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X -2 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL
Abstract.  The empirical models of the plasma sheet electron temper-
ature and density on the nightside at distances between 6 and 11 Rp are con-
structed based on Time History of Events and Macroscale Interactions Dur-
ing Substorms (THEMIS) particle measurements. The data set comprises
~400 hou*-ﬁl)bservations in the plasma sheet during geomagnetic storm
periods. torial distribution of the electron density reveals a strong
earthwa?d@ent and a moderate variation with magnetic local time sym-
metric witjs ragpect to the midnight meridian. The electron density depen-
dence on thegxternal driving is parameterized by the solar wind proton den-
sity averaged over 4 hours and the southward component of interplanetary
magnetic :IMF Bg) averaged over 6 hours. The interval of the IMF in-
tegration Ech longer than a typical substorm growth phase and it rather
correspon(sgthe geomagnetic storm main phase duration. The solar wind

proton Eg the main controlling parameter but the IMF Bg becomes

of almo me importance in the near-Earth region. The root-mean-square
deviation Men the observed and predicted plasma sheet density values

is 0.23 cmg d the correlation coefficient is 0.82. The equatorial distribu-
tion of the ron temperature has a maximum in the post-midnight — morn-
ing ML’rgl)r7 and it is highly asymmetric with respect to the local mid-
night. Th ron temperature model is parameterized by solar wind ve-
locity (averaged over 4 hours), IMF Bg (averaged over 45 min), and IMF By

(northwar ponent of IMF, averaged over 2 hours). The solar wind ve-

locity is a major controlling parameter and IMF Bg and By are compara-
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DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL X-3

ble in importance. In contrast to the density model, the electron tempera-
ture shows higher correlation with the IMF Bg averaged over ~45 min (sub-
storm growth phase time scale). The effect of By manifests mostly in the
outer part of the modelled region (r > 8Rg). The influence of the IMF Bg

is maxinsjmsedhe midnight — post-midnight MLT sector. The correlation co-
efficient @ the observed and predicted plasma sheet electron temper-
ature Veﬂ@.% and the root-mean-square deviation is 2.6 keV. Both mod-

els reveal @ performance in the dawn MLT sector.

Author Manus
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X-4 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL

1. Introduction

The distributions of low energy electrons (below 200-300 keV) and their variations in the
near-Earth plasma sheet, at distances beyond geostationary orbit, have not sufficiently
been studjed ig detail. Yet, this population is critically important for magnetospheric
dynamics,ﬂially during storm times. One obvious example is their role as the seed
populati e g further accelerated to MeV energies by various processes in the Earth’s
radiation Bets. Several modeling attempts have been made [Jordanova and Miyoshi, 2005;
Muyoshi 6@,006; Chen et al., 2006; Jordanova et al., 2014]. The electron flux at these
low energi@irgely determined by convective and substorm-associated electric fields and
varies sign@tly with geomagnetic activity driven by the solar wind [Mauk and Meng,
1983; Ke@ al., 1994; Liemohn et al., 1998; Ganushkina et al., 2013, 2014]. Inward
electron tmrt includes also radial diffusion and excites plasma wave instabilities that
give ris | electron acceleration and electron precipitation into the atmosphere.
Transpo oss processes are far from being understood at present. It should be also
noted that the electron flux at these energies is important for spacecraft surface charging
[Garrett, h'-[/cmzemtti et al., 1998; Davis et al., 2008; Thomsen et al., 2013].

There thn a number of studies on low energy electrons at geostationary orbit.
Korth @99]; Denton et al. [2005]; Sicard-Piet et al. [2008]; Denton et al. [2015]
concentr‘;!eﬂ-n'lainly on the analysis of LANL MPA and SOPA electron data. Friedel et
al. [2001] Qzed the electron data from the Polar Hydra instrument and Kurita et al.

[2011] t@ from the THEMIS spacecraft. None of the studies produced solar wind
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driven empirical relations for electron fluxes or moments of electron distribution function
which can be used easily for radiation belt modeling.

In the near-Earth plasma sheet, continuous measurements of plasma sheet electrons
are not available, in contrast to geostationary orbit. Numerous studies addressed the
magneto&M plasma transport and sources [Terasawa et al., 1997; Borovsky et al.,
1998a, b; and Newell, 2002]. There have been several statistical models for plasma
sheet ele‘ctEderived from GEOTAIL and CLUSTER data, such as, for example, Asnes
et al. [20034; Rgrin des Roziers et al. [2009]. Artemyev et al. [2013] analyzed the electron
temperatur dial distribution in the magnetotail using THEMIS observations at r >
10REg. These studies are not models with empirical relations which can be used for real
event mo by the wider scientific community.

Only thirical models of the plasma sheet plasma parameters have been presented
since 200@86 models are T'syganenko and Mukai [2003] and Sergeev et al. [2015]. The

TsyganEd Mukai [2003] model is the only model, where an analytical description of

the pla; derived for a 2D distribution of the central plasma sheet ion temperature
T;, densitwmd pressure p; as functions of the incoming solar wind and interplanetary
magnetic arameters at distances of 10-50 Rg based on Geotail data. Sergeev et
al. [2015] ted the correlations between 1-h-averaged central plasma sheet and solar
wind (aﬁﬁ‘ndex) parameters based on THEMIS data but they were not derived for
storm tim

Ganushkinaggt al. [2013, 2014, 2015] modeled the electron transport from the plasma
sheet to@stationary orbit setting the boundary at 10 Rg as a kappa distribution

with the parameters of number density n. and temperature T, in the plasma sheet given
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X-6 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL

by Tsyganenko and Mukai [2003]. In Ganushkina et al. [2013, 2014, 2015], the electron n,
is assumed to be the same as that for ions and 7. /7; = 0.2 is taken into account (which
relation was shown, for example, in Kaufmann et al. [2005] and Wang et al. [2012], based
on Geotail and THEMIS data). A time shift of 2 h following Borovsky et al. [1998b] for
the solan-liﬁdlmaterial to reach the midtail plasma sheet is also introduced. Applying
Tsyganen M: Mukai [2003] model for boundary conditions for electrons has a number
of seriots Eﬁxtions. This model was derived from Geotail data for ions. According to
the studiegsbamgd on THEMIS data analysis [ Wang et al., 2012], the ratio T,/T; can vary
during dis ed conditions. Moreover, at distances closer than 10 Rp, it can happen
that the co%;ation between T; and T, does not exist at all and no certain ratio can be
determine nov et al., 2015].

The paEesen’cs the empirical model of the electron plasma sheet densities and
temperatherived from the THEMIS [Angelopoulos, 2008a] data. Sections 2 and 3
containEjﬂed description of the data we have selected and analyzed. Section 4
demons e methodology of determining the model input parameters. Section 5

presents the empirical relations for electron plasma sheet density and temperature. The

results of udy are discussed in Section 6. The goal of Section 7 is to validate the

model pﬁrme and Section 8 presents the conclusions.

2. TheMSources

This stmlies on the data of the Time History of Events and Macroscale Inter-
action %Substorms (THEMIS) mission [Angelopoulos, 2008a]. The mission was
launched on February 17, 2007, and it comprises five identical probes on elliptical, nearly-

equatorial orbits. Each of the probes has among other scientific instruments two particle
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instruments, namely, Electrostatic Analyser (ESA) [McFadden et al., 2008a] to measure
the ion and electron distribution functions over the energy range from a few eV up to
25 (30) keV for ions (electrons) on each spin period (~ 3 sec.) and Solid State Telescope
(SST) [Angelopoulos et al., 2008b] to measure ion and electron distributions over energies
from 251&H3 to first MeVs on each spin period. We also used the spin resolution
Flux Gat@getometer (FGM) data [Auster et al., 1991]. All aforementioned data
and the‘c@ting procedures are publicly available at the THEMIS mission web site

(http:// tkti)ssl.berkeley.edu /index.shtml)

In this % we used solar wind and IMF data from the OMNI database from the

GSFC/SPDF 'OMNIWeb interface at http://omniweb.gsfc.nasa.gov. 5-min. resolution
data wer as input parameters for magnetotail neutral sheet model [Tsyganenko
and Fair 004] and 1-min. resolution data were used for computation of the input

parameter@)ur empirical model of electron temperature and density.
Finall -min. resolution SYM-H index was downloaded from World Data Center

for geo m, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/).

3. Select%“-bf data intervals

We hav@yzed the data from the particle detectors onboard the THEMIS probes
P3, P4, ﬁ ;D: E, A) during geomagnetic storms which took place through 2007-2013.
All obsews came from the region on the nightside at distances » = 6-11 Rg. The

major axahe orbits for all probes were aligned so that the probes were clustered

closely @heir apogees at r =10-12 Rr. However, in this study we did not use

the advantage of a multi-spacecraft mission and consider the measurements at different
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X-8 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL

spacecraft as independent data records. The probe separation in this region was typically
~ 0.03—2Rg except for year 2013 when the separation varied between 2 and S8Rg.

Storm periods were of a special interest for our study, since the solar wind driving
as well as the magnetospheric plasma parameters can reach extreme values and all the
dependeﬁiﬁd well as their saturation levels can manifest more clearly. For this reason,
we selecte periods with SYM — H < —50 nT and one day before and one day
after the-si)_eiods for almost whole THEMIS mission lifetime 2007-2013. This selection
also includes ®ge quiet periods before the storms.

When studging the distribution of the plasma parameters in the equatorial plane, it
is importantwo make sure that a probe was in very center of the plasma sheet (near
the magn current neutral sheet) to refer the measurements to a particular radial
distance. Eutrol the spacecraft position relative to the neutral sheet we use two step
selection: Melec‘c all periods when the probes are within 1.5 Rg from the neutral

sheet pEby Tsyganenko and Fairfield [2004] model; (2) Using THEMIS magnetic

field m nts we select only measurements when |B,| > |B;|, where B, and B,
are the Tgnetic field components normal and tangential to the model neutral sheet.
Such app @18 very robust and it has been successfully applied to the THEMIS data
[ Dubyagin , 2010]. This selection procedure was applied to THEMIS data when
P3, P4, ~E, A) probes were at R = 6-11Rp.
e —

Althouﬁ combined distribution function covers the energy range up to 3 MeV, we

only used the data in the 30 eV — 300 keV energy range. The 30 eV low energy limit is

chosen so eliminate the possible contribution of photoelectrons in case the space-

craft potential is evaluated incorrectly. The electron and ion moments were computed
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from combined (ESA and SST) distribution function using updated calibration proce-
dures (including ESA background contamination and SST sun contamination removal,
software version dated December 2015). However, even after all calibration procedures
are applied, the penetrating background may not be fully removed. As an additional test
of the eracy, we compare the densities measured by the ion and electron detec-
tors. The are referred to McFadden et al. [2008b] for more details on the ESA
performﬁr@ues.

Dependipg wp ESA and SST mode, the combined plasma moments are available at spin
resolution orgonly at ~ 96 second resolution. When the 3-second resolution moments
were avail;@(;it was convenient to average them over 96 sec intervals (1.6 minute) to get
combined ;set with uniform time resolution. It should be noted that the measurements
at 96-sec Etion were not accumulated values but instant distributions (accumulated
during on(@ecraft spin period). For this reason, these data are expected to reveal
more SCE we do not use them for model construction. This data set was used only
for veri - f the models.

After swmzation with the solar wind data, we obtained ~ 83,000 data records
with ~ 1.@ resolution ~ 63,000 of which are obtained from the spin-resolution data.
Since the i_neutrality holds in the magnetospheric plasma, the quality of the plasma
moment‘s-izi' e checked comparing the densities computed from electron (N.) and ion
(N;) mea nts. It turned out that significant part of the data shows discrepancies
between N, angd N;. In majority of these anomalous events, N; exceeds N,. We analyzed

these event found that typically cold dense plasma with energies < 100 eV can be seen

right above the low energy limit. It is likely that some part of this cold population is cut
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X-10 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL
off by low energy limit and the fraction of the cut off population is different for the ion and
electron distributions. This leads to discrepancy between N, and N; measurements. We
also found that a vast majority of these events occurred in the 18-24 MLT sector during
the periods with very weak geomagnetic activity. This finding is also in agreement with
our hyp@ﬂﬁﬂaecause a cold plasma of the plasmasphere can extend to larger geocentric
distances uch periods especially in the dusk-to-midnight sector. Although these
data po‘c‘e@ can be used in the future studies, if the presence of multiple populations
in the patcl)distribution is properly addressed, in the present study we discard all
measurem which do not satisfy the condition N;/1.5 < N, < 1.5N;. This procedure
reduced the size of our statistics by one third. Although this criterion seems to be rather
weak, it i ified because, during storm time, the ion data are expected to be less
accurate iEparison to the electron data due to a contamination from heavier ions and
larger gapween ESA and SST energy ranges (especially for late years).
FinalEata set consists of ~ 45, 000 records obtained from the spin resolution mea-
sureme ~ 12,000 obtained from ~ 1.6-min resolution measurements. Hereafter,
we will rw these data sets as a "primary“ and "auxiliary“ data sets, respectively.
Table 1 s he number of samples in the data sets for every year during the THEMIS
missionﬁ)imary data set includes only data starting from the year 2010 while the

years 2 contribute 20% to the auxiliary data set. Figure la shows the distri-

bution of oints corresponding to the primary data set in the XYggps plane (only
every tenth pojpt is shown). The colors correspond to different SYM-H index ranges. The

strong du n asymmetry can be seen in the figure. Although moderate asymmetry

existed in the original data set (probably owning to orbital/seasonal effect), so promi-
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nent lack of the data points in the dusk sector is mostly due to removal of the data with
N; # N.. Though not immediately obvious from this dense distribution of points, the
dawn-dusk asymmetry exists only for the moderate SYM-H subsets and disappears for
SYM-H< —50 nT.

It is Mparing these datasets with datasets used in the previous studies. Tsyga-
nenko an@[%%] used Geotail data and their dataset comprised 7234 1-min records
(~ 120 HOE Since we used 1.6-min resolution data, the size of our dataset should be
multiplied@ctor 1.6 to compare with Tsyganenko and Mukai [2003] dataset. However,
we used ohsegyvations onboard three probes clustered closely. For this reason, the size of
our dataset should be divided by 3 (this estimate is a bit pessimistic because the probe
separatio be as large as ~ 9Rg). After this normalization, our dataset size corre-
sponds tom hours of observations. Wang et al. [2006] apparently used the same data
set as Ts@ko and Mukai [2003]. Sergeev et al. [2015] use 4500-5000 hourly averaged
measur nboard three THEMIS probes on the nightside 21-06 MLT r = 9-12Rp.
After dillim v 3, to take into account simultaneous measurements at three probes, the
data set sieil’é()()—lGOO h, which is four times larger than data set used in the present
study. Ho , Sergeev et al. [2015] use only data from ESA spectrometer in 5 eV-25 keV

energy raEd there is no spatial dependence included in the model.

4. Sola™™™¥d driven model for electron plasma sheet densities and

temperam Input parameters

4.1. M%logy
The macros®pic plasma parameters in the near-Earth magnetotail are affected by

multiple factors. Among them, there are the magnetic configuration change (it affects
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the plasma parameters through the adiabatic compression of the magnetic flux tubes)
[Borouvsky et al., 1998b; Dubyagin et al., 2010; Artemyev et al., 2013], the substorm cycle
(arrival of a new hot tenuous plasma from the distant magnetotail during the main phase)
[Sergeev et al., 2015], the variations of the magnetosheath plasma parameters (since the
magnetMiS a source of the plasma sheet material) [Terasawa et al., 1997; Borovsky
et al., 19ng et al., 2010], and the variation of the magnetotail plasma transport
modulaﬂaéEhe dayside reconnection rate. To make it even more complicated, the
regions a chanisms of the magnetosheath plasma penetration into the magnetotail
are differegt during periods of southward and northward IMF [Wang et al., 2010]. In
addition, %se factors affect the plasma sheet with different time lags and these delays
can be di for different regions of the magnetotail [ Terasawa et al., 1997; Borovsky
et al., 199 8gumd ang et al., 2010]

To inve the lag of the solar wind influence, every record of the plasma sheet
electron! and temperature was accompanied by solar wind data containing 12 hour
prehist he OMNI database, the solar wind parameters are projected in time to
the momeLwhen solar wind reaches the estimated bow shock position. We estimate the
shortest tj r solar wind disturbance (seen in the OMNI data) to have an effect on
the nightside djnner magnetosphere to be ~ 5 minutes. For every measurements in the
plasma Egken at time tp, the 12 hours period preceding the time ¢, — 5 min. was

broken inﬁminute subintervals and solar wind parameters were averaged over these

subintervals. at is, every measurement in the plasma sheet was complemented by 48
of 15-min es of the solar wind parameters for the preceding 12 h interval.
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As a first step, we binned the THEMIS observations according to the probe location
in the plasma sheet. We used two discriminating parameters: a geocentric distance r =
(X2+Y2+2%)2 and an azimuth angle ¢ = arctan(—Yasu/Xasa ). We used two intervals
of geocentric distance: r = 6-8.5Rg and r = 8.5-11Rg, and three sectors of the azimuth
angle: (el (—90° < ¢ < —30°), central (—30° < ¢ < 30°), and duskside (30° < ¢ <
90°). Theare shown in Figure 1b. We investigated the dependence of the electron
plasma pagameters on the solar wind parameters separately for each bin. Let P be a
plasma ShUrameter and D;; be a 15-min average of a solar wind parameter. Here k is
the index corgesponding to the plasma sheet measurements at the time ¢, and ¢ = 1, ..., 48
corresponds to the 15-min average preceding the time t; by At =5 min + ¢ - 15 min.

For [ === A8 and for M < 48 — L + 1, we computed the following mean sums:
L+M—1

Dy,

F(L,M, k) = # (1)

Manus

Here ents the lag and M represents the duration over which the parameter is

averaged.

[

These sugag.are equivalent to time integrals:

1 tk_tlag

: F(tlag,AT, ty) = AT )y ar D(t)dt. (2)
k—lag—

The dw the plasma sheet parameter response to the changes of the solar wind can
be deducemq the analysis of the correlation coefficient between Py, and F(L, M, k) for
differen d M. These correlation coefficients can be plotted as function of L and M

converted to the time units ¢;,, and AT
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Imagine an ideal system whose parameter P responds to the changes of some other
parameter D with a fixed time lag t,. The correlation between P and D would have a
peak at t,,, = t, and AT = 0. However, the correlation would still be high for nonzero
AT as long as t, is inside the interval of averaging (t;,, < t,. < tiog + AT) and AT is
less thathJtocorrelation time scale (Tyu1) for D (that is, if an instant value of D
can be apted by its mean average over the time interval AT). The shaded area
in Figure Ews the region satisfying the aforementioned conditions. Obviously, inside
this regiongheycorrelation is highest when the interval of averaging is centered at t,, that
is tiag + A = t, (blue dashed line in Figure 2).

However, the parameters of the system do not necessarily depend on instant values (even
if lagged) npexternal drivers. For example, the magnetic flux in the magnetotail lobes
better corﬁs with the time integrated solar wind geoeffective electric field than with
its instant(@a [Shukhtina et al., 2005]. In such a case, one can expect that correlation
would r at some AT > 0. In addition, in real magnetosphere the time lags

obvious t constant. It also leads to smearing out the correlation peak at AT = 0

and an iniease of the correlation at AT > 0.

4.2. Inprameters for electron plasma sheet density model

Figureﬂvs the plots for correlation between the plasma sheet and the solar wind
densities“ults in Sections 4.2-5 are obtained using primary data set). Figures 3a—f
correspond to §ix spatial bins shown in Figure 1b. The horizontal axis corresponds to
the time I index L in Equation 1. The vertical axis corresponds to the interval of

averaging or mdex M in Equation 1. A color scale on the right side of each plot shows
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the range of the linear correlation coefficients (C.C.). The black oblique lines correspond
to ATy = const — 2 -ty dependence (equivalent to blue dashed line in Figure 2).

There is an obvious similarity between these plots and Figure 2. The correlation max-
ima in Figures 3a, b, ¢, d are roughly organized along oblique lines, and the regions of
enhanceMation are delineated by lines ATy = const — tx on the left/bottom side
in Figures@_d, f.

The pToEthe left and right correspond to the dawn and dusk bins, respectively. It
can be seegstha the maximum correlation is found for the dawnside bins (C.C.> 0.70) and
the correlatiqq is higher for the outer bins (BIN 1-3 see Figure 1b). These results are in
agreement@ dusk-dawn asymmetry of the plasma transport from the magnetosheath
found by et al. [2005] and Wang et al. [2010], however, it is a bit counterintuitive
taking intEunt the eastward direction of the electron magnetic drifts. The lag values
are gener@ agreement with those found by Borovsky et al. [1998a].

Table ts the statistical properties of the data subsets for the different bins. First
three li sent the bin numeration and the coordinates. Forth line shows the number
of 1.6—minfs_olution records in every bin. It can be seen that the most sparsely populated
bin is BI ts data set comprises 2295 records. However, this number is misleading
since the time-scales of the solar wind parameters variations are much longer than 1.6-min
resoluti(;; data set. Borouvsky et al. [1998a] obtained the following characteristic
times-scal 1.5 h for IMF Bz, ~ 10 h for solar wind density, and ~ 32 h for solar wind
velocity (thesegcales are expected to be somewhat shorter for storm periods). To evaluate
the size o statistics more realistically, we searched through the database, counting

separate 1-hour intervals containing at least one data point. We found 444 such intervals
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for BIN 1 and 133 intervals for BIN 6. For 5-hour characteristic period, we found 181
intervals for BIN 1 and only 77 intervals for BIN 6. For this reason (and may be partly
due to orbital /seasonal effect), the standard deviations of the solar wind parameters also
show some variations from bin to bin. Bottom part of Table 2 shows the ranges of the
standardefessallions found for various lag values between 0 and 12 hours (the standard
deviationmputed for 15-min resolution data). It can be seen that the variability
of the solud parameters changes significantly for different time lag values inside a
data subsgh fog a single bin. It means that some dependencies seen in Figure 3 could be
due to a limpited size of the dataset since one can expect that the correlation between two
quantitiesmnds on the variability of the driving one. To rule out this possibility, we
plotted agjml figures (not shown) in the same format as Figure 3 but for a standard
deviation E a corresponding solar wind parameter. Analyzing these figures, we found
that the @eatures seen in Figures 3 are real (0 shows no or weak variation in that
part of e).

Altho values of ATy and ty corresponding to the highest correlation obviously
are differeitiom bin to bin, we need to choose fixed values for a computation of the
input par rs for the empirical models. We attempted to find a compromise so that
the model s for all MLTs in r = 6-11Rg range. Keeping this in mind, ty = 0.5 h
and A%\ were chosen. These values are marked by a black circle in all panels

of Flgure owever, it should be remembered that the confidence interval of these
parameters is gery broad (at least £1 hour).

The rdpendence on IMF is parameterized by southward (Bg) and northward
(By) IMF components (Bg = —BME if BIMF < (0 and Bg = 0 if B/M > 0; By =0
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if BIME < 0 and By = BME if BIMF > 0). Figure 4 shows the plots of correlations
between the plasma sheet electron density and IMF Bg. The format is the same as in
Figure 3. In contrast to the solar wind density, the highest correlation between the Bg
and plasma sheet electron density is found for the near-Earth bins. Surprisingly, highest
correlati*-d found for relatively long intervals of averaging ATgs = 2-6 h. This is
much 1011@2 typical substorm growth phase duration. It could be due to strong
variatioﬁs@e lag in the real system, but in such a case one would expect weaker
correlatio e will discuss the possible reasons for this in Section 7. We chose the
tps = 0.5 ATgs = 6 h. The lag was chosen so to be the same as that for solar wind
density parameter (and it will be shown later that 0.5 h lags are reasonable choice for all
temperat odel parameters too).

Table 3Enarizes the results presented in this section. When comparing the top
and bott@rts of the Table 3, it can be seen that introducing a time lag to the

input pz can significantly improve the correlations. We have also checked a few

more s and IMF parameters (not shown). However, even if the correlations
were comparable to those for Ngy, Bg and By, the resulting model quality (gauged by
correlatio een the model predictions and the data, see Section 7) was worse and
we discard em in the present version of the model. For example, motivated by the
fact tharq%ar wind - magnetotail plasma transport characteristic time is different for
the interv. thward and northward IMF By, we introduced two parameters N g[), and
NSW SW =_WNsw when IMF B < 0 and NSW = 0 when IMF Bz > 0. NSW is defined
in an opp way. Although the lag-duration plots for NS SW and N, SW) showed plausible

patterns, the resulting quality of the electron density model was worse.
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It can be noticed that northward component of IMF shows a bit worse correlation
with the plasma sheet density than southward component (Table 3). It turned out that
discarding IMF By from the list of input parameters leads to only minor reduction of the
density model quality. For this reason, and for the sake of simplicity, we have left only

two inpu*ﬁiﬂneters Ngw and Bg in our density model.

4.3. Inpgﬁmeters for electron plasma sheet temperature model
- —

Table 4% the correlation between the plasma sheet electron perpendicular temper-
ature (Te@solar wind parameters. It can be seen that solar wind velocity exhibits
strongest (oﬁation. Similar results have been found for plasma sheet ion temperature
[Bomvskyg, 1998a; Tsyganenko and Mukai, 2003]. The lowest correlations are ob-
tained for skside bins. It can also be noticed that IMF Bg and By affect the electron
temperature 1 an opposite way. Figure 5 shows the correlations between T, and Vgy, for
six spatial in the same format as in Figure 3. The correlations show very weak de-
pendence o and ATy for several bins. It is an expected result since the solar wind
velocity autocorrelation characteristic time scale is largest of all solar wind parameters
(See Figum Borovsky et al. [1998a]). We chose tyy = 0.5 h and ATy =4 h.

Figure s the similar correlation plots for IMF Bg. There is no clear dependence
on MLT. ough for some bins the correlation is rather weak, the duration and the
lag at thefeadlation peak fit well the substorm timescales (0.5-2 hours). We chose the
time lag tgg 30 minutes which can be interpreted as the time needed for the lobe

magnetic o start to influence the near-Earth magnetotail and the averaging interval

ATpgg = 45 mitlutes is close to the typical substorm growth phase duration.
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Figure 7 shows the similar plots for IMF By. Color scale on the right side of each plot
corresponds to the absolute value of the correlation coefficient. The highest correlation
is on the dawnside. Surprisingly, the correlations are even higher than those for Bg. To
make sure that these correlations are not due to the mutual correlation between IMF By
and ngq-hi-lspected the correlation between By and Vg for various lags ¢ty and tgy

and found onificant correlation. We chose tgy = 0.5 h and ATgy = 2 h.

5. Solargﬂﬂd driven model for electron plasma sheet densities and

temperaQ: Empirical relations
Using t(eﬁle constants given in Table 5, we computed the input parameters for the

electron dﬂ and temperature models as time integrals in the form of Equation 2.
Note that g values in Table 5 (0.58 h) are different from those determined in Sec-
tions 4.2 ag; (0.5 h). The lag constants in Table 5 just take into account 5-min offset
of the sola d parameters used in this study (See Section 4.1).

At the firstsmtep, we use the following functional form of the plasma sheet parameter

dependence on the solar wind input parameters:

P =Go(0, R)+ 3 Gji(¢.R)- P77, (3)

L_ s
O j=1,..

where 1ﬁre the corresponding solar wind parameters, and G;(¢, R) are the 2nd

order po yﬁomifals of an azimuth angle ¢ and radial distance R given as

D) G0 R) = % Comy- B'™ n

m,n=0,1,2
The p@ial coeflicients C,,,; were found by fitting Equation 3 to the data (primary
data set). After the first set of the coefficients was found, we computed the correlation

coefficient between the plasma sheet parameters and the model predictions. Using this
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correlation coefficient as a reference value, we started to remove more and more terms
from Equation 3 (simplifying the polynomials) seeking for a minimal set of terms which
still provide good model quality. That is, for every possible subset of the terms in Equa-
tion 3, we fitted this truncated model to the data and computed the correlation coefficient
betweenﬂﬁ-ﬁla and the model. Comparing this correlation coefficient with a reference
one, we cat such simplification of Equation 3 did not lead to significant reduction
of the m'oElality. After this simplification was done, we introduced the nonlinear pa-
rameters ential powers of the driving parameters) and checked if this modification
leads to significant improvement. The downhill simplex algorithm was used for finding a
minimumm;e error function [Nelder and Mead, 1965].

Applyint method to the plasma sheet electron density and temperature datasets,

we come @h following solutions. The number density in the plasma sheet (V) is

given in Cms follows:

Nys = Ay + AgR* + Asp™R* + Ay™® + AsN7, + (Ag + A7R*) B, (5)

where, 5 = ¢/90°, R* = R/10Rg are normalized coordinates, and N}

sw?

B are the

time-integ and normalized parameters characterizing the external conditions and

defined £
e —
> 1

to—tn
N* (t :—/ Now(t)dt, 6
< swlto) 10 em 3 ATy Jig—tn—ATy ®) (6)

Bifty) — L[ Ba(t)dt 7
S( 0> a 2nT ATBS /to—tBS_ATBS S< ) ’ ( )
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w02 Here, Ny, and Bg are the solar wind density and southward IMF component. The
s values for ty, ATy, tgs and ATpgg are given in Table 5 and the model coefficients A;
« are given in Table 6. Figure 8a shows the electron density values observed by THEMIS
ws  probes versus the model predictions.

406 The t@*ﬁiure in the plasma sheet (7)) is given in keV as follows:

P

 —
o Tps = [Ar Qldag™ + A5V, + (As+ As¢™ R B + AsR* By ™™, (8)

C

408 where

s 1 to—ty

409 V* t — / V t dt, 9
C swlto) 400 km/s ATy Jtg—ty—ary, ®) )
Bilty) = — [ Bt 10
410 E S< O) B 2nT ATBS /to—tBs—ATBs S< ) ’ ( )
. - B (to) L /to_tBN By(t)dt (11)

" NA0) 2 nT ATBN to—tpN—ATBN N ’
2 Here, VSQS, and By are the solar wind density and the southward and northward
s IMF cogts, respectively. The values for t, ATy, tgs, Algs, tgy and ATgy are

as given in Table 5 and the model coefficients A; are given in Table 6. Figure 9a shows the

U

as  electron temperature values observed by THEMIS probes versus the model predictions.

as It can b that for high electron temperatures, the THEMIS measurements typically

A

a7 exceed the model prediction. This bias would be much stronger if the standard least-
as  squared error function is used. In order to minimize the bias, we have modified the error

a0 Tunction as follows:
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ERR =3 W - |T]" — Ty (12)

J

and are the THEMIS measurements and model predictions, respec-

Here, TjTH M

Tmodel
J

tively, anﬁweigqt coefficient W is a linear function of T/ "™ changing from 1 at 7" = 0

to 1.5 at @: 22 keV.

6. Solariwind driven model for electron plasma sheet densities and

tempera@ Results

Some pr; ies of the empirical electron plasma models becomes evident after inspec-
tion of E ions 5 and 8 and Table 6. The resulting density model is very simple. Only
terms syrﬁ with respect to the midnight meridian remain after the model simplifica-
tion as degd in Section 5. The symmetry of the density distribution is an interesting
finding si@e storm time inner magnetosphere is highly asymmetric (at least during

. The plasma sheet density response to changes of the solar wind density is

positive™® form across whole region of the model applicability. It is a bit surprising,
but the p%sma sheet electron density response to the southward IMF component is also
positive. @nenko and Mukai [2003] reported opposite dependence. However, it should

be noted he model is parameterized by Bg lagged by 0.5 h and averaged over six

hours, t is density response is not related to the substorm cycle but rather to the

geomagne'ﬂrm time-scale. In addition, this response is strongest in the near-Earth
region and digapbpears at r = 11Rg, where Tsyganenko and Mukai [2003] model’s validity
region bﬁlhis IMF Bg effect can be interpreted as a result of the compression of
the flux tube due to inflation of the inner magnetosphere magnetic configuration caused

by the ring current strengthening. However, we can not be sure that this effect manifests
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only during storm-times. Figures 10a and 10b show the distribution of the plasma density
in the equatorial plane. The corresponding input parameters are given at the top of each
panel. The density increases towards the Earth and peaks at midnight. Note that the
model reveals opposite MLT dependence at the outer boundary of the region (the density
is highesisjusssd the dusk and dawn meridians). This feature manifests more clearly in
Figure 10 it is in agreement with Tsyganenko and Mukai [2003] model (see their
Figure ﬂ)E

Figures Jcw show the equatorial maps of the electron temperature distributions for four
combinatignggef the model input parameters. In contrast to the density distributions, the
electron temperature exhibits very strong dusk-dawn asymmetry. Figure 10c shows the
temperatgtribution for B = By = 0. In fact, it is unlikely that such combination
of the pa@rs occur in reality since it implies that transverse component of IMF is
zero for a(h% 45 minutes (see Table 5). For these parameters, the model temperature
increasgonically from dusk to dawn meridian showing no dependence on radial
distanc

As it follows from Equation 8 and Table 6, the near-Earth plasma sheet electron temper-
ature incr@with the solar wind velocity increase. Although there is only one coefficient
associated ggith V&, in Equation 8, the electron temperature response to Vg, increase
is not uﬁsince the left part of Equation 8 is raised to the power of 2.3 (A9 = 2.3
see Table means that the response is stronger on the dawn side where the electron
temperature igghigher.

The ele temperature increases with the southward IMF component increase. This

effect is strongest near the midnight and disappears at the dawn and dusk MLTs. It
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leads to the temperature peak localization in the midnight — dawn sector (See Fig-
ures 10d and 10f). The increase of IMF Bg leads to a shift of the temperature maximum
from the dawn sector towards midnight. The post-midnight location of the electron tem-
perature peak is probably related to the substorm activity (hot electrons drift eastward
from an <feesdn place in pre-midnight sector).

The ele temperature response to the northward IMF component (integrated over
2 hoursriEgative and strongest at the outer border of the region. Figure 10e demon-
strates th ing of the electrons in the outer part of the region during the prolonged
periods of %ﬂward IMF. It is probably related to the arrival of the cold magnetosheath
plasma during the intervals of the northward IMF [Wing et al., 2005; Wang et al.,

2007, 20101

NU

7. Discugssag of the Model Performance
Figures 8a and 9a present the scatter plots of the model predictions versus real THEMIS

observati imary data set) for electron density and temperature models, respectively.

Ma

The correlation coefficients between the model and the data were 0.82 for electron den-
sity and Oﬁr electron temperature models. Table 7 shows the correlation coefficients
between thdel predictions and the real data (primary data set) computed for ev-
ery spatia!bin separately. The root-mean-square deviations (RMS) and mean absolute
deviation D) are also shown. It can be seen that both models show their best per-
formance Ee dawnside of the region. It is not immediately clear what causes such
asymm@ce the electrons undergo eastward magnetic drifts, their drift trajectories
are expected to be regular on the dawnside, in contrast to the duskside where the drift

paths can bifurcate (especially in the near-Earth region). Substorm activity is typically
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peaked at the pre-midnight sector (and this distortion can become even stronger during
the storm periods) and it can also contribute to the poorer performance of the model on
the duskside.

However, a model performance estimation using the same data the models has been fit-
ted to cMe considered as an independent test. The auxiliary data set (see Section 3)
has not b@ed for the model coefficients determination. Indeed, it can be considered
as an almQst Mdependent data set because only 26% of its data have the ”neighbours®
from primgerysdata set within £30 min (these neighbours are typically measurements on
other probeslgIn addition, 20% of the auxiliary data set are referred to the early period
of the TH mission (2007-2009) which is not included in the primary data set. This
theoreticagows us to check if there is any bias in the primary data set related to the
detectors Edation. On the other hand, the auxiliary data set represents unaveraged
~ 3-sec r@on measurements and we expect more noise in this data set and, hence,

poorer zns. Finally, the auxiliary data set is three times smaller than the primary

data se can not expect that the model coefficients obtained by fitting the model
to the smgller data set are of the same accuracy level.

Table 8 the correlation coefficients and the average deviations between the model
and the augiliary data set. Although the correlation coefficients are lower than those for
the prirrmgta set, they are still higher than 0.7 (typical correlation for the empirical
models of ear-Earth plasma environment [Tsyganenko and Mukai, 2003; Sergeev et
al., 2015]). Strangely enough, the density model shows better agreement with auxiliary

data set dusk side but it might be an effect of limited statistics. The scatter

plots of the model prediction versus the data from auxiliary data set are presented in
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Figures 8b and 9b. It can be seen that during high density periods, the models tend to
underestimate the density values for significant number of events. Although this feature
can be also noticed in Figures 8a for the primary data set, it is much more prominent in
Figure 8b. To rule out possibility that this difference between two data sets is due to the
detectorﬁ-ngJdation, we inspected the data corresponding to these problematic points.
It turned at only 11% of these data are referred to the years 2007-2009, indicating
that the‘reEnother reason of this discrepancy. We also checked the hypothesis that
this bias igs caygsed by transient processes in the plasma sheet called bursty bulk flows
[Angelopoyogeet al., 1992; Baumgjohann et al., 1990]. However, the occurrence of events
with the ion flow velocity exceeding 100 km/s for the problematic points is similar to that
for the po ear the diagonal of Figure 8b.

Finally, Et the model coefficient sensitivity to the change of the data set, we fitted
the model@e auxiliary data set. The resulting coefficients are presented in the bottom
part of . It can be seen that the difference between the density model coefficients
obtaine ing to the different data set can be as large as factor 3 (see Az, Ay
Coefﬁcientl).iowever, the difference between polynomials A; + Ay R* + A30*2R* + Ayp*>
(first four @ in Equation 5) is within 40%. The coefficients are not so different for the
temperatur del.

Comparison of our models performance with other empirical models is not straightfor-
ward. Onjand, our electron density model shows the best correlations between the
model predictigns and the data among all existing empirical models. On the other hand,
such an e ion of the model performance is strongly biased. The regions of applica-

bility of our model and the models of other authors overlap only partly. The different
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data sets were used for the construction of the models. Our data set includes storm-time
intervals. The solar wind driving parameters undergo stronger variations during storm
periods and all dependencies can be tracked more easily. On the other side, these highly
disturbed periods obviously add more scatter to the data.

The CMH of the Tsyganenko and Mukai [2003] ion temperature model predictions
with the omparable with that for our model for electron temperature (0.71 versus
0.75, res-p(i-mfly). The comparison of the ion and electron models seems to be justified
because thgiomgand electron temperatures are highly correlated in the central plasma sheet
[Baumgohaq, t al., 1989]. It should be mentioned that the correlations in the Tsyganenko
and Mukaz 12003] study were computed for the whole region of the models applicability.
Since the anenko and Mukai [2003] model covers the magnetotail between r = 10—
50Rg, amﬁon temperature reveals a stable increase with distance, a simple comparison
of the cor{@ns for the whole data sets puts the Tsyganenko and Mukai [2003] model in
the mo ble conditions. On the other hand, the highly dynamic bursty bulk flows
occur uently in the distant plasma sheet [Baumjohann et al., 1990]. In addition,
Runov et ﬂm] found that the correlation between the ion and electron temperatures
disappear@ < 12Rp and Artemyev et al. [2011] found that the relation between the
electron and jon temperatures is non-linear in the mid-tail.

For deveglent in the future, we foresee the following possibilities: (1) A presence of
the multiSpulation components (cold, hot) should be addressed; (2) The inclusion

of the geomaggetic activity indices as input parameters will increase the model accuracy;

(3) Expan f the dataset including non-storm periods.
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8. Conclusions

The empirical models of the plasma sheet electron temperature and density on the
nightside for 6Rp < r < 11Rg has been constructed using the data of the THEMIS
mission obtained during the geomagnetic storm periods. The models depend on spatial
coordinaﬁf-ﬁlvell as on the interplanetary medium parameters. The reader can find the
codes for dels as well as procedures for the input parameters computation in the
supplem‘erEnaterials.

The mogel merformances have been essentially improved by using lagged and time aver-
aged solar wipd parameters as model inputs. The best time-lag and duration of averaging
were diﬁemor different parameters as well as showed some dependence on MLT (the
latter featg not included in the current model version).

It was f that the plasma sheet electron density equatorial distribution is symmet-
ric with r@ to the midnight meridian. It reveals a strong earthward gradient and a
modera etric variation with MLT. The plasma sheet density dependence on the
externa s is parameterized by the solar wind proton density (averaged over pre-
ceding 4 Bours) and southward IMF component (averaged over preceding 6 hours). In
agreemen results of previous studies, the solar wind proton density is the main
controllin meter but the IMF Bg becomes of almost the same importance in the
near—Ea?ﬁe;g:)n. The model density shows a positive response to the increase of either

-t

input parzjr. The electron density revealed better correlation with IMF Bg averaged

over the time ::Jterval which is closer to the geomagnetic storm main phase (~ 6 hours)

rather tha substorm growth phase (~ 45 minutes). The root-mean-square deviation

between the observed and predicted plasma sheet density values is 0.23 cm ™2 and the
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correlation coefficient is 0.82, the highest correlation with the data set ever obtained for
these kinds of empirical models.

The electron temperature model is highly asymmetric with respect to the local midnight.
The electron temperature maximum is located in the post-midnight — morning MLT
sector. Mel is parameterized by solar wind velocity and southward and northward
componen@&\/ﬂ?. The solar wind velocity is a major controlling parameter and the
importaﬁc@s and By is comparable. The plasma sheet electron temperature responds
positively o tle solar wind velocity and IMF Bg increase and it responds negatively to the
IMF By ingrease. In contrast to the density model, the electron temperature shows higher
correlationw@l the southward IMF component when IMF Bg is averaged over preceding
~45 min orm growth phase time scale). The effect of the northward component is
parametetEJy ~ 2 hour average of IMF By. The impact of the prolonged IMF By

manifests

d

y in the outer part of the modelled region (r > 8 Rg) while the influence

of the Es maximal in the midnight — post-midnight MLT sector. The correlation

coeflici en the observed and predicted plasma sheet electron temperature values

is 0.76 ani the root-mean-square deviation is 2.6 keV.
The bo dels reveal the dawn-dusk asymmetry of their performances with better
accurac;ﬁed in the dawn MLT sector. The correlations between the model predic-

tions and observations vary between C.C.>0.7 in the dawn MLT sector and C.C.= 0.5-0.7

e

in the dusjor.
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{

SCrip

Figure=ms.5) Spatial coverage of the equatorial magnetosphere by THEMIS observations. Only

u

every te oint is shown. Color shows corresponding SYM-H. (b) Spatial bins numeration.

N

Author Ma

Figur Sketch explaining how to interpret Figures 3-7. The horizontal axis represents the

time lag and the vertical axis represents duration of averaging. See explanation in the text.
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thor Manuscript

Figure 3jorrelation coefficients (color coded) between the plasma sheet electron density
and the sol ind density for six regions of the magnetotail. Vertical and horizontal axes show
the solaﬁdensity average duration and the lag of the solar wind density observations with
respect to plasma sheet measurements. The oblique lines show ATy = const—2-tx dependencies.

The black filled circles mark ATy and ¢y which are used for the input parameters computation.
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Figur The same as Figure 3 but for correlation coefficients between the plasma sheet

electron density and the southward component of IMF By .
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Figure {he same as Figure 3 but for correlation coefficients between the plasma sheet
tem

electron perature and the solar wind velocity.
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Figur The same as Figure 3 but for correlation coefficients between the plasma sheet

electron temperature and southward component of IMF B.

DRAFT August 18, 2016, 1:10am DRAFT

This article is protected by copyright. All rights reserved.



X -42 DUBYAGIN ET AL.: ELECTRON PLASMA SHEET EMPIRICAL MODEL

e
Q.

—
O
)
-
C
(©
=
—
O
-
e
-

Figure {he same as Figure 3 but for correlation coefficients between the plasma sheet
m

electron tempetrature and the northward component of IMF B.
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{

crip

Figureq)Plasma sheet electron density predicted by the empirical model versus that measured
by the E/HS probes. (a) The THEMIS measurements are represented by primary data set.

Every tknth point is shown. (b) The THEMIS measurements are represented by auxiliary data

set. Emird point is shown.

Author M

Figure 9. The same as Figure 8 but for the electron temperature model.
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Flgure{Dlstrlbumons of the electron temperature and density in the equatorial plane.
density thodel, (c—f) electron temperature model.
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Table 1.  Distribution of the number of the samples over the THEMIS mission period for

primary and auxiliary data sets.

Years 2007 2008 2009 2010 2011 2012 2013
# primary 0 0 0 7475 11347 12693 13486
# auxiliary 1992 583 38 1688 2033 2520 3317

e

QO

TableL Statistical properties of the data sets for different spatial bins. Top part is for
standal@iations of instant values corresponding to the zero lag, and the bottom part shows

the ra f standard deviations found for lags between 0 and 12 h.

Bin index 1 2 3 4 5 6
T, ] 8.5-11 85-11 85-11 6-8.5 6-8.5 6-8.5
—90°-—30° —30°-30° 30°-90° —90°——30° —30°-30° 30°-90°
16257 9046 4698 6780 5812 2295
, =3 5.1 3.7 5.1 6.0 4.3 3.5
km/s 118 109 88 112 110 93
F, nT 4.0 3.9 4.0 4.4 3.9 3.6
oNgw, =3 4.6-6.3 3.6-5.2 3.3-5.1 5.7-9.6 3.3-8.4  3.0-4.6
E m/S 117-121  106-111 88-95  110-118  108-114  90- 98
e
Table Correlations of the plasma sheet electron density with the solar wind parameters.
Top par for instant values ty — 45 min. and the bottom part shows best correlations found

for a d durations of averaging.

Bin index 1 2 3 4 5 6
Naow 0.71 0.54 0.60 0.69 0.57 0.39

e
i IMF Bs 0.18 0.20 0.16 0.28 0.38 0.36

IMF By 0.24 0.33 0.35 0.16 0.13 0.08
Ngw 0.77 0.58 0.70 0.73 0.59 0.60
IMF Bg 0.33 0.35 0.42 0.58 0.48 0.47
IMF By 0.28 0.35 0.46 0.18 0.20 0.22
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Table 4. Correlations of the plasma sheet electron temperature with the solar wind parameters.

Top part is for instant values t; — 45 min. and the bottom part shows best correlations found

for all lags and durations of averaging.

Bin index 1 2 3 4 5 6

Vew 0.59 0.63 0.28 0.59 0.59 0.31
IMF Bg 0.17 0.32 0.19 0.32 0.28 0.12
IMF By -0.36 -0.29 -0.17 -0.42 -0.38 -0.23
Vew 0.60 0.65 0.40 0.61 0.60 0.37
IMF Bg 0.19 034 0.26 0.36 0.30 0.25
IMF By -0.42 -0.31 -0.25 -0.53 -0.39 -0.32

{

crip

Table 5®ne constants for computation of the empirical models input parameters.

tvn ATy  tps Alps tv ATy  tpy Alpy
Eity 0.58h 4.00h 0.58h 6.00 h
perature 0.58h 0.75h 0.58 h 4.00h 0.58 h 2.00 h

Table mpirical model parameters.
Ay Ay Az A A As Ar A Ay

1.23  -1.01 0.874 -0.820 0.392 0.521 -0.474

Te%rature -0.0215 -0.426 1.47 0.587 -0.538 -0.489 0.32 0.36 2.31
iy | 1.01  -0.747 0.303 -0.248 0.362 0.498 -0.474

Temperature’ -0.0922 -0.390 1.64 0.767 -1.02 -0.395 0.26 0.52 2.16

f Modi coefficients obtained by fitting the model to the auxiliary data set.

O

Table Eracteris’cics of the empirical models quality. Top part of the table for the electron

density Wnd the bottom one is for the temperature model
Bin index all 1 2 3 4 5 6

i C.C. 0.82 0.77 0.73 0.70 0.84 0.73 0.72
RMS, [em~3] 0.23 0.21 0.16 0.17 0.28 0.29 0.32

MAD, [em~3] 0.15 0.13 0.11 0.13 0.20 0.22 0.23
C.C. 0.75 0.72 0.72 0.65 0.79 0.75 0.54
RMS, [keV] 26 25 31 20 24 29 23
MAD, [keV] 1.8 1.8 21 13 18 21 1.7
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{

crip

Tablew The same as Table 7 but for comparison with auxiliary data set. In addition, a

number of dhta records for every bin is given in the second line.

Bin index all 1 2 3 4 5 6
C 7 12171 5220 1211 1069 2922 1014 689
C.C. 0.73 0.61 0.70 0.70 0.63 0.79 0.80
RMS, [em~3] 028 0.27 0.18 0.19 0.34 0.32 0.28
CU MAD, [em~3] 0.19 0.16 0.12 0.14 0.25 0.23 0.21
C.C. 0.71 0.75 0.65 0.82 0.72 0.67 0.57
E RMS, [keV] 31 24 3.6 37 29 43 42
MAD, [keV] 22 1.8 25 22 22 30 30
e
e
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