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Abstract To investigate whether ultralow-frequency (ULF) fluctuations from 0.5 to 8.3mHz in the solar
wind and interplanetary magnetic field (IMF) can affect the plasma sheet electron temperature (Te) near
geosynchronous distances, we use a support vector regression machine technique to decouple the effects
from different solar wind parameters and their ULF fluctuation power. Te in this region varies from ~0.1 to
10 keV with a median of 1.3 keV. We find that when the solar wind ULF power is weak, Te increases with
increasing southward IMF Bz and solar wind speed, while it varies weakly with solar wind density. As the ULF
power becomes stronger during weak IMF Bz (~0) or northward IMF, Te becomes significantly enhanced, by a
factor of up to 10. We also find that mesoscale disturbances in a time scale of a few to tens of minutes as
indicated by AE during substorm expansion and recovery phases are more enhanced when the ULF power is
stronger. The effect of ULF powers may be explained by stronger inward radial diffusion resulting from
stronger mesoscale disturbances under higher ULF powers, which can bring high-energy plasma sheet
electrons further toward geosynchronous distance. This effect of ULF powers is particularly important during
weak southward IMF or northward IMF when convection electric drift is weak.

1. Introduction

The nightside plasma sheet is the main particle source for ring current and radiation belt. Variations in the
plasma sheet electron temperature are thus important for development of relativistic electrons. Solar wind
energy input into the magnetosphere, which depends on types of solar wind/interplanetary magnetic field
(IMF) structure, is one of the major processes to accelerate plasma sheet particles. This external energy
input controls the magnetospheric convection and thus large-scale electron inward motion and adiabatic
energization due to E× B drift [Wang et al., 2011]. Previous observational studies have identified several
solar wind/IMF parameters as primary external drivers of the plasma sheet temperature. The plasma sheet
temperature is correlated with the solar wind velocity [Borovsky et al., 1998; Tsyganenko and Mukai, 2003;
Wang et al., 2007; Dubyagin et al., 2016]. Plasma sheet temperature is lower for positive IMF Bz than nega-
tive IMF Bz but with the effects depending strongly on the history of IMF Bz [e.g., Terasawa et al., 1997;
Øieroset et al., 2003; Wing et al., 2005; Wang et al., 2010]. However, most of these previous studies focused
only on plasma sheet ion temperature and our understanding of the electron temperature
remains limited.

It has been observed that solar wind energy input can also be affected by fluctuations of solar wind/IMF para-
meters in the ultralow-frequency (ULF, in a time scale of a few to tens of minutes) range [e.g., Kim et al., 2009].
These ULF fluctuations are often associated with Alfvénic waves within the interplanetary medium [Belcher
and Davis, 1971]. Stronger IMF fluctuations are found to elevate polar-cap convection strength consisting
of transient but larger enhancements [Kim et al., 2011, 2012], as well as to cause more frequent substorm
occurrence [Tsurutani et al., 1990; Lyons et al., 2009]. Stronger ULF fluctuations in solar wind velocity and
density can enhance ULF wave activity within the magnetosphere [Kessel, 2008]. Compared with coronal
mass ejection-driven storms, solar wind ULF fluctuations during corotating interaction region-driven storms
are larger and relativistic electron fluxes are higher [Borovsky and Denton, 2006; Potapov, 2013]. These
observations thus suggest that solar wind ULF fluctuations may also affect the acceleration of plasma
sheet electrons.
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Besides the solar wind/IMF conditions, plasma sheet electrons are also affected by plasma sheet mesoscale
disturbances in a time scale of a few to several tenths of minutes, such as bursty bulk flows, depolarization
fronts, and substorms. Electrons can be accelerated within these mesoscale disturbances [e.g., Liang et al.,
2014; Birn et al., 2014; Grigorenko et al., 2016]. These disturbances could also lead to earthward penetration
and energization of plasma sheet particles which are more localized than those by large-scale E× B drift
[e.g., Gabrielse et al., 2016; Yang et al., 2016]. These mesoscale disturbances are stronger when AE is higher
[e.g., Angelopoulos et al., 1994; Wang et al., 2009]. Also, as AE becomes higher, the plasma sheet electron
temperature is found to be higher [e.g., Wang et al., 2009] and the electron Alfvén layers to penetrate
further earthward [e.g., Korth et al., 1999; Jiang et al., 2011]. Furthermore, it is well known that AE level is
closely correlated with the solar wind/IMF conditions. However, whether plasma sheet mesoscale distur-
bances are affected by the solar wind/IMF ULF fluctuations remains to be investigated.

In this study we investigate how plasma sheet electron temperature (Te) observed by Time History of Events
and Macroscale Interactions during Substorms (THEMIS) is affected by primary solar wind/IMF parameters,
especially the effects from their ULF fluctuations, and by AE levels. We focus on Te in the region around mid-
night geosynchronous distance (6 ≤ r ≤ 8 RE and 21 ≤MLT ≤ 3), where the earthward edge of the electron
plasma sheet connects with the ring current. We investigate the correlations of observed Te with the solar
wind/IMF and AE parameters, as well as the correlations between these parameters. The THEMIS data selec-
tion and observational results are presented in section 2. To decouple the effects on Te from different para-
meters, we conduct regression analysis by using a machine learning technique, support vector regression
machine (SVRM). The principles of SVRM and how we construct SVRM models are described in section 3
and Appendix A. The SVRM model predictions of the effects from each solar wind parameter on Te are
presented in section 4 and possible physical explanations are discussed in section 5.

2. Observations
2.1. Data

In this study, we use 8 years (January 2008 to December 2015) of plasma and magnetic field measured by the
three THEMIS probes (TH-A, TH-D, and TH-E). THEMIS provides particles and plasma moments measured by
the electrostatic analyzer (ESA, 0.006–20 keV/q for ions and 0.007–26 keV for electrons) [McFadden et al.,
2008] and the solid state telescope (SST, 35 keV–6MeV for ions and 30 keV–6MeV for electrons). Full plasma
distributions with time resolution of either ~1 or 6min are used. Contamination has been removed by using
the THEMIS data processing procedures. Pitch angle-averaged electron temperatures are obtained from the
combined ESA and SST data. The spin-fit magnetic field vectors are measured by the FluxGate Magnetometer
(FGM) instrument [Auster et al., 2008].

We use 1min solar wind parameters, including IMF By and IMF Bz in GSM coordinates, and the solar wind
speed (Vsw) and solar wind density (Nsw). These solar wind data are measured by ACE, Wind, or Geotail.
The arrival time of the IMF at the subsolar bow shock at (x= 17, y=0, z=0 RE) is determined by calculating
the minimum variance direction using the minimum variance analysis technique [Weimer et al., 2003;
Weimer, 2004]. To indicate the strength of ULF fluctuations of these parameters, we computed their ULF
power parameters, including By, pow for IMF By, Bz, pow for IMF Bz, Vpow for Vsw, and Npow for Nsw. We use
the same methodology of computing ULF powers as that used in Kim et al. [2009] in the following steps:
(1) fill the missing data points with a cubic spline interpolation; (2) subtract the background value by using
a smoothing function with a window of 61 points (1 h); (3) use a fast Fourier transform (FFT) algorithm with
a 128 point (2 h) moving window (2min time shift between successive windows) to produce the power spec-
tral density in the ULF Pc5 frequency range; here a Hanning window is used to minimize edge effects that
result in spectral leakage in the FFT spectrum; and (4) compute the ULF power index, which in this study is
defined as the sum of the power spectral densities over the frequencies 0.5–8.3mHz. The units are nT2 for
By, pow and Bz, pow, km

2/s2 for Vpow, and cm�6 for Npow. Figures 1a and 1b show two examples of IMF Bz with
small and large Bz, pow, respectively. Figures 1c and 1d show two examples of slow solar wind with small and
large Vpow, respectively.

As shown by the previous studies described in section 1, the time-lag effect of the solar wind drivers on the
magnetosphere is important, and the state of the magnetosphere at t= t0 depends more on the solar wind
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history within an interval between t= t0 and t0�Δt than on the solar wind conditions at a single moment,
t= t0�Δt. While there can be different ways to construct a parameter to represent the history of the solar
wind conditions, in this study we computed time averages of the above solar wind parameters following
the methodology of Terasawa et al. [1997]. For each data point at t= t0 we compute time averages of each
parameter over the time interval between t= t0 and t0�Δt, where Δt=1, 2, and 3 h. If the number of
missing data points within Δt is more than 10% of the number of total points, then the average will not be
used. Note that we have investigated the correlations of Te with these solar wind parameters in their
different hour averages from 1 to 8 h. We found that the correlation is the strongest with IMF Bz, and the
IMF Bz correlation is the highest with its 3 h average. In addition, we found that it is sufficient to use
averages up to 3 h to make SVRM prediction with satisfactory accuracy. Therefore, in this study we
consider the solar wind history up to 3 h.

For this analysis, we selected THEMIS data points within 6 ≤ r ≤ 8 RE, 21 ≤MLT≤ 3, and plasma beta> 0.01. The
total number of available data points is 32,518. Each data point includes the information of Te and its 30
corresponding parameters. These parameters are the three spatial parameters (r, MLT, and plasma beta),
the eight solar wind parameters (IMF By, IMF Bz, Vsw, Nsw, By, pow, Bz, pow, Vpow, and Npow) in their 1, 2, and
3 h averages, and the AE parameter in its 1, 2, and 3 h averages. Here plasma beta is used as a spatial para-
meter to indicate the z distance from the equatorial plane, since plasma beta at a fixed x-y location generally
becomes lower with increasing z distances. Figure 2 shows the probability distributions of Te, and the 1 h
averages of the AE and solar wind parameters, as well as their quartile values. Te in this region varies from
~0.1 to 10 keV with the median value of ~1.3 keV.

Figure 1. IMF Bz, its dynamic power spectrum, and ULF power for events of (a) low Bz,pow and (b) high Bz, pow. The solar wind speed, its dynamic power spectrum,
and ULF power for events of (c) low Vpow and (d) high Vpow.
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2.2. Te Variations With Locations, Solar Wind, Solar Wind ULF Powers, and AE

Figure 3a shows the Te variations with the three spatial parameters and with the AE and solar wind para-
meters in their 3 h averages. Linear correlation coefficients between Te and these parameters are indicated
on the top of each plot. For the spatial dependences, there are no strong variations with r and MLT, but Te
decreases significantly with decreasing plasma beta. Te increases with increasing AE, and their correlation
coefficient is >0.5. Among the solar wind parameters, general increasing or decreasing trends are seen with
IMF Bz, Vsw, Nsw, and Vpow and their correlation coefficients are >0.3. Te, in general, becomes higher with
increasing Vsw and Vpow, while it becomes lower with increasing IMF Bz and Nsw. The dependences on IMF
Bz, Nsw, Vsw, and AE are consistent with the previous studies with ion temperatures [e.g., Wang et al., 2007,
2009]. In comparison, variations with IMF By, By, pow, Bz,pow, and Npow show no clear increasing or decreasing
trends and their correlation coefficients are <~0.2.

It is important to note that the Te variation and the linear correlation with each of these parameters
shown in Figure 3a are without restricting the values of the other parameters; therefore, the effects of
the other parameters are not yet decoupled. Those parameters with relatively high correlations are very
likely a dominant factor in affecting Te. On the other hand, for a parameter with a very low correlation,
the correlation may not necessarily indicate that it always has very weak effect on Te. For example, the
correlation coefficient between Te and Bz, pow is very low (0.14) under all conditions as shown in
Figure 3a, but it can change significantly under different IMF Bz conditions. Figure 3b shows the correla-
tions between Te and Bz, pow for three different IMF Bz ranges. It can be seen that the correlation is very
low (0.11) during southward IMF, but it is high (0.6) during northward IMF. This shows that the effect of
Bz, pow on Te is conditional depending on the conditions of other parameters. Therefore, to determine
how the solar wind ULF fluctuations affect Te, it is necessary to decouple their effects from
other parameters.

2.3. Correlations Between Solar Wind and AE Parameters

Those solar wind parameters considered in this study are not entirely independent of each other. Figure 4
shows the correlations between different solar wind parameters in their 3 h averages, with their linear corre-
lation coefficients indicated on the top of each plot. The 10%, 50%, and 90% percentiles are overplotted. IMF
Bz is not correlated with either Vsw or Nsw, but conditions of high Vsw (>~600 km/s) tends to occur at smaller
IMF Bz magnitudes, while conditions of large Nsw (>~10 cm�3) tends to occur at larger IMF Bz magnitudes.
These correlations are the same for IMF By (not shown). Also, IMF By is independent of IMF Bz (not shown).

Figure 2. Probability distributions of plasma sheet electron temperature, solar wind/IMF parameters, and AE. The vertical dotted lines indicate the 25% (blue), 50%
(green), and 75% (red) quartiles with their values indicated on the top of each plot.
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Vsw and Nsw are anticorrelated, and variations of Nsw are much larger when Vsw is lower. For ULF powers,
Bz, pow is independent of IMF Bz, and it is stronger when Vsw becomes higher. Vpow is highly correlated with
Vsw, while Npow is highly correlated with Nsw. Bz, pow and Vpow are clearly correlated, but Vpow and Npow are
independent of each other. The correlations of Bz, pow with other solar wind parameters are consistent
with the study of Kessel [2008].

Figure 4 also shows variations of AE with the solar wind parameters. AE is higher with decreasing IMF Bz and
increasing Vsw but is independent of Nsw. Similarly, AE is higher with increasing Bz, pow and Vpow but is almost
independent of Npow. This suggests that the solar wind ULF powers can affect plasma sheet
mesoscale disturbances.

Figure 3. (a) Te as a function of radial distances, MLTs, plasma beta, and AE and solar wind parameters (in their 3 h averages). The linear correlation coefficients are
indicated on the top of each plot. (b) Te as a function of Bz, pow within different IMF Bz ranges.
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3. Regression Analysis

We conduct regression analysis to decouple the effects from different parameters in order to evaluate the
contribution of solar wind ULF fluctuations on Te. There are many different techniques available for such
decoupling. In addition to traditional approach of empirical fitting observations with analytical formulas of
the correlations, such as studies of Tsyganenko and Mukai [2003], Nagata et al. [2007], and Dubyagin et al.
[2016], many new techniques based on machine learning have been developed, such as neural network
and SVRM, and have been applied to understand the near-Earth magnetosphere [Bortnik et al., 2016; Yue
et al., 2015a, 2015b]. Each of these techniques has its advantages and disadvantages. In the following we

Figure 4. Correlations between different solar wind and AE parameters (in their 3 h averages). The blue, green, and red lines indicate the 10%, 50%, and 90%
percentiles, respectively.
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describe the principles and advantages of SVRM and demonstrate the appropriateness of using SVRM for
this study.

3.1. Support Vector Regression Machine

SVRM is regression analysis using the support vector machine (SVM) [Vapnik and Lerner, 1963]. SVM is a super-
vised nonlinear machine learning technique in the framework of statistical learning theory. The basic princi-
ple for a SVM model is to represent the training data set (training data are the data points used to train the
model) as vectors in space mapped so that the data are divided to separate groups by a gap as wide as
possible. New data from cross validation or a test data set are then mapped into the same space. Based on
which side of the gap they fall, they are predicted to belong to one group or another. The SVRM maps multi-
dimensional data (for example, in our case, locations and the solar wind parameters, these are called control
parameters) into a high-dimensional feature space (in our case, electron temperature), via nonlinear mapping
through a selected kernel function, and to perform a linear regression in this space. The key mathematical
challenge of SVRM is to minimize the sum of the model errors for all the data points and a complexity term
that enforces the flatness of the surface in the high-dimensional feature space. This leads to solving a quad-
ratic programming problem, which is uniquely solvable [Vapnik, 1995]. The solution is represented by a
subset of the training data as support vectors that are automatically selected by SVM/SVRM algorithm and
can be used to uniquely determine the fitted surface. More comprehensive information of SVRM can be
found in Smola and Schölkopf [2004].

We choose to use SVRM for this study because of its many advantages over other models: (1) SVRM is
nonparametric regression so it requires no predetermined equation forms. (2) It is appropriate for control
parameters that are likely to interact with each other (in our case, many of the solar wind parameters, as
shown in Figure 4, correlate with each other). (3) Theoretically, it can bypass “the curse of dimensionality,”
which is the problem of available data becoming sparse when the dimensionality increases. (4) It avoids traps
by local minima. In space physics, SVM has been used in forecasting, including solar F10.7 [Huang et al., 2009],
solar wind velocity [Liu et al., 2011], substorms [Gavrishchaka and Ganguli, 2001], Kp [Ji et al., 2013], and storm
time ionosphere [Sun et al., 2011]. SVRM has been applied to model the magnetopause shape [Wang et al.,
2013]. Recently, Yue et al. [2015a, 2015b] have successfully applied SVRM to evaluate how the observed
plasma sheet plasma pressure is controlled by solar wind energy loading and AE.

To demonstrate that SVRM is capable of decoupling the effects on a quantity from different control para-
meters similar to those of this study, we have tested SVRM analysis and prediction with a virtual data set
of plasma sheet ion temperatures prescribed by an analytical coupling function of spatial and solar wind
parameters given by the Tsyganenko and Mukai, 2003 (TM03) model [Tsyganenko and Mukai, 2003]. This test,
as well as the procedures of constructing a SVRM model, is presented in Appendix A.

3.2. SVRM Te Model

To construct a SVRMmodel to predict Te following the procedures described in Appendix A, we use the radial
basis function combined with ε-SVR (ε= 0.1, C=1, and γ=1) and a training data from 30% of our data set after
experimenting with different functions, SVR types, and values of these free parameters. We have also experi-
mented with different sets of control parameters chosen from the 30 parameters described in section 2.1,
which include the three spatial parameters, the eight solar wind parameters in their three time averages,
and the AE parameter in its three time averages. Figures 5a–5e show the testing results from the models
using five different parameter sets: (1) using all of the 30 parameters; (2) excluding all IMF By, By,pow, and
AE parameters from the 30 parameters; (3) the same as (2) but use only the 1 h averages; (4) excluding all
IMF By, AE, and all ULF power parameters from the 30 parameters; and (5) using AE parameters only.
Comparing set 1 with set 2 indicates that it is not essential to use IMF By, By, pow, and AE as control parameters
if other solar wind parameters are included. This suggests that the effects of IMF By and By, pow on Te are much
weaker than other parameters. As shown in Figure 4, AE is closely correlated with the solar wind parameters.
We have tested using SVRM to predict AEwith these solar wind parameters (excluding IMF By and By,pow) and
found that AE can be well predicted, as indicated by the high correlation between observed AE and model AE
shown in Figure 5f. This suggests that the AE parameter becomes redundant in the presence of the solar wind
parameters and thus needs not to be included. Comparing set 2 and 3 indicates that it is important to
consider a longer history of solar wind conditions. Note that we have tested including longer time
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averages from 4 to 8 h, but the prediction results are only slightly better. The differences between set 3 and 4
indicate that ULF powers are important to Te. Despite that Figure 3a shows that AE, among all the parameters,
has the highest linear correlation with Te, Figure 5e shows that it is far from sufficient to predict Te using only
the AE parameters. Based on these comparisons, in section 4 we present the prediction results from the SVRM
Te model constructed from the control parameter set 2.

4. Model Results

In this section we present the SVRM predictions of the Te variations with IMF Bz, Vsw, and Nsw when their ULF
powers are weak, as well as the Te variations with Bz, pow, Vpow, and Npow.

Figure 5. (a–e) Observed Te versus model Te (the linear correlation coefficient indicated in red) (top) and probability distributions of the differences between
observed Te and model Te (NRMSD indicated in red) (bottom) for different control parameter sets. (f) Comparisons between observed AE and model AE.
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4.1. Dependences on IMF Bz, Vsw, and Nsw

We investigate in Figure 6 the variations of Te with IMF Bz, Vsw, and Nsw when the solar wind ULF powers are
low. To specify this low ULF power condition, we use the 10% percentile values for Bz, pow, Vpow, and Npow as
shown in Figure 4. The 10% Bz, pow is independent of IMF Bz, but it increases from ~0.1 to 0.3 as Vsw increases
from 300 to 700 km/s. We thus specify a constant Bz, pow = 0.2. For the 10% percentile Vpow (Npow), their values
as a function of Vsw (Nsw) are listed in Table 1. We assume a steady condition so that the same values are spe-
cified for the1 h, 2 h, and 3 h averages. The model Te is predicted at the location of r= 7 RE, MLT = 0, and
plasma beta = 0.5. Note that the errors shown in Figure 6 are predicted by the Te error model (see
Appendix A). Figure 6a shows the Te variations with IMF Bz with constant Nsw = 4 cm�3 (the median Nsw as
shown in Figure 2) under three solar wind speeds as indicated by lines of different colors. Similarly,
Figure 6b shows Te variations with IMF Bz with constant Vsw = 400 km/s (the median Vsw as shown in
Figure 2) under three solar wind densities. These variations show that Te is lower during northward IMF than
southward IMF. During southward IMF, Te increases monotonically with increasing |IMF Bz| with the increase
rates depending on the Vsw and Nsw conditions. For example, Figure 6a shows that Te can increase by a factor
of ~10 as IMF Bz changes from 0 to �5 nT when Vsw = 300 km/s (blue line), but Figure 6b shows that Te

Figure 6. SVRM Te as a function of IMF Bz for (a) Nsw = 4 cm�3 and (b) Vsw = 400 km/s, as a function of of Vsw for (c) Nsw = 4 cm�3 and (d) IMF Bz = 3 nT, and as a
function of Nsw for (e) Vsw = 400 km/s and (f) IMF Bz = 3 nT. The different line colors indicate values of the parameter in comparisons. For all plots, Bz, pow = 0.1 is
specified, and the values of the 10% percentiles listed in Table 1 are specified for Vpow and Npow.

Table 1. 10%, 50%, and 90% Percentiles of Vpow (Npow) as a Function of VSW (NSW)

VSW
a (NSW) 300 (1) 350 (2) 400 (3) 450 (4) 500 (5) 550 (6) 600 (7) 650 (8) 700 (9) 750 (10)

10% Vpow (Npow) 1.7 (0.008) 2.7 (0.015) 5.2 (0.028) 6.2 (0.042) 10 (0.064) 23 (0.079) 20 (0.13) 40 (0.18) 17 (0.23) 121 (0.26)
50% Vpow (Npow) 4.8 (0.018) 7.8 (0.036) 13 (0.064) 20 (0.1) 34 (0.18) 64 (0.22) 72 (0.34) 88 (0.45) 130 (0.65) 166(0.81)
90% Vpow (Npow) 17.2 (0.09) 25 (0.09) 42 (0.148) 61 (0.26) 83 (0.54) 149 (0.7) 153 (0.94) 174 (1.56) 260 (2.1) 227 (2.4)

aVSW in km/s, NSW in cm�3, Vpow in km2/s2, and Npow in cm�6.
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increases only by a factor of 2 when Nsw = 8 cm�3 (red line). In comparison with southward IMF, Te variations
with |IMF Bz| during northward IMF are smaller. These predicted Te variations with IMF Bz are consistent with
the conclusions from the previous observational studies described in section 1.

Figure 6c shows that Te variations with Vsw are very different under different IMF Bz conditions. During
northward IMF, Te increases significantly with increasing Vsw. For example, for IMF Bz= 3 nT (red line), Te
increases by a factor of ~10 as Vsw increases from 300 to 700 km/s. In contrast, for southward IMF (blue line),
Te increases significantly from Vsw = 300 to 400 km/s, but it becomes almost independent of Vsw for
Vsw ≥~500 km/s. Figure 6d shows that the Te variations with Vsw during northward IMF are similar under
different Nsw conditions.

In comparison with the Te variations with IMF Bz and Vsw, Figures 6e and 6f show that Te variations with Nsw

are much weaker. As shown in Figure 6e, when Vsw = 400 km/s, Te is almost independent of Nsw under all IMF
Bz conditions. When Nsw is high, Figure 6f shows that Te increases with increasing Nsw under higher Vsw (red
line) but decreases under lower Vsw (blue line).

4.2. Dependences on Solar Wind ULF Powers

Figure 7 shows the Te variations with Bz, pow under different IMF Bz (different line colors), Vsw (different
columns), and Nsw (different rows) conditions. Similar to Figure 6, the 10% percentile Vpow (Npow) values as
a function of Vsw (Nsw) are specified. The variation trends are very different depending on IMF Bz; for north-
ward IMF (red lines), Te increases with increasing Bz, pow under most of the conditions, except for
Vsw = 400 km/s and Nsw = 6 cm�3. The increase tends to be more significant under higher Vsw. For example,
for Nsw = 2 cm�3, Te increases by a factor of ~10 as Bz, pow increases from 0.3 to 5 when Vsw is 500 km/s,
but increases by a smaller factor of ~3 when Vsw is 300 km/s. For southward IMF (blue lines), Te is almost inde-
pendent of Bz, pow when Vsw is low (for example, 300 km/s). But under higher Vsw (for example,> 400 km/s), as
Bz, pow increases Te first remains similar or increases slightly then decreases. For IMF Bz=0 (green lines), Te, in
general, increases with increasing Bz, pow and the increasing rate becomes more significant when Nsw is
higher. The fact that the predicted Te variations are large with Bz, pow during weak IMF Bz and northward
IMF but small during southward IMF is in agreement with the observed variations shown in Figure 3b.

We investigate in Figure 8a the effect of Vpow on Te for southward IMF (top row), IMF Bz= 0 (middle row), and
northward IMF (bottom row), and for Nsw = 2 (left column) and 4 cm�3 (right column). Note that the Te scales
for different IMF Bz conditions are different in order to show the trends more clearly. Constant Bz, pow = 0.2 is
specified. Since the ranges of Vpow change with Vsw, we plot Te as a function of Vsw and compare tempera-
tures corresponding to low Vpow (10% percentile, blue lines), median Vpow (50% percentile, green lines),
and high Vpow (90% percentile, red lines). Like the Te dependence on Vsw as shown in Figure 6c, Figure 8a
shows that Te dependence on Vpow is also quite different under different IMF Bz conditions. For the same
Vsw, in general, temperature is higher when Vpow is higher under northward IMF and IMF Bz=0, but this
correlation is opposite under southward IMF. The Vpow is more effective for Vsw ≤~500 km/s and during
northward IMF. For example, for IMF Bz= 3 nT and Nsw = 4 cm�3, Te at Vsw = 450 km/s is a factor of ~6 higher
for the high Vpow than for the low Vpow. Figure 8b shows the Te variations with Nsw for low, median, and high
Npow (different color) for southward (top row), IMF Bz=0 (middle row), and northward IMF (bottom row), and
for Vsw = 300 (left column) and 400 km/s (right column). The effect of Npow is mainly seen during IMF Bz=0
and northward IMF for Nsw ≥ 5 cm�3. And for these favorable IMF and Nsw conditions, Te for the same Nsw

is higher when Npow is higher. For example, for IMF Bz= 3nT and VSW = 300 km/s, Te at Nsw = 8 cm�3 is a factor
of ~5 higher for high Npow than for low Npow.

The above results shown in Figures 6–8 indicate that the solar wind ULF fluctuations have a substantial effect
on Te during weak IMF Bz or northward IMF. Considering the Te occurrence distributions shown in Figure 2,
when Bz, pow is low (≲0.2), the high Te (>3 keV, the 75% quartile) can only occur under the condition of strong
southward IMF (≲�3 nT) and high Vsw (≳400 km/s). However, for the same high Vsw (≳400 km/s), even when
IMF Bz is very weak (~0), the high Te can still occur if Bz, pow is high (≳2). On the other hand, while Te becomes
lower when northward IMF is stronger and Vsw is lower, the low Te (<0.5 keV, the 25% quartile) only occurs
when none of Bz, pow, Vpow, and Npow are high.
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5. Discussion

As shown in Figures 6 and 7, high Te near midnight geosynchronous distance can occur under either of
the two IMF conditions: (1) strong southward IMF Bz with weak Bz, pow or (2) weak IMF Bz or northward
IMF with strong Bz, pow. Here we discuss possible large-scale and mesoscale processes that could enhance
Te through inward transport and energization of high-energy electrons (above the plasma sheet thermal
energy) under these two conditions. Note that these processes may also lead to generation of many
different small-scale waves; however, complicated electron energization by these waves remains to be
better understood and thus is not discussed here. For high-energy plasma sheet electrons, their drift
paths and Alfvén layers are determined by the competition between sunward electric drift and azimuthal
magnetic drift. Their Alfvén layers around midnight during low AE (<50 nT) are located at r~ 7.5–8 RE
[Jiang et al., 2011]. Under the first IMF condition, enhanced electric drift under stronger southward IMF
Bz drives Alfvén layers further inward [Korth et al., 1999; Wang et al., 2008, 2011], which can account
for the Te increase with increasing southward IMF Bz shown in Figures 6a and 6b.

Figure 7. SVRM Te as a function of Bz, pow for IMF Bz =�4 (blue lines), 0 (green lines), and 4 nT (red lines) under different Vsw (different columns) and Nsw (different
rows) conditions. The values of the 10% percentiles listed in Table 1 are specified for Vpow and Npow.
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On the other hand, under the second IMF condition of weak IMF Bz or northward IMF, large-scale convec-
tion is not sufficiently strong to bring high-energy electrons to geosynchronous distance. But under the
condition of higher Bz, pow when plasma sheet mesoscale disturbances are expected to be stronger, as
suggested by the correlation between AE and Bz, pow shown in Figure 4, high-energy electrons could
get access to smaller radial distances through other processes. Particle simulations have shown that strong
transient electric field associated with an earthward-moving dipolarization front (a plasma bubble) could
locally inject energetic particles to the inner magnetosphere [e.g., Gabrielse et al., 2016; Yang et al.,
2016]. In addition, the magnetosphere-ionosphere coupling through field-aligned currents associated with
these mesoscale perturbations results in perturbations in the convection electric field [e.g., Gkioulidou
et al., 2009]. These mesoscale electric field perturbations could violate the third adiabatic invariant and
result in radial diffusion. Liu et al. [2003] considered continuous mesoscale electric field perturbations in

Figure 8. (a) SVRM Te as a function of Vsw with Vpow in its 10% (blue), 50% (green), and 90% (red) percentiles listed in Table 1. (b) SVRM Te as a function of Nsw with
Npow in its 10% (blue), 50% (green), and 90% (red) percentiles listed in Table 1. The values specified for IMF Bz, Bz, pow, and Nsw are indicated on the top of each plot.
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their kinetic simulations and showed that the resulting radial diffusion could bring high-energy (~150 keV)
plasma sheet electrons ~2 RE further inward in a time scale of a few hours in comparison with the results
without such mesoscale perturbations. Therefore, considering continuous occurrence of mesoscale
disturbances over several hours, such as during the substorm expansion and recovery phases and
stronger disturbances under higher Bz, pow, it is plausible that inward radial diffusion can contribute to
substantial Te increase at geosynchronous orbits if Bz, pow remains strong for a few hours.

To further investigate whether mesoscale disturbances during substorms are affected by Bz, pow, we
analyzed statistically the variations of AE from the growth phase to recovery phases of isolated substorms.
We selected 11 years of substorms from 1995 to 2005 from a substorm list composed by Hsu and
McPherron [2012]. The onset of each substorm was identified by a sharp drop in AL of more than
100 nT in 20min. We define an isolated substorm as the separation between its onset and the onsets of
the two neighboring substorms being larger than 5 h. AE and solar wind/IMF data in 5min resolutions
from 1h before to 3 h after the substorm onset at t=0 were used. We restricted the solar wind conditions
to 400< Vsw< 450 km/s and 3<Nsw< 7 cm�3 (around their median values as shown in Figure 2) and
separated the data points to correspond to low and high ULF power with Bz, pow< 0.5 and Bz, pow> 1.5,
respectively. Temporal variations of the quartiles of different solar wind parameters and AE are shown in
Figure 9. While the variations of IMF Bz, Vsw, and Nsw are similar for the low and high Bz, pow, AE is higher
for higher Bz, pow during the substorm expansion and recovery phases. Note also that IMF Bz during these
two phases is weak or positive. These results thus suggest that stronger inward radial diffusion of high-
energy electrons could possibly contribute to the high Te under the second IMF condition. Since diffusion
is a slower process than the drifts, this may also explain why the SVRM prediction is more accurate, as
shown in Figure 5, when considering a longer history of the solar wind and IMF conditions.

The inward radial diffusion might also explain the Vsw dependences shown in Figure 6c that during
northward IMF Te becomes higher with increasing Vsw even when the solar wind ULF fluctuations are
weak. Numerous simulations [e.g., Nykyri, 2013] and observations [e.g., Taylor et al., 2012; Lin et al.,
2014] have shown that the Kelvin-Helmholtz (K-H) surface waves at the flank magnetopause occur more
frequently under higher Vsw during northward IMF and that they are capable of driving Pc5 ULF
magnetic field fluctuations at geosynchronous distance [Rae et al., 2005; Agapitov et al., 2009].
Therefore, the K-H surface waves could possibly result in Alfvén layer fluctuations and thus radial diffu-
sion of high-energy plasma sheet electrons to geosynchronous distance even when there are no ULF
fluctuations in the solar wind.

Figure 9. Medians of IMF Bz, the solar wind speed, the solar wind density, and their ULF powers, number of data points, and AE as a function of time relative to
substorm onset at t = 0 for Bz, pow< 0.5 (blue) and Bz,pow> 1.5 (red) (the vertical lines indicate the 25% and 75% quartiles).
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6. Summary

Using a machine learning technique, SVRM, we conduct regression analysis of the dependences of Te in the
region of r= 6–8 RE and MLT = 21–3 on IMF Bz, Vsw, and Nsw, and their ULF fluctuation powers, Bz, pow, Vpow,
and Npow. Our main findings are the following:

1. Te in this region can vary by 2 orders of magnitude from 0.1 to 10 keV. The median Te is 1.3 keV, and the
25% and 75% quartiles are 0.2 and 3 keV, respectively.

2. When the solar wind ULF fluctuations are weak, among the three solar wind parameters IMF Bz has the
strongest effect while Nsw has the least effect. Te increases monotonically with increasing southward
IMF. As Vsw increases, Te, in general, increases but the rate of increase depends on the IMF Bz conditions.
Te can increase to>3 keV (above the 75% quartile) during strong southward IMF when Vsw is high. This Te
increase is likely due to inward transport of plasma sheet electrons to geosynchronous distance by
stronger convection electric drift under this solar wind/IMF condition.

3. Te can also increase to >3 keV even during weak or positive IMF Bz if Bz, pow remains high for a few
hours. Large-scale earthward electric drift under this IMF Bz condition is likely too weak to cause such
increase. This Te increase may be attributed by radial diffusion due to mesoscale electric drift perturba-
tions, which can persist for a few hours during substorm recovery phase and are more enhanced under
higher Bz, pow.

Appendix A

To demonstrate that SVRM has the capability of decoupling the effects on a plasma sheet property from
multiple parameters, including spatial parameters and solar wind parameters, we evaluate the SVRM analysis
and predictions with a virtual data set of ion temperature established from a known coupling function given
by the TM03 model. The TM03 analytical coupling function, which is based on Geotail observations, specifies
plasma sheet ion temperatures in the region of r=10–50 RE from four parameters: r, MLT, IMF Bz, and Vsw (see
equation (4) of Tsyganenko and Mukai [2003]). We compose a virtual data set that consists of 30,000 data
points (similar to the number of the THEMIS data set described in section 2.1) of the TM03 ion temperatures
corresponding to spatial parameters randomly selected from r=10–20 RE and MLT = 21–0 and the IMF Bz and
Vsw parameters randomly selected from the probability distributions shown in Figure 2. Temperature noise
within ±10% was then randomly added to these TM03 temperatures. Variations of the virtual temperature
with each of the four parameters are shown in Figure A1a without restricting the parameter ranges. These
variations show that the virtual temperature increases substantially with decreasing r and IMF Bz and with
increasing Vsw. In comparison, it appears almost independent of MLT.

A SVRM model is constructed with the following procedures:

1. Specifying kernel functions and SVM types: The kernel function is used to map the training data (see pro-
cedure (3) below) to high-dimensional feature space. Then in this feature space, SVM is used to obtain a
smooth model surface. There are several functions available, such as the radial basis function (RBF), a
linear function, a polynomial function, and a sigmoid function. There are several SVM types available
for regression, such as ε-support vector regression (SVR) [Vapnik, 1995], ν-SVR [Scholkopf et al., 2000],
and least squares SVR. After experimenting with different kernel functions and SVM types, for this study
we chose to use a combination of RBF and ε-SVR. This combination is commonly used and is very flexible
and robust in handling many problems and is free frommany difficulties of some other combinations. RBF
is exp(�γ|u� v|2 ), where u is data, v is prediction, and γ controls how far a discrete data point is effective in
constructing a continuous fitted parameter function for fitting in the high-dimensional feature space. The
ε in ε-SVR is the permissible error for a linear regression function.

2. Specifying fitting parameters: To use RBF and ε-SVR, there are three free parameters (ε, C, and γ) to be
specified in the model fitting process. The ε, introduced through ε-SVR, is the distance from the fitted
surface within which no fitting error is counted for a data point. The error factor, C, introduced through
SVR, is defined for data points falling outside of distance ε. The γ is the parameter in RBF. Using different
C and γ, SVRM gives different model distributions. A larger γ leads to a smaller data effective range, and
model reflects more local observations. And a larger C leads to tighter fitting of the data points, which
can adversely affect model smoothness (see examples shown in Figure 3 of Wang et al. [2013] and

Journal of Geophysical Research: Space Physics 10.1002/2016JA023746

WANG ET AL. PLASMA SHEET ELECTRON TEMPERATURE 4223



Figure 6 of Yue et al. [2015a]). A grid search of these parameters with cross validation is used for
determining their optimized values. For this study, we set ε= 0.1 and chose γ=1 and C=1 for smoothness.

3. Model training: To construct a model, the input data for training SVRM (training data set) include the
quantity to be predicted and its control parameters. For example, in this virtual data set, ion temperature
is the quantity and the control parameters can be any combination selected from the four parameters: r,
MLT, IMF Bz, and Vsw. SVRM only needs a portion of a data set as training data. A smaller data percentage
may not be sufficient for a model with satisfactory prediction, while larger percentage may take a longer
computer processing time without really improving the prediction.

4. Model testing: To evaluate the model prediction, we use a testing data set which we randomly selected a
portion (in this example, 30%) of the virtual data points (excluding the training data). We use the control
parameters of these testing data points to predict temperature, Tmodel. We computed two prediction
quantities: the linear correlation coefficient (Rcorr) between Tmodel and the virtual temperatures, Tvirtual,

Figure A1. (a) Variations of the virtual T with r, MLT, IMF Bz, and Vsw. Virtual T versus model T (the liner correlation coefficients indicated in red) and probability dis-
tributions of the differences between virtual T andmodel T (NRMSD indicated in red) from (c) model 1 and (d) model 2. SVRM predictions (solid lines) from (d) model 1
and (e) model 2 in comparison with TM03 model (dashed lines). The error bars are estimated by using the error models.
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and normalized root-mean-square deviation (NRMSD). NRMSD is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Tmodel � Tvirtualð Þ2

� �
=n

r
=σ, where n is the number of points and σ is the standard deviation of Tvirtual.

We constructed several models by using different training data sets, which we used r, MLT, IMF Bz, and Vsw as
the control parameters and different percentages (5% to 70%) of the virtual data set. Comparing the Rcorr and
NRMSD from different models show that using 30% of the data set as the training data is sufficient. Figure A1
b shows the correlations between Tvirtual and Tmodel and the probability distribution of their differences for
the model using 30% of the data set (model 1). To evaluate whether the SVRM model can recover the true
dependences prescribed by the TM03 coupling function, we plot in Figure A1d variations of Tmodel with
one of the four parameters while keeping the other parameters constant (solid lines). These model variations
are in a very good agreement with the true variations from the TM03 (dashed lines), indicating that SVRM can
reliably decouple the effects from different parameters. Note that the error bars shown in Figure A1d are
predicted by a separate SVRM model constructed by using the methodology described in Wang et al.
[2013]. To construct this error model, we first use the SVRM temperature model to predict the temperatures
for all data points and computed Terror = |Tvirtual� Tmodel|/Tvirtual. We then substitute Tvirtual with Terror in the
training data and construct a SVRM model to predict errors.

Figure A1a suggests that MLT may not be an essential parameter to the ion temperature (note that the true
MLT effect is indeed very weak as shown in Figure A1d). To investigate how excluding nonessential para-
meters may affect the model prediction of the dependences on other parameters, we constructed another
model by using 30% of the data set but using only, r, IMF Bz, and Vsw as the control parameters (model 2).
The prediction results from model 2 are shown in Figures A1c and A1e. Comparing with the results from
the model 1, the model 2 can still predict temperature with similar correlation coefficient and NRMSD and
similar variations with r, IMF Bz, and Vsw. On the other hand, if without knowing beforehand whether a para-
meter is important, then comparing the prediction results from two models, one including that parameter
and the other excluding it, can indicate the importance of that parameter.

The investigation with SVRM in this study is conducted by using software LibSVM (version 3.21), a freely
available and widely used implementation of SVRM, which handles all the complex technical details for this
technique [Chang and Lin, 2011]. Detailed information for how to use LibSVM, including how to generate
training and testing data files with proper formats, can be found in Wang et al. [2013].
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