallel pressure giving a field‐
aligned anisotropy Pk > P? at THE for three of the five
events, and at THD for one of the five events, in association
with the spatial pressure gradient enhancement. This could
be important for future study and might indicate that a
localized thin sheet current formed near the center of the
current sheet at the more duskward location [Cowley, 1978],
suggesting that the tension force might also play some role
in the plasma sheet force balance before onset.
[30] From another point of view, the timing of the pres-

sure gradient enhancement is similar to that of the ∼0.01 Hz
magnetic oscillations that have been observed several min-
utes before onset dipolarizations [e.g., Cheng and Lui, 1998;

Figure 10. THEMIS spacecraft data from (top) THD and (bottom) THE. Ion energy flux, with pressures
in the same color code as in Figure 2, magnetic field, and perpendicular velocity are shown. Also shown is
magnetic b in the central plasma sheet between 05:05:00 and 05:25:00 UT on 29 March 2009.
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Saito et al., 2008; Park et al., 2010]. Considering the very
high b value observed in the case study, we may also spec-
ulate that the preonset azimuthal pressure gradient enhance-
ment and the associated enhancement of the magnetic
curvature might lead to growth of the ballooning mode
instability, which could be closely related to preonset plasma
kinetic effects [Cheng and Lui, 1998; Cheng and Zaharia,
2004]. However, it is not clear whether the preonset pres-
sure gradient enhancement is a sufficient condition for onset
instability or simply sets a necessary precondition for the
intrusion of new low‐entropy plasma to lead to instability
[Nishimura et al., 2010a; Xing et al., 2010]. Thus our case
study suggests that a preonset azimuthal pressure gradient
buildup is common near the onset location within the inner
plasma sheet, and this condition may be easily disturbed
when the reduced entropy plasma is transported into the inner
plasma sheet region. It is also possible that the preonset
pressure gradient enhancement near the inner plasma sheet
region that we have observed could be related to the pressure
enhancement ahead of an earthward moving low‐entropy
flow channel [Yang et al., 2011]. This transient azimuthal
pressure gradient change before substorm onset should be

further investigated using more detailed observations and
instability analysis to determine the role it plays in leading to
substorm onsets.
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