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Abstract The Space Weather Integrated Forecasting Framework (SWIFF) Plasmasphere Model (SPM) is

a 3D kinetic model of the plasmasphere coupled to the ionosphere. This combined system has been routinely
used to evaluate principally the plasmapause formation and evolution, and the plasmasphere’s dynamics.

The model contains analytical equations for the plasmasphere and plasmatrough regions that have been
empirically determined using observations of satellite and ground-based data. In the present work, a revision
of the plasmatrough equations is proposed using electron density data from the Van Allen Probes mission

and paying particular attention to the spatiotemporal variation as well as to geomagnetic activity influence.
Comparisons are performed with other parametrizations and with electron density data from the Arase mission.
This assessment demonstrates that the plasmatrough electron density was slightly underestimated with respect
to the new observations, in particular for high L values (L > 3) and high geomagnetic activity. In addition, the
overall performance of the new parametrization follows a satisfactory general trend despite a large variability of
density data observed in the plasmatrough. The plasmatrough is separated from the refilling zone in the model
by considering vestigial and outer edge plasmapause positions.

1. Introduction

The Earth’s plasmasphere is a dynamic toroidal region of cold plasma (<1 eV) that exchanges energy and par-
ticles with the ionosphere and the outer magnetosphere (see review book by Darrouzet, De Keyser, et al. [2009]
and Darrouzet, Gallagher, et al. [2009]). Between the plasmasphere and the density depleted plasmatrough, an
abrupt gradient of plasma density of large variability is named plasmapause (Lemaire & Gringauz, 1998). The
whole system is disturbed by geomagnetic storms so that the plasma is eroded and a sharp plasmapause is formed
inward from its previous location, expanding the much lower density plasmatrough region beyond. The scenario
that has been proposed and confirmed by observations indicates that the plasmapause develops first in the equa-
torial region at the post-midnight sector (Lemaire & Pierrard, 2008). During periods of increased geomagnetic
activity, the plasmasphere is eroded at the nightside. The disturbance evolves with time and induces the formation
of density structures, such as shoulders and plumes, in the afternoon and evening sectors (Darrouzet et al., 2008;
Darrouzet, De Keyser, et al., 2009; Darrouzet, Gallagher, et al., 2009; Pierrard & Cabrera, 2005; Pierrard & Le-
maire, 2004). In addition to the erosion, strongly dependent on the geomagnetic activity history, refilling mecha-
nisms play a complex role in radial and angular variations (Gallagher et al., 2021). During long quiet geomagnetic
activity periods, the plasmasphere expands and the plasmapause becomes thicker and with shallower gradient.

Nowadays, there are plenty of models available to simulate the dynamics of the inner magnetosphere using differ-
ent techniques, with more empirical to more physics-driven assumptions and covering one or several regions to-
gether with external and internal boundary conditions (see Pierrard et al., 2009; Reinisch et al., 2009, for reviews
of different physics-based and empirical models, respectively). The explosive escalation of machine learning
techniques this last decade has enormously contributed to the space environment characterization and, in particu-
lar, to the inner magnetosphere investigation. Using ground-based and satellite data to train the statistical systems,
it is possible to unravel physical relationships between driven parameters, waves and particles, and to infer density
dynamics (Bortnik et al., 2016; Chu et al., 2017; Guo et al., 2021; Zhelavskaya et al., 2017, 2021). It becomes
essential for space weather predictions to deepen insight into a more precise description of the plasmatrough
dynamics, mainly when depletions lower than 10 cm™ provoke enhancements of ultra-relativistic electrons (Al-
lison et al., 2021). The investigation of the plasmatrough is not an easy task since the low density of the plasma
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together with the different waves continuously arriving from the outer space, and the particles interacting between
themselves and with plasma waves, make difficult the precise evaluation of the spectrum (Kurth et al., 2015).

The Space Weather Integrated Forecasting Framework (SWIFF) Plasmasphere Model (SPM) predicts the density
and the temperature of the electrons, protons, and helium ions inside the plasmasphere as well as outside, that is,
in the plasmatrough (Pierrard & Stegen, 2008). The model has been coupled to the empirical International Ref-
erence lonosphere (IRI) model (Bilitza, 2018) as boundary condition (Pierrard & Voiculescu, 2011) in the frame
of the SWIFF project that allowed the coupling of models for different regions of the magnetosphere (Lapenta
et al., 2013). The SPM provides simulations at the ESA SSA (Space Situational Awareness) website (https://swe.
ssa.esa.int/space-radiation) since January 2017 in a near-real-time basis and for the simulated past dates as a con-
tinued and quick assessment of electron density plasmasphere conditions. The plasmasphere and plasmatrough
density profiles are simulated in SPM using, basically, the equations for the equatorial density from Carpenter
and Anderson (1992) (C&A), extrapolated to cover all the magnetic local time (MLT) sectors and to provide, in
addition, simulations over all latitudes. Sheeley et al. (2001) and Denton et al. (2004) have developed statistical
models for the plasmasphere and the plasmatrough, with a dependence only in L and MLT, but, as in C&A, no
geomagnetic activity evolution was introduced in such approaches.

The NASA Van Allen Probes mission (Mauk et al., 2013) provided very useful insight to study the inner mag-
netosphere from the cold plasma to the ultra-relativistic particle populations. Data from this mission have been
broadly used to feed empirical models that give the spatiotemporal evolution of the physical problems (De Pascuale
et al., 2018; Goldstein et al., 2014; Hudson et al., 2014). More recently, the JAXA Arase mission has arisen to en-
rich data for the study of wave—particle interactions in the inner magnetosphere (Miyoshi, Shinohara, et al., 2018).

Within this work, the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) electron den-
sity data (Kletzing et al., 2013; Kurth et al., 2015) inferred from measurements performed onboard Van Allen Probes
are used to obtain new fitted plasmatrough equations. Both satellites of the mission operated during more than 7 years
providing density observations every 6 s. This large amount of data allows obtaining enough statistics for the identi-
fication of different dynamical processes with respect to radial and angular variations, and to geomagnetic activity.
Indeed, the current investigation aims at feeding the physical equations of the plasmatrough with new observational
data in order to assess and improve the simulations in this region. This point has been recently discussed in Pierrard,
Botek, et al. (2021) as one of the foreseen improvements to the SPM. The Arase/PWE (Plasma Wave Experiment)
plasma dedicated instrument (Kasahara et al., 2018) is used here for further verifications of the new parametrization.

The work is organized in the following sections. Section 2 describes the model and data specifications. Section 3
provides global and particular comparisons between the observations and simulations of the past model version
(Pierrard & Voiculescu, 2011) at specific satellite trajectory times and locations. Section 4 shows the data fitting
to obtain new improved equations. Section 5 compares the new simulations using these new equations with EM-
FISIS observations and new independent data from PWE data, as well as with another parametrization. Section 6
shows the influence of refilling in the model and the importance to well identify the external boundary of the
plasmapause to clearly separate the external plasmatrough from refilling regions in the observations. Finally,
conclusions are delivered about the present implementations and validations in Section 7.

2. Model and Database
2.1. Model Specifications

The equations defining the plasmasphere region in the SPM have been extensively discussed in Pierrard and Ste-
gen (2008) where the equations defined by C&A in the geomagnetic equatorial plane were used with specific as-
sumptions. The coupling with the ionosphere IRI model is explained in detail in Pierrard and Voiculescu (2011).
In this section, we are only explicitly displaying the equations characterizing the plasmatrough, which are the
focus of the present investigation. Equations 1-3 are the ones used till now in the SPM to evaluate the electron
density (V) in the plasmatrough in the following MLT intervals:

0<MLT<6

N, = (5,800 + 300 X MLT) x L™*° + (1 — ¢~ E-2/10) 6))
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6 <MLT < 15
N. = (=800 + 1,400 X MLT) X L™ 4 (1 — e~=2)/10) 2)
15<MLT < 24

N. = ((44,200 — 1,600 X MLT) X L™ + (1 — e™"72/1)) x —2‘2‘4‘ NET

MLT — 15 3)

5,800 L—4,5 1— —(L-2./10)
+( X +(—e )) X Y RRT:

Equations 1 and 2 corresponds exactly to the ones defined by Carpenter and Anderson (1992) in the geomagnetic
equatorial plane from ISEE satellite and whistler observations. Equation 3 was later inferred to complete the MLT
density variation. It can be noticed that the second term of Equation 3 ensures continuity when evolving from
MLT = 23 to MLT = 0. The latitudinal variation of the electron density along the magnetic field lines is added in
SPM by means of the following equation based on a dipole dependence (see Denton et al., 2006):

N, i = N, xcos™(4) )

where A is the magnetic latitude and & = 2 for the plasmatrough region. Indeed, Denton et al. (2006) considered
such value as a general result from previous investigations since it represents an intermediate between the de-
pendence expected for diffusive equilibrium and so called collisionless models for the steeper low-density plas-
matrough. Equations 1-4 will be noted C&A* all over this work. The electron density will be named simply N,
even if the latitudinal variational is considered.

Before determining the cold plasma density in the different regions of the inner magnetosphere (plasmasphere
and plasmatrough), the SPM calculates the plasmapause location using the mechanism of interchange insta-
bility (Pierrard & Lemaire, 2004). The SPM simulations using this approach have been extensively validated
against observations. See for example, Verbanac et al. (2018). In addition, the SPM has been recently improved
to provide at least one plasmapause point at every 1-hr-MLT sector, in particular during stormy times for sectors
involving the evening and night local times. A dynamic interpolation procedure has been implemented to settle
any missing information. An accurate evaluation of the plasmapause borders is the essential departing point to
better simulate the plasmasphere and plasmatrough regions. This task remains very difficult in the sectors with
plumes, but the procedure seems successful in a global basis, and it is already implemented for use in all the
future simulations performed with the model.

After the plasmapause location (Lpp) is evaluated, the corresponding C&A equations for the plasmasphere and
the plasmatrough are employed for regions where L < Lpp and L > Lpp, respectively.

2.2. Database Specifications

The Van Allen Probes, previously called Radiation Belts Storm Probes (RBSP), were a mission of two spacecraft
(A and B) in tandem following a highly elliptic orbit with a perigee of 618 km and an apogee of 30,414 km.
The orbit presented 10° of inclination with respect to the magnetic equator and a period of around 9 hr (Mauk
et al., 2013). The twin satellites were launched in 2012 and were decommissioned in 2019. Onboard, the EM-
FISIS instrument provided the upper hybrid resonance frequency from which the electron density was inferred
(Kurth et al., 2015). Such procedure required some manual intervention especially during nonquiet periods when
the spectra became complex. There are two sources of error in the determination of electron densities from the
plasma wave spectrum: (a) the spectral resolution of the instrument, which translates to a density resolution of
about 10% and (b) the interpretation of the plasma wave spectrum that could induce much larger errors (see Kurth
et al., 2015 for details). Indeed, the low plasmatrough densities remain the most complex to infer, especially
during geomagnetically active periods. Since there are several banded emissions observed in this region, the
determination of density requires more particular assumptions and manual inspections to correct the procedure.
In addition, we have filtered out values >2,000 cm~ due to the limited response above 400 kHz of the instrument
(Kletzing et al., 2013; Kurth et al., 2015). The lowest detection limit of the instrument was 10 kHz corresponding
to a density of ~1 cm~>. Data from both spacecraft are used here for the statistics.
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The Arase mission, formerly known as Exploration of energization and Radiation in Geospace (ERG), was launched
in December 2016 in a highly elliptic orbit with a perigee of 460 km, an apogee of 32,110 km and an inclination of
31°. The period is also around 9 hr (Miyoshi, Shinohara, et al., 2018). The local electron density data are derived
from the frequency spectra determined by the High Frequency Analyzer (HFA; Kumamoto et al., 2018) subsystem,
which is part of the PWE (Kasahara et al., 2018), and using the local magnetic field measured by the Magnetic
Field Experiment (MGF; Kasahara et al., 2021; Matsuoka et al., 2018). A semiautomated procedure to derive the
electron density has been also developed with an average error rate below 7.8% when the wave frequency is above
30 kHz and when the wave spectral intensity is less than 10~ mV?/m?Hz (Matsuda et al., 2020). More sophisti-
cated techniques from deep learning without additional features based on expert knowledge allow to determine the
upper hybrid frequency and, thus, the electron density with high accuracy (Hasegawa et al., 2019).

3. Comparisons Between EMFISIS Observations and SPM Simulations

Once the ephemeris and density data were retrieved for the whole period of the mission and for both satellites,
the data were resampled from 6 s to 1 min. Then, the satellite trajectory data every 30 min (at 00 and 30 min
of each hour) were extracted and used as input for simulations of the SPM model, together with the Kp indices
corresponding to the simulation day and to the precedent one. The Kp index data (Matzka et al., 2021) were also
merged to the whole final table of observations and simulations variables in order to perform further filters for
different geomagnetic activity periods.

A systematic and global analysis of the correlation between EMFISIS data and SPM simulations (with the C&A*
parametrization) of the electron density in logarithmic scale is displayed in Figure 1 for ephemeris every 30 min
and split into three Kp periods, quiet (Kp < 3), moderate (3 < Kp < 5), and stormy (Kp > 5) times and into four
MLT sectors each containing six MLT hours. The color scale corresponds to the L-parameter (Mcllwain, 1966).
SC is the Spearman Coefficient (Bonett & Wright, 2000) and RMSE is the root mean square error evaluated using
the logarithmic values.

The plots put in evidence the two different regions modeled by two different sets of equations and separated by
the plasmapause boundary: the plasmasphere at lower L with higher densities and the plasmatrough at higher L
with lower densities. At the extreme of high densities, there is a better correlation between observations and sim-
ulations since the data are close to the diagonal black line. At low densities, correlations are worse.

Very large deviations are observed at the boundary zone where a sharp transition is ruled by the fitting. At this
zone, the plasmasphere equations (Carpenter & Anderson, 1992) generate values progressively overestimated by
1-2 orders of magnitude when L increases and, inversely, the plasmatrough equations underestimate the obser-
vations by 1-2 orders of magnitude for decreasing L. Looking at the different plots in Figure 1, no specific cor-
relations can be disentangled between the density variability and Kp or MLT. The sample sets for the Kp ranges
>3 are perhaps too limited to draw strong statistical conclusions, in particular for Kp > 5, MLT = 0—6. One can
also see that the observations in the plasmatrough are very variable in all MLT and for Kp < 5, as disclosed by
the almost horizontal distribution of the red symbols at high L in Figure 1. This shows that any statistical model
driven by indices such as Kp, or by any other empirically derived average inputs, will always have difficulties to
reproduce each individual observation in this region, except if the dynamic processes implicated in these varia-
tions can be well understood.

Figure 2 displays the electron density for RBSP-A in 2015-2016 as a function of L for a particular Kp range (<3)
and a particular MLT sector (9-15) as an example that considers only calm periods during the day local times
(without any formation of plumes or shoulders). Indeed, as noticed more clearly in Figure 2, the observation
points (in red), even if gathered in two regions, are more dispersed in-between the two regions than the corre-
sponding simulations (in green), which concentrate more around their C&A* fitting curves.

We have considered a sharp plasmapause in the present simulations. Refilling can be also taken into account in
the simulations of the SPM model when analyzing specific cases (Pierrard & Stegen, 2008), but it has not yet
been included in an automatic way and is thus not included in Figures 1 and 2 (see Section 6 of the present article
for more details). In the present long-term SPM simulations, the plasmasphere is thus always sharply separated
from the plasmatrough by a simple plasmapause boundary, without taking into account the thickness of this layer,
the refilling time or the plasmaspheric wind (Pierrard, Botek, et al., 2021), which could dramatically change the
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EMFISIS vs SPM for 2012-2019
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Figure 1. Logarithm of the Plasmasphere Model (SPM) simulated densities at locations of the Radiation Belts Storm Probes (RBSP)-A and RBSP-B spacecraft as a
function of the logarithm of the corresponding electron densities determined by Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) for
four different magnetic local time (MLT) sectors (columns) and three different Kp ranges (rows). The black diagonal line indicates where the model densities exactly
correspond to the observed values. The color scale corresponds to the Mcllwain parameter L. SC, the Spearman Coefficient and RMSE, the root mean square error, are
provided at the top of each panel, both evaluated using the logarithmic values.

density evaluated at the plasmatrough. That is why Figure 2 does not show any transition region between the
plasmasphere and the plasmatrough for the SPM values (in green).

The high RMSE:s in the figures are due to these significant deviations. Moreover, approximating the plasma-
trough as the region where N, < 100 cm~?, it can be seen that the simulated points of Figure 2 globally underes-
timate the corresponding observations.

4. Using EMFISIS-Fitted Data in the SPM Model

We focus here on improving the plasmatrough Equations 1-3 of the model since simulations of waves generated
in this region of the inner magnetosphere need precise density estimations (Pierrard, Ripoll, et al., 2021) and
they present severe deviations when compared to EMFISIS data. The plasmapause locations (Lpp), obtained
with SPM as explained in Section 2.1, were averaged for each MLT hour and used as reference to identify the
plasmastrough points in the EMFISIS data ranged from 2012 to 2019 and resampled to 5 min. The observations
with L > Lpp were then retained. The electron densities were then projected on the magnetic equator using Equa-
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3.0

Figure 2. Electron densities given by RBSP-A/Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)

RBSP-A/EMFISIS (red) vs SPM (green) for kp=0-3 MLT=9-15 in 2015-2016
SpearmanCoeff= 0.76, RMSE= 0.65

data (red) and the SPM simulations (green) at locations of the spacecraft every 30 min in 2015-2016 for Kp < 3 and magnetic
local time (MLT) between 9 and 15 hr. The Spearman Coefficient and RMSE (root mean square error) are also displayed.

tion 4 for the corresponding latitudes to obtain the equatorial N, values. The measurements took place mostly at
low latitudes as the inclination of the orbit of the RBSP satellites was 10°. The resulting data were also binned
as follows: 24 bins of 1 hr for MLT and 40 bins of 0.1 R, from 2 to 6 R, for L. The data were also split into qui-
et (Kp < 3) and (sub)stormy (Kp > 3) periods, since the density decrease is clearly very different in these two
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Figure 3. Plasmatrough electron density determined by Electric and Magnetic Field Instrument Suite and Integrated Science from 2012 to 2019 in the range L = 2-6
(Rp) and fitted by new equations for different magnetic local time (MLT) sectors and for two different Kp regimes: (a) Kp < 3 and (b) Kp > 3. Solid black lines
represent the new fit using Equation 5. Dashed red lines display the fits given by previous Equations 1-3 by C&A*. Dashed blue lines delimit the regions covered by
the equations of Sheeley et al. (2001) for the plasmasphere in (a) and for the plasmatrough in (b). All the dashed lines are evaluated at the middle (MLT + 3) of the
corresponding MLT sector containing six MLT hours for MLT-dependent equations.
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regimes, as illustrated in Figures 3a and 3b, respectively, displaying four panels with different MLT sectors for
each Kp regime. Each panel, containing data from six MLT hours, gathers observations bins in each MLT hour,
easily identified by a specific color to display the MLT variability of the scatter points in the respective region.

The reddish dashed lines in Figure 3 represent Equations 1-3 used in the SPM model (C&A¥*) in three different
red tones according to the MLT range. The light blue dashed lines indicate the deviation limits proposed by
Sheeley et al. (2001) (the darker blue line being the main equation), inside the plasmasphere in Figure 3a and in
the plasmatrough in Figure 3b. Both the C&A* and Sheeley’s curves were calculated at “MLT + 3” in each range
containing six MLT hours in Figure 3.

Based on the C&A* equations as a function of L and MLT, a new fitting was performed for the four 6-hr-MLT
sectors, by using the following equation to describe the equatorial electron density in the plasmatrough:

N, =(a+bx (MLT + 3)) X L® + (1 — e"&=2)/10) 3)

where MLT takes the values: 0, 6, 12, 18, so that “MLT + 3” locates at the middle of the six MLT’s group when
the fit is performed.

In a preliminary step, a series of fitting tests using Equation 5 was thus conducted to inspect the global data
variability, and, finally, a fixed value was assigned to ¢ parameter in each Kp regime for all four MLT ranges.
Therefore, ¢ was set to —3 for Kp < 3 and to —4 for Kp > 3 for the four MLT ranges. These values assigned to ¢
correspond to the ones fitted for the MLT = 0-6 sector in each Kp regime. This MLT period includes the local
times where the plasmapause is created and the observations distribution matches better the regions covered by
other previous approximations like the one proposed by Sheeley et al. (2001). This choice permits to adjust the
progressive quicker decay of the density evolution with L values for increasing stormy times, as well as to ensure
a physical continuity of density distribution in simulations. After fixing ¢, only a and b were free parameters, and
the corresponding fitted equation is displayed as a solid black line in both Kp regimes of Figure 3.

The lines corresponding to the C&A* equations of the model are in general located lower than the ones obtained
from EMFISIS data, in particular for higher L, and with a quicker and unique decrease —4.5 factor everywhere in
C&A* (see Figure 3). Since the low Kp profiles are so different and could be due mainly to plasmaspheric exten-
sion, only the fitting parameter sets for Kp > 3 regime are used in the model to test the new version of the plas-
matrough equations. Indeed, for more quiet geomagnetic times (Kp < 3), the plasmasphere is expanded to higher
L, even to L > 6. Accordingly, the observational data displayed in the top panels of Figure 3 for L > 4, and with
densities 1 order of magnitude larger than those of the plasmatrough from C&A* and Sheeley’s curves, could
correspond better to plasmaspheric zones due to relaxation instead of plasmatrough densities. In order to assess
this assumption, the equations for the plasmasphere density from Sheeley et al. (2001) are displayed in (a) instead
of the ones for the plasmatrough, but only the lower part of Sheeley’s confidence region overlaps the new curve
for L > 4.5 demonstrating, so far, the limits of the present approximations to describe the dynamics between the
plasmasphere and the plasmatrough. On the other hand, data for Kp > 3 seem to better describe the plasmatrough
region. Indeed, the new fitting remains in general inside the plasmatrough Sheeley’s ranges but accounts for a
slower variation of N, with L than that of C&A* and more consistent with Sheeley’s curves, in particular for 0-6
and 6-12 MLT ranges. The Kp > 3 equations will then generate a larger correction of the plasmatrough density
at higher L for MLT = 0-12 and nearly over the whole L range for MLT = 12-24. Also note the trough midnight
to dusk rise in density that is observed with EMFISIS and can be associated with refilling from the ionosphere,
and the post dusk reduction in trough density observed in the first panel of Figure 3.

Another feature of the Kp > 3 subplots in Figure 3b is the larger deviation of the EMFISIS observational data for
the MLT = 12-18 region (Figure 3b, third panel) and L > 4 from the area covered by all the parametrizations.
This substantial deviation toward higher densities can be explained by the formation of plumes that occurs at
MLT around 15 hr for nonquiet periods as well illustrated in Figure 4. This Figure 4 displays the EMFISIS equa-
torial densities binned in L-MLT where the color scale represents the mean logarithmic density of each bin. The
relaxed plasmasphere extends everywhere to higher L in less active times (left panel), whereas the middle and
right panels capture the plume patterns during more active periods. Indeed, there are statistically more plumes
in the afternoon sector (Darrouzet et al., 2008), which supports the density increase around MLT = 15. These
plumes rotate with the Earth, but such rotation cannot be appreciated here since each of these plots represents
a static feature merging all the possible measurements during the whole period of Van Allen Probes. This is,

BOTEK ET AL.

7 of 15



A7t |

A\ Journal of Geophysical Research: Space Physics 10.1029/2021JA029737

1 kp =3 3.0 3.0 3.0
21 | m 25 ¢ 201 25 25 ¢
. 151 o 2.0 % . 151 2.0 %’ 2.0 g
= s = 2 z
101 = 155 109 15 8 155
3 1 0= 1 102 0=

|
R e — 05 o 05 05
25 30 35 40 45 50 55 60 .

L

Figure 4. Split of the magnetic local time (MLT)-L binned logarithmic plasmatrough equatorial Electric and Magnetic Field Instrument Suite and Integrated Science
electron density in cm™ for three Kp regimes showing a more relaxed plasmasphere over higher L for Kp < 3 (left panel) and the plumes region extension for Kp > 3
(middle and right panels) around MLT = 15.

however, a useful mapping to visualize the whole range of observations. The plasmaspheric higher densities
are extended inside the plumes, but the densities are significantly lower all over the other MLT sectors by the
plasmasphere erosion during more stormy times. Such effect supports the choices done for the fitting procedure.

Finally, the fitting parameters obtained with the EMFISIS density data split in the four different MLT sectors and
during the periods of larger geomagnetic disturbance (Kp > 3) have been chosen to improve the plasmatrough
semiempirical relations. They take into account the dynamical phenomena that impact the plasmatrough density
for different radial and angular variations and ensures the real physical continuity of the mass density. This new
parametrization will be named EMFISIS-fitted from now on in the article. The general equation used in the model
for the calculation of any 3D point of the plasmatrough density to smooth unphysical discontinuities as much as
possible between MLT subsectors has the following form:

— —4 _ ,—(L-2./10) mlt2 — MLT
Ne=((a+bxXMLT)X L™ + (1 —e )) x e p—— ©
MLT — mitl
’ ’ -4 _ ,—(L-2./10)
+((d+6 xMLT) x L™ + (1 -e ))x—mlt2—mlt1

where mltl and mlt2 correspond to the limits of the four MLT sectors: 0-6, 6-12, 12-18, and 18-24 and (', ') cor-
respond to the fitting parameters of a sector consecutive to a sector with (a, b) parameters following increasing local
times. When MLT > 18, then &' is set to O to ensure continuity when passing from MLT = 23 to MLT = 0. The lati-
tudinal dependence is also considered for the 3D variation along the magnetic field lines of a dipole as in Equation 4.

New simulations were then performed with the model using these new fitting equations. Comparisons between
the simulated (EMFISIS-fitted) and observed values during a short period spanning March 2015, which includes
the day of the Saint Patrick storm (March 17), are taken as example. They are displayed in Figure 5 by means
of time series of the ratio between the logarithmic density of the simulations and the logarithmic density of the
observations (black crosses) for two L zones to explore the model performance in the plasmasphere and in the
plasmatrough, approximately represented by lower L (top panel) and higher L (middle panel), respectively. Com-
parison is also displayed on both panels with the C&A* parametrization (red dots).

Deviations are substantially smaller for lower L (top panel) and for more quiet times, corresponding to a more extend-
ed plasmasphere. It should be noted that the correction with EMFISIS data is not expected in this region, where the
equations of C&A corresponding to the plasmasphere zone are valid and have not been modified. Hence, the red dots
and black crosses overlap nearly everywhere with rare exceptions of some points corresponding to the plasmatrough
region near the plasmapause during nonquiet times. When the geomagnetic activity increases, the correlation is less
good at low L (points deviate more from 1) indicating a perturbed plasmasphere as observed between 17 and 18
March 2015. On the contrary, the correlation is bad everywhere for higher L (middle panel) and becomes still worse
for stronger geomagnetic activity, demonstrating the limits of the model to reproduce EMFISIS observations of the
plasmatrough, even when the new parametrization is applied (EMFISIS-fitted, black crosses). The statistical scores
confirm the better performance of the model in the plasmasphere with quite low RMSE, which anyway is still mildly
impacted by the (sub)stormy times. For higher L, the RMSE is substantially larger but is improved by the introduction
of the new plasmatrough parametrization, as reflected by a decreased RMSE from 75% for the C& A* parametrization
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Correlation SPM/EMFISIS from 2015-03-01 to 2015-03-31
L = 2-3 ; SpearmanCoeff= [0.282, 0.277] ; RMSE= [0.281, 0.285]
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Figure 5. Ratio between the log, of the simulated and the log; of the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) observed
electron density in March 2015 for two regions of L: L = 2-3 (top panel) and L = 3—6 (middle panel) for C&A* parametrization (red dots) and the new EMFISIS-
fitted parametrization (black crosses). The Spearman Coefficient and the RMSE are displayed for C&A* parametrization (left) and for the new EMFISIS-fitted
parametrization (right). The Kp variation is added for the whole period in the bottom panel.

2015-03-17_18h00m
2

equatorial plane

(first number in the title of the middle panel) to 61% for the EMFISIS-fitted parametrization (second number) at high-
er L (red points are often lower than 1 while black ones are often closer to 1). The SC is rather weak for series corre-
lation at lower L, but it becomes stronger for higher L series, mainly due to many simulated points that systematically
remain underevaluated in comparison to observations. It can be also observed that for L > 3 during quiet periods (as
e.g., between March 8 and 16), the deviation of the simulations remains significantly lower (closer to 1) than during
more disturbed times (March 16-21), which also justify the use of the new parametrization.

Figure 6 compares the output of the model in the equatorial and meridian views for the version using the C&A*
parametrization (left panels) and for the version using the EMFISIS-fitted parametrization (right panels) during
the Saint Patrick storm in 2015. The plasmapause is represented by the small black empty circles in the equato-
rial view. The density color scale is saturated in these plots for the plasmasphere region in order to better see the
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Figure 6. Equatorial and meridian simulation views of stormy times using Equations 1-3 with C&A* parametrization in left panels and using Equation 6 with Electric
and Magnetic Field Instrument Suite and Integrated Science-fitted parametrization in right ones.
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Correlation SPM/Arase-PWE from 2017-09-01 to 2017-09-30
L = 3-6 ; SpearmanCoeff= [0.82, 0.82, 0.82] ; RMSE= [0.58, 0.62, 0.58]
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Figure 7. Top panel: ratio between log, (Ne_SPM) and log, (Ne_Arase-PWE) for September 2017 and for L = 3-6. Three series of results are displayed for
simulations with SPM involving different parametrizations of the plasmatrough: Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)-fitted
(black crosses), C&A* (red dots), and Sheeley (blue triangles). Spearman Coefficients and RMSE are shown for each parametrization in comparison with the satellite
data in the mentioned order. Bottom panel: Kp evolution during this period (September 2017).

differences in the plasmatrough between the old and the new parametrizations (yellow-green-blue region). Con-
cerning the plasmatrough density, the plots on the right displaying the new EMFISIS-fitted parametrization show
a density slightly higher than in the previous plasmatrough model (C&A* parametrization on the left), in line with
the curve trend obtained in Figure 3b. During this stormy period, Kp increases and the plasmasphere is eroded.
After the storm, Kp decreases, so that the new plasmapause is located further than during the storm. In such cases,
refilling will take place in the regions that were eroded during the storm. This refilling was not taken into account
until now in this article, while it plays an important role in the model to reproduce intermediate densities between
the saturated plasmaspheric flux tubes and the low-density plasmatrough (see Section 6 for further discussion).

5. Comparison With Arase/PWE Density Data

The ratios between the logarithm of simulations and the logarithm of observations at L = 3-6 are displayed in
Figure 7 for September 2017 using the SPM code and the Arase/PWE density data. The SPM plasmatrough evalua-
tions encompass here three parametrizations: EMFISIS-fitted (black), C&A* (red), and Sheeley (blue). The SC and
RMSE scores are indicated for the three series of comparisons demonstrating their similar performances, without sig-
nificant improvement of the new parametrization (EMFISIS-fitted). C&A* appears to provide systematically slightly
lower ratios than the latter and Sheeley’s, but the performance of this model is not better than the others because the
ratios are often lower than 1 during quiet periods. The calm period between September 18 and 26 demonstrates a better
reproducibility of observations from the three series of parametrizations than during disturbed periods. The similarity
between all these series of data and the large variability encountered also in Arase/PWE observations point out once
more the challenge of describing the plasmatrough with averaged empirical relations depending on L, MLT, and Kp.

6. Refilling

Because we were mainly interested by the improvement of the plasmatrough region, up to now we have con-
sidered only the equations of the saturated density profiles in the SPM, leading thus to only two very different
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regions, one inside the plasmapause and one outside, the plasmatrough, as clearly illustrated in Figure 2. Nev-
ertheless, nonsaturated profiles can also be considered in the model (Pierrard & Lemaire, 2001). They mainly
appear after geomagnetic storms when the magnetic flux tubes refill after the plasmaspheric erosion. This should
yield the intermediate points that are observed in Figure 2 with EMFISIS density data (in red) between the two
modeled profiles (in green) corresponding to the saturated plasmasphere and the plasmatrough.

To take into account this refilling appearing mainly during decreasing phases of Kp, we consider, in addition
to the present modeled plasmapause obtained with the model 24 hr before the current date, the vestigial plas-
mapause obtained for the previous day as already explained in Pierrard and Stegen (2008). When Kp decreases,
this vestigial plasmapause is located at lower distances, at least for some MLT sectors, and refilling takes place
between this vestigial plasmapause and the new one appearing at larger distances.

The views of the top panel in Figure 8 illustrate the plasma density 9 days after the strong Saint Patrick storm in
2015. In the bottom panel, the Kp evolution from the Saint Patrick Day and during 10 days after is displayed to
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Figure 8. Top panels: plasmasphere recovering after storm with previous 24 hr vestigial plasmapause (gray empty circles) and current plasmapause (black empty
circles) displayed in the equatorial plane (left) and in the meridian plane (right). Bottom panel: 10 days of Kp from the Saint Patrick storm in 2015.
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Ne [cm~3] for September 2017
RBSP-A/EMFISIS with current(black) and vestigial(gray) plasma
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Figure 9. Top panel: Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) density data (color scale in cm™3) observed along the trajectory
of RBSP-A during September 2017 with the L distribution in the vertical axis. The current (in black) and vestigial (in gray) plasmapause locations (Lpp) evaluated
using SPM are plotted. The gray dressings correspond to refilling regions and the observations confined inside them have been highlighted with black crosses. Middle
panel: magnetic local time (MLT) of the EMFISIS observations. Bottom panel: Kp evolution during the period.

illustrate the geomagnetic activity. The plasmasphere is recovering/relaxing from a period of strong activity. The
equatorial view (left top panel) displays not only the current plasmapause (black empty circles) but also the ves-
tigial plasmapause (gray empty circles) that was formed during the previous 24 hr with an inner magnetosphere
exposed to more enhanced geomagnetic activity during the previous 48 hr. Hence, the simulation takes into
account these 2 days where the vestigial plasmapause represents the inner edge of the plasmasphere boundary
layer (concept first introduced by Carpenter & Lemaire, 2004) and the current plasmapause represents the outer
edge. During this recovery period, when the Kp is decreased, the plasmapause is less sharp than during periods
of strong activity and it becomes a thicker boundary layer between inner and outer edges where refilling takes
place. This dynamical extension of the plasmapause region could explain the large distribution of observational
density points at high L, which are neither reproduced by the equations of the saturated density profiles of the
plasmasphere nor by those of the plasmatrough in Figure 2.

To this end, Figure 9 illustrates the proposed approach using EMFISIS observations for September 2017. In
the top panel, the observed density is plotted as dots at the locations of RBSP-A displaying the radial variations
along the time. The satellite trajectory MLT values and the corresponding Kp indices are also displayed at the
middle and bottom panels, respectively. The current (in black) and vestigial (in gray) plasmapauses obtained with
SPM are superposed in the top panel. The region between both plasmapauses is filled with gray when refilling
takes place, that is, when the plasmapause from the previous day is closer to the Earth than the current one. The
observations remaining inside such refilling region are marked with black crosses and they are also represented
in Figure 10. In Figure 10, the correlation between the observations for the same period of Figure 9 and the cor-
responding simulations from SPM (EMFISIS-fitted) is displayed. It can be noticed that many of the black crosses
imply observations located in-between the plasmasphere and the plasmatrough simulated points, confirming that
refilling plays an important role to represent the intermediate densities between the saturated plasmasphere and
the plasmatrough limits. The refilling rate could be then evaluated from the EMFISIS observations using this
procedure automatically. Up to now, the thickness of the plasmapause and the refilling process using SPM can
be performed only for case studies considering manually the two different edges of the plasmapause. Further
improvements to the model will involve the automatic consideration of the vestigial inner border of the plasma-
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RBSP-A/EMFISIS(red) versus SPM/EMFISIS-fitted(green) in September 2017
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Figure 10. RBSP-A/Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) observations (red)
versus SPM/EMFISIS-fitted simulations (green) in September 2017. Black crosses highlight the corresponding observations
inside the gray regions as in Figure 9 top panel.

pause when the geomagnetical activity is diminished, and, thus, a thicker zone delimiting the plasmasphere and
plasmatrough. The density in this zone should evolve in a progressive basis to better reproduce the observation
trends in the region between the plasmasphere and the plasmatrough at large distance.

7. Conclusions

The plasma electron density evaluated by the SPM 3D dynamic model of the plasmasphere and plasmatrough
has been assessed by implementing a new parametrization based on observational data from RBSP/EMFISIS
instrument and compared with Sheeley parametrization and Arase/PWE data. The attention was dedicated to the
plasmatrough region, which has been less addressed in previous investigations, where the plasmasphere region
was the principal objective due to its much higher densities and to its strong interaction with the ionosphere (as
e.g., in Lapenta et al., 2013) and the radiation belts (Darrouzet et al., 2013). In addition, future use of SPM in
combined implementations with other models of the inner magnetosphere requires a verified performance of the
model all over the cold plasma region.

As a general estimation, the parametrization obtained with EMFISIS data provides a less sharp variation of
the plasmatrough density from the plasmapause location outwards. The large variability and high dynamics of
such low-density data make difficult the decrease of global errors. The density determined from upper hybrid
frequency measurements represents another potential source of large errors, which are reported as much as 10%,
and even much larger when plasmatrough is considered. Even if more and more sophisticated machine learning
tools combined with manual monitoring are constantly developed to accurately evaluate plasma density (e.g.,
Allison et al., 2021; Zhelavskaya et al., 2021), the complexity persists, particularly during high geomagnetic
activity. While the changes provided with the new parametrization seem to be small, they remain nonnegligible
since the differences with the previous C&A* parametrization can attain 10 cm~ during magnetic local night
times at altitudes of 6 Re. In addition, precise estimations of plasmatrough electron densities are crucial for the
different types of waves in the inner magnetosphere that interact with cold plasma population. These interactions
have a considerable impact on the dynamics of the high energy particles of the Van Allen radiation belts (Pierrard
et al., 2020; Pierrard, Ripoll, et al., 2021). Such interactions justify the search for more accurate modeling of
this challenging region. This intertwined system is of principal interest for the current H2020 SafeSpace project
(https://www.safespace-h2020.eu/), for which an accurate description of the plasmatrough is essential to model
the diffusive effects and improve the Van Allen radiation belts characterization.

The results show the need to consider the plasmapause as a boundary layer with a thickness more than a simple
sharp limit for long-term density comparisons. By considering a vestigial plasmapause, refilling can be taken
into account for recovery periods after storm erosion. This is done using the SPM model for case studies, but
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an automatic implementation of the refilling process for all recovery periods would contribute to improve the
global simulations and better represent all real situations. Inside such plasmasphere boundary layer, the density
evolves as a function of the radial distance from the inner edge to the outer one. Nevertheless, the inclusion of
these effects will not have a noticeable influence on the density distribution in the plasmatrough at very large
distance, typically at L > 6, where the plasmatrough is more clearly separated from the plasmasphere, but where
no observations are provided neither by Van Allen Probes nor by Arase.

Data Availability Statement

RBSP/EMFISIS data can be found at: https://emfisis.physics.uiowa.edu/Flight/. ARASE data can be found at:
https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/satellite/erg/pwe/. Science data of the ERG (Arase) satellite were ob-
tained from the ERG Science Center operated by ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.na-
goya-u.ac.jp/index.shtml.en, Miyoshi, Hori, et al., 2018). The present study analyzed PWE-HFA L3 1min vO1_02
data (https://doi.org/10.34515/DATA.ERG-10001) and Orbit L2 v03 data (https://doi.org/10.34515/DATA.ERG-
12000). Kp data can be obtained from https://ftp.gfz-potsdam.de/pub/home/.
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