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Abstract The plasma sheet pressure and its spatial structure during the substorm growth phase are crucial to
understanding the development and initiation of substorms. In this paper, we first statistically analyzed the
growth phase pressures using Geotail and Time History of Events and Macroscale Interactions during Substorms
data and identified that solar wind dynamic pressure (Psy), energy loading, and sunspot number as the three
primary factors controlling the growth phase pressure change. We then constructed a 2-D equatorial empirical
pressure model and an error model within r <20 Rg using the Support Vector Regression Machine with the three
factors as input. The model predicts the plasma sheet pressure accurately with median errors of 5%, and
predicted pressure gradients agree reasonably well with observed gradients obtained from two-probe
measurements. The model shows that pressure increases linearly as Psyy increases, and the Psyy effect is
stronger under lower energy loading. However, the pressure responses to energy loading and sunspot
number are nonlinear. The pressure increases first with increasing loading or sunspot number, then remains
relatively constant after reaching a peak value at ~8000 kV min loading or sunspot number of ~80. The loading
effect is stronger when Psyy is lower and the pressure variations are stronger near midnight than away from
midnight. The sunspot number effect is clearer at smaller r. The pressure model can also be applied to
understand the pressure changes observed during a substorm event by providing evaluations of the effects
of energy loading and Psyy, as well as the temporal and spatial effects along the spacecraft trajectory.

1. Introduction

The plasma sheet pressure and its spatial variation are important to understanding plasma sheet dynamics, since
they reflect the changes in particle energization and magnetic field configurations. The energy input from the
solar wind energizes the plasma sheet particles and at the same time the magnetic field reconfigures to maintain
force balance with the changing plasma pressure. Increasing radial plasma pressure gradients cause stretching of
magnetic field lines, while azimuthal pressure gradients result in bending of magnetic field lines. Understanding
the plasma sheet pressure evolution is particularly important to substorms since there is continuous (~20 to
60 min) and enhanced solar wind energy input during the substorm growth phase [McPherron, 1970], and the
resulting pressure increases [e.g., Baker and McPherron, 1990], and stretched magnetic field configurations in
the near-Earth plasma sheet [e.g., Sergeev et al., 1990, 2011; Sanny et al., 1994] are believed to be crucial to the
onset of the expansion phase. For example, they may become favorable to ballooning instability [e.g., Miura et al,,
1989; Liu, 1997; Pu et al., 1997]. There are several factors that control the pressure distribution and its evolution
during the substorm growth phase, which limits our ability to understand its evolution from individual satellite
observations. Our goal thus is to take advantage of multiyears of spacecraft data to determine the factors that
are well correlated with plasma sheet pressure and to use these as control factors to model the pressure
distribution in order to better understand its influence on magnetospheric dynamics.

Large-scale distributions of the plasma sheet pressure and their dependencies on the solar wind condition
and geomagnetic activity have been studied using in situ measurements in the magnetosphere. The pressure
is reported to increase with decreasing distance to the Earth for all levels of activity [Angelopoulos et al., 1993;
Angelopoulos, 1996]. Away from the central plasma sheet, the plasma pressure decreases while the magnetic
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pressure increases to balance each other [Fairfield et al., 1981; Baumjohann et al., 1990; C.-P. Wang et al., 2013;
Y. Wang et al., 2013]. Spence et al. [1989] showed that the pressure magnitudes and their earthward gradients
increase with increasing Kp. Tsyganenko and Mukai [2003] established a 2-D empirical plasma pressure model
based on Geotail data in the region of r = 10 to 50 R, controlled by the interplanetary magnetic field (IMF) and
solar wind dynamic pressure (Psyy). Their results showed that there is no significant dawn-dusk pressure
asymmetry, in line with the observed symmetry of the tail lobe magnetic fields. In addition, Wang et al. [2006]
investigated how pressure profiles change with IMF B history by using Geotail data and their results showed
that the overall pressure magnitude is higher when IMF has been dominantly southward for a longer period.
Their results also showed a very weak dawn-dusk asymmetry. Furthermore, Wang et al. [2009] showed that the
equatorial plasma pressure increases everywhere as the cross polar cap potential or AE increases. Additionally, the
plasma sheet pressure is also well correlated with the Psyy with higher pressure under higher Psy [e.g., Borovsky et al.,
1998; C-P. Wang et al,, 2013; Y. Wang et al., 2013]. Since the plasma pressure distributions depend on various factors,
it is important to understand quantitatively how the pressure changes in response to changes in these factors.

There have been only a few studies focusing on the pressure changes during substorms. Miyashita et al.
[2000, 2001, 2003, 2009, 2010] studied the equatorial pressure and magnetic field variations around the
substorm onset based on Geotail observations and found that pressure increases earthward of 12 R 2 min
before onset while it decreases tailward of the initial dipolarization region. Similar results were found by Xing
et al. [2010]. In addition, Xing et al. [2011] used simultaneous measurements from two Time History of Events
and Macroscale Interactions during Substorms (THEMIS) probes to obtain azimuthal pressure gradients and
showed that a westward azimuthal pressure gradient is enhanced before onset at r~ 11 Rg. Furthermore,
Wing et al. [2007] investigated the DMSP observations of ion pressures at the low-altitude ends of the plasma
sheet and found that the pressure peaks at the inner edge of the plasma sheet during the substorm growth
phase. Also, Machida et al. [2009] investigated the temporal development of the near-Earth magnetotail
during substorms by conducting multidimensional superposed-epoch analysis of Geotail data. They showed
that the total pressure starts to decrease around X=—16 R about 4 min before the substorm onset, and the
decrease then propagates both earthward and tailward along the lobes, consistent with the results from
Miyashita et al. [2009].

These previous studies have provided some general understanding about how pressure changes during the
growth phase. However, how the pressure and its spatial variations are correlated with the intensity of a
substorm and how they are affected by factors of the solar wind condition and geomagnetic activity, which
are different for each substorm, remain to be determined. The objective of this study is thus to use a large
observational data set from Geotail and THEMIS and a Support Vector Regression Machine (SVRM) technique
to construct empirical pressure model that allows us to quantitatively determine the changes in large-scale
equatorial plasma sheet pressure distributions during the growth phase in response to different factors.
SVRM is regression analysis with machine-learning techniques. Unlike the previous plasma sheet empirical
pressure models [Spence and Kivelson, 1993; Tsyganenko and Mukai, 2003; C.-P. Wang et al., 2013; Y. Wang
et al., 2013] that used analytical forms, SVRM requires no pre-assumed function forms and is suitable for
analyzing systematic responses to driving factors that are likely to interact with each other. SVRM has

been successfully applied by Y. Wang et al. [2013], in modeling the 3-D magnetopause shape. They used a
magnetopause-crossing database from multiple satellite observations to construct a new 3-D magnetopause
model with the shape of the magnetopause, including its cusps and complex dependence on various control
parameters, automatically determined by using SVRM, and they achieved very high prediction accuracy
compared with observed data, which is not guaranteed by the previous magnetopause models.

This paper is organized as follows: the observational data and the factors that are well correlated with the
pressure during substorm growth phase are described in section 2. The principle of SVRM, pressure model
construction, and model validation are presented in section 3. Section 4 describes the main results of our
pressure model and an application to one substorm case. Section 5 summarizes our main findings.

2. Plasma Pressure During the Substorm Growth Phase

2.1. Observational Data

In this study, we investigate pressure during substorm growth phase measured by Geotail from 1995 to 2005
and by THEMIS from 2007 to 2010. We used a substorm list from Hsu and McPherron [2012]. The onset of each
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Figure 1. The statistical results for three different intensity of substorms (AE max < 0nT; 200 nT <AE max < 600 nT;
600 nT < AE max). (@) CPCP and AE variations in 2 h prior to and 2 h after substorm onset. The vertical blue lines make
the substorm onset time. The red line is the median value, and the upper and lower bounds are the upper and lower
quartiles. (b) The data points and (c) plasma sheet pressure distributions during substorm growth phase (0-60 min
before onset).

substorm was identified by a sharp drop in AL index (more than 100 nT in 20 min). There are more than 20,000
substorms thus identified from 1995 to 2010. The plasma pressure data during the substorm growth phase
(here we assume that the substorm growth phase is the 60 min period before an onset) are then collected.
Plasma data from two instruments aboard Geotail are used: the ion and electron data from the low-energy
particle (LEP) instrument [Mukai et al,, 1994] that covers the ion energy range from 21 eV/q to 44 keV/q and
the electron energy range from 43 eV to 41 keV, and the proton data from the energetic particles and ion
composition (EPIC) instrument [Williams et al,, 1994] that covers the ion energy range from 46 to 3005 keV
(EPIC only measures 32 and >110keV integral electrons, so electron moments are not available). The ion
pressures are a summation of the LEP and EPIC data, while the electron pressures are from the LEP data only.
One minute average of the Geotail plasma data is used. For THEMIS, the ions and electrons are measured by an
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Figure 2. (a-f) Plasma sheet pressures during substorm growth phase (0-60 min before onset) as functions of Psyy,
the time since previous substorm, the sunspot number, CPCP, AE, and the time before the substorm onset at region of
—10 < Xgsm < —15Rg and —5 < Ygsm < 5 Rg for substorms that AE max > 300 nT. (g—i) AE max as functions of plasma
sheet pressure, CPCP, and the AE index during substorm growth phase (0-60 min before onset) at region of —10 < Xgsm < —15 Rg
and —5 < Ygsm < 5 Re. The red line in each panel is the linear or polynomial fitting curve.

electrostatic analyzer (ESA, 0.006-20 keV/q for ions and 0.007-26 keV for electrons) [McFadden et al.,
2008] and a solid state telescope (SST, 35 keV-6 MeV for ions and 30 keV-6 MeV for electrons). Full
distributions are used with time resolution of a few minutes. The plasma pressures are a summation of the
ESA and SST pressures. For both Geotail and THEMIS, total plasma pressure is a summation of ion and
electron plasma pressure. The plasma pressure is assumed isotropic. Magnetic field data are from the
Geotail magnetic field experiment [Kokubun et al.,, 1994] and the THEMIS Fluxgate Magnetometer (FGM)
instrument [Auster et al., 2008]. Aberrated geocentric solar magnetospheric (GSM) coordinates (with
the aberration angle determined by 1 h averaged solar wind velocity) are used for both THEMIS and
Geotail data. In this study, our interest is the plasma pressure on the equatorial plane. As demonstrated
in C-P. Wang et al. [2013], Y. Wang et al. [2013], from the force balance equation VP, = 1/uo(V x B) X B, in the

Z direction, one can obtain P+ Pg, r — 1/uq f5((0Bz/0x-Bx -+ 8Bz/dy-By)dz) = Ppeq, Where Pg, = (B + By*)/2uq is
the radial magnetic pressure and 1/uq [ ((6Bz/0x-Bx + 6Bz/8y-By)dz) is the magnetic curvature term. If the
magnetic curvature term is 0, then total pressure Pt =P, + Pg, =P, . at a fixed (X, ¥) location should be a constant
along the Z direction and its value equals the pressure at the equatorial plane, thus is independent of the plasma
beta. In the plasma sheet, the magnetic curvature term is generally small in the vicinity of the current sheet.
Therefore, we use total pressure Pt instead of plasma pressure P, to represent the plasma pressure on the
equatorial plane when a satellite is off the equator.
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2.2. Factors Controlling the Growth Phase Pressure

Figure Ta shows the statistical results of cross polar cap potential drop (CPCP; calculated by using Weimer
model [Weimer, 1995]) and AE variations in 2 h prior to and 2 h after substorms onset for three ranges of
substorm intensity (in this study, we use the maximum AE value, AE max, during the 40 min period after an
onset to indicate the intensity of a substorm). The median values of CPCP and AE increase as increasing
substorm intensity. CPCP gradually increases while AE shows little change during substorm growth phase.
And CPCP peaks around the substorm onset then gradually decays. While AE shows a step increase after
onset, peaking around 30 min later, it then gradually decays. Figures 1b and 1c show the number of data
points and the corresponding equatorial medians of the growth phase pressure distributions for the same
three different substorm intensities as shown in Figure 1a. Only data points with plasma beta, Px/Pg, larger
than 1 were used (total ~1,250,000 points). It can be seen that the overall pressure is higher for more intense
substorm. To find out what factors can be related to a larger increase in plasma sheet pressure during the
growth phase to result in a more intense substorm, we investigated how the growth phase pressure is
correlated with different solar wind parameters and with the time since a previous substorm.

Figures 2a-2f show growth phase pressure (only data points with beta > 1 and corresponding AE max > 300 nT)
and the corresponding linear or polynomial fitting curve (red line) at region of —10<X< —15 Rgand |Y| <5 Re
as a function of Psyy, the time duration from the onset of the previous substorm, the observed monthly
averaged sunspot number, 30 min average (over the 30 min period prior to each pressure data point) of CPCP,
30 min average of AE, and the time before the substorm onset. The sunspot number is considered since our data
set spans over one solar cycle. The pressure is seen to increase with increasing Psy, CPCP, and AE in general
as indicated by the fitting curves. The correlation between pressure and the time since a previous onset is weak
as shown by the red fitting curve, whereas the upper bound of pressure is higher when the time since a
previous substorm is shorter, that is, when the growth phase of this substorm starts in earlier recovery phase of
the previous substorm, indicating the higher pressure is partially due to the energy that was loaded during the
growth phase of the previous substorm but was not dissipated during that substorm. This correlation with
the previous substorm is reflected on the correlation with AE shown in Figure 2e. Since AE reaches a peak during
the expansion phase then decreases in the recovery phase, a growth phase that starts within the recovery
phase of the previous substorm corresponds to larger AE than does a growth phase well separated from
the previous substorm. Thus, the AE values during a growth phase can be used as a proxy to indicate the
energy that was loaded during the previous substorm and still remains in the plasma sheet. The pressure
increases first and then decreases with sunspot number, showing a peak at sunspot number of ~80 as
seen from the red curve. On the other hand, the pressure shows little correlation with the time duration
before the substorm onset statistically because of the very different temporal variations of CPCP, AE, and
Psw seen in each substorm. Figures 2g-2i show the AE max and the corresponding linear or polynomial
fitting curve (red line) as a function of growth phase pressure and 30 min averages of CPCP and AE. The AE
max increases as plasma pressure or CPCP or AE increases, indicating that higher plasma sheet pressure, in
response to larger solar wind energy input and/or larger energy remaining from the previous substorm,
results in a more intense substorm.

As shown in Figure 2, the plasma sheet pressure is highly correlated with CPCP and AE. However, instantaneous
CPCP or AE value cannot uniquely determine the state of energy input from the solar wind or the energy
remained from the previous substorm. First of all, while convection strength does determine the rate of energy
loading, it does not uniquely specify the state of energy loading, which depends on the time history. For
example, the plasma sheet pressure might keep increasing even though CPCP is enhanced but remains
constant. In addition, the CPCP or AE temporal variation during the substorm growth phase can be very
different case by case, which can readily be seen in the many events we have examined. The CPCP or AE may
increase or decrease gradually, have almost no change, or fluctuate a lot during the substorm growth phase. To
consider the effect of history, we defined two energy loading parameters that are the time integrals of CPCP
and AE, that is, PCP energy loading ([;, PCP-dt) and AE energy loading ([;; AE-dt), where the integral is over time
from a chosen time t; before onset to the time t. We have tested t; =30, 60 and 90 min and found that the
energy loading parameters with t; =60 min are best correlated with the AE max. We also created a new energy
loading parameter that combines the two loadings, that is, PCPAE energy loading = PCP loading +4/25 - AE
loading. The weighting factor 4/25 gives the range of AE loading to be the same as range as the PCP loading
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Figure 3. lllustration of the linear correlations between the AE max and the PCP loading, AE loading as well as PCPAE
loading at 5 min before substorm onset for the years 1995, 2001, and 2010.

range, and thus gives the AE loading an equal weight to the PCP loading. We tested different weighting factors
and found that 4/25 has the highest correlations with AE max. The units of PCPAE energy loading are kV min.

Figure 3 shows the correlations between the AE max and the three energy loading parameters during
different stages of a solar cycle (1995 and 2010 are near a solar minimum and 2001 is near a solar maximum).
It can be seen that the linear correlation coefficients are always the highest for the PCPAE loading. Thus, in the
following analysis, we use the PCPAE loading parameter as the energy loading factor, instead of using PCP
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Figure 4. PCPAE loading variation during substorm growth phase (60 min substorm growth phase duration) for small
substorms (AE max < 200 nT), moderate substorms (200 < AE max < 600 nT), and intense substorms (600 nT < AE max).
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and AE as separate loading parameters. Figure 4 shows the temporal variations of the PCPAE energy loading
during the substorm growth phase for three different AE max ranges. The PCPAE loading increases as the
growth phase proceeds. For larger AE max, the PCPAE loading at the beginning of the growth phase is higher,
which is likely due to higher AE values resulting from the previous substorm. The PCPAE loading also
increases more quickly and reaches a higher value before the onset for more intense substorms.
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3. Regression Analysis and Empirical Pressure Model

To quantitatively understand how the three primary factors identified in section 2, PCPAE loading, Psw;,
and the sunspot number control the plasma sheet pressure during substorm growth phase, we conduct
regression analysis using a Support Vector Regression Machine (SVRM) technique. This allows us to construct
a SVRM empirical pressure model to evaluate the plasma pressure changes in response to each of these
factors. In the analysis, we consider the plasma pressure data locations in X and Y, and use Br to indicate the
relative Z distance to the equatorial plane (Br=0).

3.1. Support Vector Regression Machine

SVRM is regression analysis using the Support Vector Machine (SVM) [Drucker et al., 1997]. SVM is a supervised
machine-learning technique in the framework of statistical learning theory [Vapnik and Lerner, 1963; Noble,
2006]. The SVRM maps multidimensional data (in this study, X, Y, Br, Psy, PCPAE loading, and sunspot number)
into a high-dimensional feature space (plasma pressure in this study), via nonlinear mapping through a
selected kernel function, and performs a linear regression in this space. SVRM is nonparametric, thus
requiring no analytical forms for the model. In contrast, previous plasma sheet pressure models, such as
Spence and Kivelson [1993], Tsyganenko and Mukai [2003], and C.-P. Wang et al. [2013],Y. Wang et al. [2013], are
parametric and analytical forms are specified. These parametric models require a large database to achieve
reasonable accuracy, and the forms may not be sufficiently flexible to well represent the observed
distributions of plasma sheet pressure. Compared with parametric analysis, the SVRM technique is expected
to be more efficient since it can incorporate many types of high-dimensional, multiscale input data, which is
always problematic for parametric analysis. SVRM also avoids the traps of local minima, and it theoretically
does not suffer “the curse of dimensionality,” which is a problem for parametric models when available
data become sparse as the dimensionality increases. There have been some studies in space physics
successfully using SVM for forecasting. For example, Gavrishchaka and Ganguli [2001] used SVM to predict
AE index from solar wind and IMF data and they concluded that their AE model gives a reliable prediction
of large-amplitude substorm events. An empirical model for predicting low-latitude storm time ionospheric
f,F» using the SVM technique was developed by Ban et al. [2011], and their results indicated that the model can
capture the low-latitude ionospheric disturbances most of the time. Liu et al. [2011] predicted the hourly
average solar wind velocity with SVM and found that the predicted velocity values are very close to the
observations for most of the time, indicating that their SYM prediction is accurate and reliable. Furthermore,
Huang et al. [2009] used SVM to forecast daily F;¢; index and found that their model can perform well with
only a small fitting database.

In this study, we have used LibSVM (version 3.17), a freely available and widely used implementation of SVRM,
which handles all the complex technical details for this technique [Chang and Lin, 2001]. Details of how to
use LibSVM can be found in Y. Wang et al. [2013]. In LibSVM, different SVM types and kernel functions are
supported. We chose the commonly used epsilon-SVR and Radial Basis Function (RBF), exp(—y|u — v|2), where u
is data, vis prediction, and y controls how far a discrete data point is effective in constructing a continuous fitted
parameter function for fitting in the high-dimensional feature space. This combination is very flexible and
robust in handling many problems and is free from many difficulties of some other combinations. The RBF is
used first to map our data to high-dimensional feature space. Then in this feature space, SVR is used to obtain a
smooth model surface.

3.2. Constructing SVRM Empirical Plasma Pressure Model

We randomly selected 100,000 data points within the plasma sheet (defined here by requiring Br/Bz<1) for
SVRM fitting. Adding more model fitting data will consume more computing resources since the complexity
of SVRM fitting is quadratic of the number of fitting data. We chose 100,000 data points to do model fitting
to balance the computational burden and model accuracy. The distributions of the selected data points
are shown in Figure 5a, with more data points located in the transition region where the magnetic field
configuration changes from dipole-like to taillike configuration around r~7 to 12 R¢ than at other locations.
As shown in Figure 5b, the majority of the data points correspond to Br between 0 and 30 nT, Psyy between 0
and 6 nPa, PCPAE loading between 0 and 10,000 kV min, and the sunspot number between 0 and 140.
Therefore, SVRM predictions outside these ranges may not be as reliable as those within the ranges.
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Figure 7. (a) The comparison of modeled and observed pressures at different locations. R, is the linear correlation
coefficient between P,,, and Pgps. Errgms is the normalized root-mean-square (RMS) error. (b) The statistical results of
normalized deviations between the modeled and observed pressures as functions of Br, Psyy, PCPAE loading, and sunspot
number. The black solid lines are the median values, and the errors are the lower and upper quartiles.

There are three free parameters (¢, C, and y) in the model fitting process. The parameter ¢, introduced
through SVR, is the distance from the fitted surface within which no fitting error is counted for a data point.
Here we set a =0, thereby requiring the fitted surfaces to go through the center of the data distributions as
much as possible. The error factor, C, introduced through SVR, is defined for data points falling outside of
distance ¢, and y is the parameter in RBF. Using different C and y, SVRM gives different model pressure
distributions. A larger y leads to a smaller data effective range and the model reflects more local observations.
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Figure 8. Comparison of the modeled and the observed pressures and pressure gradients in directions of Xgsp and Ygsm.
Rcorr is the linear correlation coefficient between P,,, and Pgp. Errgms is the normalized RMS error.

And a larger C leads to tighter fitting of the data points, which can adversely affect model smoothness. The
choices for C and y are critical to guarantee the regression effectiveness. To reduce the computation complexity,
we first performed a coarse grid search (y is from 0.001 to 10 and C is from 0.01 to 300) to identify a region
that includes the optimal combination of C and y. We then conducted a fine grid search with a unit grid of C
from 1 to 40 and y from 1 to 4. We found that using y=1 and C=1 yields the best regression accuracy, as is
shown later in the comparisons between model pressures and observations. Figure 6 shows three examples of
the model equatorial plasma pressure and the pressure gradients along the X and Y directions for (y=1,C=1),
(y=1,C=35),and (y=3, C=35) with Br=0, Psyy = 2 nPa, PCPAE loading = 4000 kV min, and sunspot number = 50.
Clearly, there are more bumpy pressure and pressure gradient structures with a larger y or C, which
reflects more the local small-scale variations, although the difference between different C values is not as
strong as y. Therefore, we chose y=1 and C=1 for our pressure model for its accuracy and for giving
smooth large-scale structures.

To provide error estimation of the pressure predictions from the model (y=1 and C=1), we constructed a
SVRM error model using the same control parameters (X, Y, Br, Psy, PCPAE loading, and sunspot number). It
enables us to obtain model errors appropriate to different locations and control parameters. Instead of fitting
the pressure, we fitted the normalized deviations (|Pops — Pm|/Pobs) between our model pressures (P,,) and
the 10,000 observation data points (Pgps) used in the pressure model fitting. We assumed a =0, and searched
a unit grid of y from 1 to 4 and C from 1 to 40. Again, the ending search values of y and C were determined
after trials. We checked model results for the same set of standard control parameters of Br=0, Psyy =2 nPa,
PCPAE loading =4000 kV min, and sunspot number =50, and chose y=1 and C=1 for the final error model,
which gives error model accuracy and smoothness as for the pressure model.

3.3. Model Validation

After we established the pressure model and error model, we further verify the model performance by
comparing observations selected from the database of ~2,800,000 data points with model predictions with
inputs from the loading, Psy, and the sunspot number corresponding to each observation point. Figure 7a
shows the comparisons of model pressures with the observed ones at different locations near the equatorial
plane. Here we selected the data to be close to the equatorial plane by requiring Br/B;<1. As we can see, the
predicted pressures match well with the observed ones in general. Figure 7b shows the deviations between
the model and observed pressure as a function of Br, Psy, PCPAE loading, and sunspot number of the
2,800,000 data points. The black lines show the median values of pressure deviations, which are less than 5%
for all situations, and the upper quartiles are mostly less than 20%. Meanwhile, the pressure deviations show
almost no change with Br, Psyy, PCPAE loading, and sunspot number, except for the larger deviations when
the sunspot number is larger than ~135.

We further verified whether the predicted pressure structures can provide reliable pressure gradients by
comparing them with the observed pressure gradients computed from simultaneous measurements from
two THEMIS probes. We searched an aurora substorm list [Nishimura et al., 2011] and found about 200 cases
having either a good radial or azimuthal conjunction between two THEMIS probes so that we are able to

YUE ETAL.

©2015. American Geophysical Union. All Rights Reserved. 10



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020787

sunspot=50
1 1

sunspot=50
. T .

P (nPa)

P (nPa)

P (nPa)

L}
X=-15,Y=4
1.0 e T
,(.“\ L . ot
o
£
o
0.1L i ] : ] : R
0 2 4 6 0 5000 10000 0 30 60 90 120 150
Psw (nPa) loading (kV*min) sunspot

Figure 9. The modeled equatorial (Br=0) pressures and their error bounds at different radial distance of premidnight and
midnight meridian as functions of Psyy, PCPAE loading, and sunspot number within their reliable ranges. (left column) The
red, blue, and black lines represent PCPAE loading at 100, 4000, and 8000 kV min, respectively, and sunspot number =50
for all cases. (middle column) The red, blue, and black lines represent Psy equals 1, 2, and 5 nPa, respectively, and sunspot
number =50 for all cases. (right column) The red, blue, and black lines represent PCPAE loading at 100, 4000, and 8000,

respectively, and Psyy = 2 nPa for all cases.

YUE ETAL.

©2015. American Geophysical Union. All Rights Reserved.



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020787

compute directly pressure gradients. Figure 8 shows the comparisons of pressure and the magnitudes of
pressure gradients in the X direction (requiring the probe separation |dY| < 1 R and |dX|/|dY| > 2) and

Y direction (requiring the probe separation |dX| < 1 Rg and |dY|/|dX| > 2) between the THEMIS observations
and predictions. We selected data points within the plasma sheet by requiring data having plasma

beta > 0.1 for r <7 Rg and beta > 0.6 for r=7 to 10 Rz and beta > 1 for r > 10 Re. In general, the predicted
pressures are highly correlated with the observations and the majority of the predicted pressure gradients
match well the observations. The above two validations indicate that our SVRM model can reliably allow us to
evaluate quantitatively the individual and combined effects from energy loading, Psyy, and the sunspot number
on the large-scale plasma sheet distributions during the substorm growth phase.

4. Results of the Empirical Pressure Model
4.1. Effect of Psy, Energy Loading, and Sunspot Number

Figure 9 shows how the pressures and error bounds predicted by the pressure model and error model
change as Psy, PCPAE loading, or sunspot number increases within its reliable ranges while the other two
parameters are constant. Results are shown at different X distances along midnight and along Y=4Rg. It can
be seen in the left column that under a fixed energy loading, the model pressure increases linearly as Psy
increases at all locations, and the increase is stronger when the corresponding energy loading is lower. These
dependences are likely a result of the balance between Psy, and magnetosphere pressure (magnetic pressure
in the lobes and plasma pressure on the equatorial plane). For example, when equatorial plasma pressure
becomes higher due to higher energy loading, the resulting stronger lobe magnetic pressure makes it more
difficult for Psyy to compress the magnetosphere, as indicated by the studies of Petrinec and Russell [1993]
and Shue et al. [1997] showing that the nightside magnetopause size under the same Psyy is larger when IMF
Bz is more negative.

As shown in the middle column, the model pressure under a fixed Psyy increases nonlinearly as energy
loading increases. The pressure increases first with increasing energy loading then becomes relatively
constant after loading reaches ~8000-10,000 kV min. The pressure increase with energy loading is relatively
larger when the corresponding Psyy is lower, which is also likely the result of the balance between the Psy,
and magnetosphere pressure discussed above. In addition, the pressure increase with increasing energy
loading is larger near midnight than away from midnight. This may be the result of two factors. The PCPAE
energy loading includes both effects from convection (PCP loading) and the previous substorm (AE loading).
The pressure change due to particle energization under earthward convection strongly depends on the
distributions of Bz. Typically, the magnitude of the equatorial Bz minimizes near midnight and |dBz/dX] is
the largest along the Y=0 line (for example, see the equatorial Bz profiles shown in Figure 2 of Yue et al.
[2013]). Thus earthward electric field drift will be larger, and particles will experience a larger Bz change, along
Y =0 than away from midnight. This should result in larger adiabatic energization and pressure increase
at midnight. The effect of the previous substorm represented by AE loading is also not uniform across the
tail. As shown in Wing et al. [2007], the pressure increase after a substorm onset is larger near midnight than
away from midnight, thus contributing to higher pressure near midnight for the growth phase of the
following substorm.

As shown in the right column, the model pressure under a fixed energy loading increases nonlinearly as
sunspot number increases. The model pressure at smaller r increases first then decreases, showing a peak
value around sunspot number of ~80, which is consistent with the observations shown in Figure 2c. The
pressure shows little change under smaller sunspot number farther from the Earth, while it decreases then
increases at higher sunspot number, showing a dip around sunspot number of ~110. The sunspot number
has been shown to correlate with different solar wind structures and polar cap conductance [Gonzalez et al.,
1999; Ohtani et al., 2014]. Previous studies [e.g., Borovsky and Denton, 2006] also showed that the high-speed
solar wind is more likely generated at the declining phase of a solar cycle when the sunspot number has
decreased to near half of the peak value at solar maximum. This correlation is seen in our data set. For a given
Psw and energy loading, the solar wind velocity maximizes at sunspot number of ~60-80 while the solar wind
number density reaches the lowest. Since there are strong and positive correlations between solar wind
velocity and the plasma sheet temperature and between the solar wind number density and plasma sheet
density [Borovsky et al., 19971, one would expect statistically that the plasma sheet is hotter and more tenuous
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Figure 10. Distribution of modeled pressures on the equatorial plane and their radial and azimuthal (at r= 10 Rg) profiles
with error bounds for four energy loading cases (PCPAE loading = 100, 2000, 4000, and 8000 kV min) with different control
parameters: (a) Psyy =2 nPa, sunspot = 10; (b) Py = 2 nPa, sunspot = 80; and (c) Psyy =5 nPa, sunspot = 80. (d and e) The

radial and azimuthal pressure profile with different control parameters. The black, blue, and red lines are for Psyy = 2 nPa,
sunspot = 10; Psyy = 2 nPa, sunspot = 80; and Psy, =5 nPa, sunspot = 80, respectively.

when the sunspot number is near 60-80. Also, it has been shown that the plasma sheet pressure is generally
higher for hot-tenuous plasma sheet than cold-dense plasma sheet [Wang et al., 2009, 2010]; the plasma
sheet pressure is likely to be the highest when the sunspot number is ~60-80. In addition, simulations from
Gkioulidou et al. [2009] have shown that under the same CPCP driving, the shielding of convection electric
field is less effective when the plasma sheet is hotter and more tenuous. As a result, plasma sheet pressure in
the inner edge of the plasma sheet is farther earthward and the plasma sheet pressure is higher for a hotter
and more tenuous plasma sheet [see Gkioulidou et al., 2009, Figure 5]. These previous studies thus provide a
reasonable explanation for the dependence on the sunspot number and the larger dependences seen at
smaller |X].

Figures 10a-10c show the equatorial pressure distributions for four different loadings (100, 2000, 4000, and
8000 kV min) when Py, =2 or 5 nPa and sunspot number =10 or 80 (80 is approximately the median sunspot
number as shown in Figure 5a). As shown in Figure 4, these four loading values are typically seen at different
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Figure 11. Example of modeled and observed pressure comparison during 60 min growth phase of 31 December 2008
substorm. The substorm onset occurred at 05:32 UT identified from auroral images. (a) The variation of Psy, CPCP, AE,
and PCPAE loading based on OMNI data 1 h prior to and 30 min after onset. The dashed vertical line marks the substorm
onset time. (b) TH-C and TH-D trajectories at X-Y plane in GSM coordinates. The blue and red lines are the TH-D and TH-C,
respectively. (c and d) The comparison of the modeled and observed pressures from TH-D and TH-C. The black, blue, green,
and red lines are the observed plasma pressure, total pressures, the model pressure with constant Psy = 2.6 nPa, and
the modeled pressure with time-dependent Psyy, respectively.

growth phase stages of a moderate substorm with 100 at the beginning, 2000 and 4000 at the middle, and 8000
at the end of the growth phase. Their midnight profiles are shown in Figure 10d. The overall predicted pressures
are higher when under higher energy loading or Psy,. On the other hand, under the same loading and Psyy,
pressures at median sunspot number are found to be higher in the near-Earth region but lower in the tail
compared to those at low sunspot number (also compared to those at high sunspot number, not shown). Figure
10e shows the azimuthal profiles at r=10 Rg. The pressures are more dawn-dusk asymmetric with higher
pressure in the premidnight Magnetic Local Time (MLTs) when Psyy is higher or the sunspot number is closer to
the median values. These asymmetries become weaker when loading is higher.

4.2, A Substorm Event Study

The spatial structure of the growth phase pressure and its quantitative correlations with different factors
predicted by our empirical model can be used to understand the pressure changes observed by spacecraft
during substorm events. Here we show an example of a substorm on 31 December 2008 (the onset occurred
at ~05:38 UT from the AL drop but at ~05:32 from aurora). This event is chosen for having a large and
monotonic change in Psy,. Figure 11a shows the variations of Psyy, CPCP, AE, and PCPAE loading. During the
growth phase, Psyy increased from 3.5 to 6 nPa in the first 5 min, then decreased gradually from ~6 to 2.6 nPa
with some small fluctuations. Meanwhile, CPCP decreased sharply in the first 3 min, then gradually increased
from ~35 to 90 kV and remained around 90 kV after ~05:15 UT. AE was high at the beginning because of
the previous substorm. It decreased to 100 nT in about 20 min and then increased back to 200 nT prior to the
onset (the vertical dashed line in Figure 11a marks the onset time), and AE max after the onset is ~480 nT.
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ThePCPAE loading increased from ~100 to 6000 kV min, corresponding to a typical moderate substorm as
shown in Figure 4.

Figure 11b shows the trajectories of TH-C and TH-D in the X-Y plane in GSM coordinates during the growth
phase. TH-D was at r ~ 6 R while TH-C was at r ~ 12 R and both were moving eastward and farther away from
midnight. As shown in Figures 11c and 11d, they remained near the plasma sheet for most of the growth
phase as indicated by the comparable magnitudes between the plasma pressures (black line) and total
pressures (blue line), except for TH-D for two very brief durations at the beginning and near the end of the
growth phase. We then predicted the evolution of pressures with the temporal profiles of the control
parameters (Xgsm, Yosm, Br, Psw, PCPAE loading, and the monthly averaged sunspot number=0.8). To
illuminate the effect of Psy changes, we also evaluated the pressure change using constant Psyy = 2.6 nPa
(the lowest Psyy during the growth phase). The model results and corresponding observations from TH-D and
TH-C during the substorm growth phase are shown in Figures 11c and 11d, respectively. The predicted total
pressures with time-dependent Psy, and constant Psyy, are indicated by the red and green lines, respectively.
It can be seen that the total pressure (blue line) observed by TH-D gradually decreased from ~1.8 to 1 nPa
during the substorm growth phase. The predicted pressure with time-dependent Psyy (red line) agrees well in
general with the observed pressure (blue line) in both magnitudes and its decreasing trend, except the two
very short periods when TH-D went suddenly farther away from the current sheet at ~4:35 and ~05:20 UT.
Br during these two periods was >40 nT and exceeded the reliable Br range (<30 nT) for the pressure model,
thus causing the discrepancy between the predicted and observed pressures. In comparison, the predicted
pressure at TH-D with constant Psyy (green line) still shows a slight decreasing trend despite that globally
the plasma pressure is increasing under increasing loading. This is because TH-D was moving farther away
from midnight to a location where, as shown in Figure 9, the pressure is relatively lower and the pressure
increase in response to increasing loading is also smaller. The local temporal pressure increase is smaller
than the spatial pressure decrease along TH-D trajectory, resulting in the slight pressure decrease under
constant Psyy. Thus, the observed substantial pressure decrease at TH-D should be mainly due to the
decreasing Psyy.

On the other hand, at TH-C, both the observed pressure (blue line) and the predicted pressure with time-
dependent Psyy, (red line) show little change as the growth phase proceeds, and the two pressures are in good
agreement. The predicted pressure with constant Psyy, (green line) increases with time, contrary to the
prediction at TH-D. This is because the loading effect is stronger at larger r, so the local temporal pressure
increase exceeds the spatial decrease along the TH-C trajectory. However, this pressure increase due to the
energy loading alone is similar to the decrease in response to the decreasing Psyy alone, resulting in no
substantial pressure changes observed by TH-C. This event study shows that, despite under increasing
energy loading, it is not necessary for spacecraft to see a pressure increase during the substorm growth
phase, which in fact is quite common, because of the Psy effect as well as the combined temporal and spatial
effect along spacecraft trajectory as discussed above.

5. Summary and Conclusion

In order to understand changes in the pressure spatial distribution in the inner plasma sheet (r<20 Rg) during
the substorm growth phase, we have identified the factors that are well correlated with plasma sheet
pressure and its corresponding changes and built up a 2-D equatorial empirical plasma sheet pressure model
and an error model by using the Support Vector Regression Machine (SVRM) controlled by these factors.
Major results from this study are the following:

1. Based on our large database of ~2,800,000 plasma pressure data points during substorm growth phase from
THEMIS and Geotail observations from year 1995 to 2010, we identified Psyy, energy loading, and the sunspot
number as the three primary contributors to pressure variations. Here the energy loading is a combination of
time integral of CPCP and AE that we found is a better representative of energy loading.

2. By using these factors as inputs and using the Support Vector Regression Machine technique, we have
successfully constructed a 2-D plasma sheet pressure model that has high accuracy with 5% median
errors. Data and model comparison indicates that the new pressure model represents observations very
well in general. The predicted pressure gradients also agree reasonably well with the observed pressure
gradients obtained from simultaneous THEMIS two-probe measurements.
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3. We have found that the pressure increases linearly as Psyy increases. The pressure increase ratios are larger
under lower energy loading but similar at different regions. On the other hand, the pressure responses to
energy loading and sunspot number are nonlinear. The pressure increases first with increasing loading or
sunspot number; it then remains relatively constant or decreases slightly after reaching a peak value at
loading of ~8000 kV min or at sunspot number of ~80. The loading effect is stronger when Psyy is lower. It is
similar at different radial distance but stronger near midnight than away from midnight. The effect of
sunspot number is more clearly seen at smaller r.

4. Our pressure model can be used to understand the pressure changes observed during a substorm event
by providing evaluations of the individual and combined effects of energy loading and Psy, as well as the
combined temporal and spatial effect along the spacecraft trajectory.

In future studies, we will use the 2-D pressure distributions predicted by this empirical pressure model as
inputs to obtain 3-D force-balanced magnetic field configurations using our force-balanced magnetic field
modeling [Yue et al., 2013, 2014]. This will allow us to investigate the pressure and magnetic field
configuration changes as pre-onset conditions and evaluate whether the changes can lead to unstable
plasma sheet, such as the interchange or ballooning instability.
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