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Abstract: Motivated by the need for more accurate radiation environment modeling, this
study focuses on identifying and analyzing the drivers behind the sub-relativistic electron
flux variations in the inner magnetosphere. We utilize electron flux data between 1 and
500 keV from the Hope and MagEIS instruments on board the RBSP satellites, as well
as from the FEEPS instruments on board the MMS spacecrafts, along with solar wind
parameters and geomagnetic indices obtained from the OmniWeb2 and SuperMag data
services. We calculate the correlation coefficients between these parameters and electron
flux. Our analysis shows that substorm activity is a crucial driver of the source electron
population (10-100 keV), while also showing that seed electrons (100-400 keV) are not
purely driven by substorm events but also from enhanced convection/inward diffusion.
By introducing time lags, we observed a delayed response of electron flux to changes in
geospace conditions, and we identified specific time lag periods where the correlation
is maximum. This work contributes to our broader understanding of the outer belt sub-
relativistic electron dynamics and forms the basis for future research.

Keywords: terrestrial magnetosphere; Pearson correlation; outer radiation belt;

sub-relativistic electrons; wave—particle interactions; radial diffusion

1. Introduction

The Van Allen radiation belts are the two toroidal-shaped belts of energetic particles
that drift around the Earth. The outer radiation belt is highly dynamic and mainly con-
tains electrons with energies from a few keV to several MeV. The electron population of
this belt is continuously subjected to changes in various timescales, influenced by solar
wind conditions, geomagnetic disturbances, and internal magnetospheric processes [1].
Reeves et al. [2] showed that geospace disturbances can lead to either an increase, a de-
crease, or no significant change in the electron flux, which demonstrates the complex nature
and the various processes behind the acceleration and loss of electrons from the belt. Later,
Katsavrias et al. [3] concluded that the result of geomagnetic disturbances also depends on
electron energy and L-shells.

Although the variability of relativistic electrons has been extensively studied, less
attention has been given to the factors that control the sub-relativistic electron behavior.
The variability of this population is very important for two main reasons. First, from a
physical perspective, the source (~10-100 keV) and seed (2100-400 keV) electrons function
as a “reservoir” that can undergo further acceleration to relativistic energies [3-6]. Second,
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from a space weather perspective, these electrons contribute to surface (a few eV to tens of
keV) and internal charging (above a few hundred keV) effects on satellites [7-11].

Katsavrias et al. [12] used 9 years of MAGED data from GOES-13, 14, and 15 to
investigate the interplanetary parameters that are best correlated with 30-600 keV electrons.
They stated that the source population (10-100 keV) at GEO is mainly driven by substorm
activity (in terms of the AE index), while seed electrons (100-350 keV) are mostly driven by
solar wind speed. Smirnov et al. [13] found that source/seed electrons (40—400 keV) show
high correlation with the AE index at L-shells between 4 and 6. Sillanpaa et al. [14] also
analyzed GOES-13/MAGED measurements of 5 years (2011-2015) and found that solar
wind velocity has a moderate correlation with 30-200 keV electrons, while IMF B, correlates
significantly with the flux, especially in the 0 to 12 magnetic local time (MLT) sector.

Kellerman and Shprits [15] used LANL data for a period of over 20 years and con-
cluded that low-energy electron fluxes (31.7 keV) are correlated with solar wind speed and
density, while electron fluxes > 270 keV are anti-correlated with density. Shi et al. [16] uti-
lized GEO-LANL measurements from 2000 to 2003 to study the relationship of low-energy
and relativistic electrons to magnetospheric compression. They showed that, when the
solar wind pressure was increased, the flux of electrons with energies 50-75 keV increased,
whereas the flux of relativistic electrons decreased.

Regarding time delays in the response of electrons, Paulikas and Blake [17] observed
an increase in relativistic electron flux occurring 1-2 days after periods of elevated solar
wind speed, a finding later confirmed by [18]. Additionally, Li et al. [19] observed a time
delay that increases rapidly with energy from a couple of hours or less for 50-150 keV to
15-25 h for energies 250 keV and above.

From all the above, it is obvious that, while electron fluxes at geosynchronous orbit
have been extensively studied, the variability earthward of GEO is not sufficiently investi-
gated. This study utilizes multimission measurements of electron fluxes for the first time
to such an extent, covering the energies 1 to 500 keV and the L* range [2-7]. We employ
correlation analysis between the electron fluxes and various space weather parameters,
specifically solar wind parameters, coupling functions, and geomagnetic indices, aiming
to identify the drivers behind the sub-relativistic electron flux variations in the Earth’s
outer radiation belt, and reveal patterns crucial for understanding space weather dynam-
ics. We also include time lags in our analysis to observe delayed responses of electron
flux to changes in geospace conditions, and identify specific periods where the effects are
most pronounced.

This paper is structured as follows: Section 2 describes the datasets and methodology,
including the criteria for selecting the presented results. Section 3 presents the results of
the correlation analysis, and Section 4 discusses the findings. Finally, Section 5 provides the
conclusions and their implications for future research.

2. Data and Methods
2.1. Datasets

For this study, we utilize data from multiple sources. Solar wind parameters and
geomagnetic indices are obtained from the https://omniweb.gsfc.nasa.gov/html/ow_
data.html, (accessed on 8 October 2024) OMNIWeb and https:/ /supermag.jhuapl.edu/,
(accessed on 8 October 2024) SuperMAG services. Electron flux data are sourced from two
distinct missions: (1) from Van Allen Probes (RBSP), we use electron fluxes from the HOPE
and MagEIS instruments of the https://spdf.gsfc.nasa.gov/pub/data/rbsp/(accessed
on 8 October 2024) ECT suite, spanning the period from October 2012 to July 2019; and
(2) from the https:/ /spdf.gsfc.nasa.gov/pub/data/mms/(accessed on 8 October 2024)
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MMS spacecraft, we use electron fluxes of the FEEPS instruments, covering the period from
June 2015 to July 2024.

From the OMNIWeb and the SuperMAG services, we utilize high-resolution data of
“Near-Earth” solar wind magnetic field and plasma data and geomagnetic indices. In detail,
the dataset includes the following:

e  The interplanetary magnetic field IMF along with its component B, and its tangential
component Br = /B2 + B; in geocentric solar magnetospheric coordinates (GSM).

*  The southward magnetic field (Bg), which corresponds to the absolute negative values
of B, when all positive values have been set to zero, and the azimuthal electric field at
the magnetopause (Ey).

*  The solar wind flow speed (Vsy), dynamic pressure (Ps;,), and numerical density (Np).

*  The geomagnetic indices Dst, SMR, SME, AL, SML, AE, AU, SMU, Kp, and Ap.

e The coupling functions':

—  The half-wave rectifier (HWR), which corresponds to the rate of the dayside
reconnection HWR = Vg, - B, [20];
—  The Epsilon parameter, which describes the Poynting flux incident at the magne-
topause € = Vg - B2 - sin* 92—5 [21];
- Newell’s function, which is proportional to the rate at which magnetic flux is
sin3 & [22].
For electron fluxes, we use the RBSP-ECT combined spin-averaged electron flux data
product and the MMS-EPD dataset [23,24]. The RBSP dataset is based on the latest release

of the ECT data, according to Boyd et al. [25]. The MMS/FEEPS instrument provides
full 3D distributions of ~25-525 keV electron differential fluxes; however, we only use

2
3 .
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opened at the magnetopause ‘;—f = Vs - B,

measurements for fluxes above 48 keV.

2.2. Processing

For the analysis, we have used the energy fluxes, limiting our dataset to electrons
with B%, as close as possible to one, which correspond to equatorial pitch angles higher
than ~ 72°. We perform this by exploiting the magnetic ephemeris data of the ECT and
MMS suites derived using the Olson and Pfitzer [26] external magnetic field model. This
was carried out to restrict the investigation to measurements of near-equatorial mirroring
particles that are less affected by pitch angle scattering effects. Furthermore, during pre-
processing, only the measurements marked with a ‘green’ flag—indicating no known data
issues—are retained.

To process the electron fluxes, solar parameters, geomagnetic indices, and coupling
functions, the time series are divided into 6-hour bins and grouped into geomagnetic coor-
dinate intervals of 0.3L*. To validate the reliability of our statistical analysis, we calculate
the valid counts for each bin. Each bin is found to contain at least 10° valid data points
(Figures Al and A?2), ensuring sufficient measurements for reliable statistical analysis.

We also ensure that the fluxes used from MMS/FEEPS were measured while the
spacecraft was inside the magnetopause. Using the Shue et al. [27] model, we calculate the
magnetopause boundary distance (in Rg) for each 6 h bin. During the period from June
2015 to July 2024, the lowest calculated value is found to be 7.8 (Figure A3). Consequently,
only electron flux data below this threshold are included.

For each bin, we calculate the Pearson correlation coefficients (Appendix B) between
a. lin(parameter) and lin(flux), b. lin(parameter) and log(flux), and c. log(parameter) and
log(flux). To examine time delays, we introduce a time lag, shifting the flux series by 6 h
increments and repeating the calculations. This process is performed eight times, covering
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a total span of 48 h (2 days), to reveal any delayed responses in the relationships between
the parameters and the electron flux.

2.3. Presentation and Selection

Throughout this analysis, we present the results of the correlation coefficients between
electron flux and the various driving parameters across multiple energy channels. The re-
sults are visualized using pseudocolor plots to highlight spatial, temporal, and energy-
dependent trends. To ensure smooth transitions between data bins, linear interpolation
is applied.

The results are organized as follows: initially, the plots display the parameters against
L* for each energy channel with the time lag set to zero, while the color corresponds to
the correlation coefficients. Next, we present plots for each parameter across every energy
channel, where the x-axis represents the time lag, the y-axis represents the L* values,
and the color once again corresponds to the correlation coefficients. We note that, due to
the 6 h binning, we also have a corresponding uncertainty in time lag, e.g., a 6 h time lag in
our results actually corresponds to the 3-9 h range.

Each examined comparison, ie., (1) lin(parameter)-lin(flux), (2) lin(parameter)—
log(flux), (3) log(parameter)-log(flux), reveals comparable results; however, the third
comparison consistently demonstrates stronger correlation coefficients (Figure A4). This
result is expected since the driving of the outer belt variability from the solar wind is
highly non-linear [15,18]. Consequently, the plots that we present in the following analysis
appertain to the log(parameter)-log(flux) comparison. Additionally, for the purposes of
this study, we define a high correlation as a correlation coefficient higher than 0.5, and, in a
similar manner, a strong negative correlation is defined as a correlation coefficient lower
than —0.5.

The low-energy electron fluxes (1-50 keV) are provided only by the Van Allen Probes
(HOPE instrument), while higher-energy fluxes (50-500 keV) are provided by both the
RBSP and MMS spacecraft (MagEIS and FEEPS instruments, respectively). RBSP covers
the L* range [2-6], whereas MMS spans the range [3-9]. After calculating the correlation
coefficients across the full spatial range of both missions, we observe consistent results
in the overlapping regions (see Figure 1). Therefore, for electron fluxes above 50 keV, we
present the calculations using the RBSP dataset for L* = [2-6] and the MMS dataset for
L* = [6-7]. Additionally, out of the 45 RBSP energy channels and the 15 MMS energy
channels analyzed, we select energy channels that effectively capture the behavior of
nearby energies, as they exhibit similar patterns. The following sections focus on these
representative channels.

Starting with the low energies, the group ranging from 1 to 10 keV is depicted first by
the 2.08 keV channel and then by the 5.85 keV channel. The group 10-25 keV is described
first by the 10.39 keV channel and then by the 20.67 keV channel. Source and seed electrons
are described by both datasets, covering the full spatial range of L* = 2-8. Specifically,
the 25-150 keV energy range is well described first by the 54 keV channel of the RBSP
and 48.31 keV channel of the MMS and then by 102 keV (RBSP) and 104.78 keV (MMS),
the 150-250 keV range by 208 keV (RBSP) and 215.49 keV (MMS), and the 250470 keV
range by 470 keV (RBSP) and 451.22 keV (MMS).
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Figure 1. Comparison of the Pearson correlation coefficients between various parameters and the
electron differential flux as a function of L* (OP77) for RBSP (left panels) and MMS (right panels).
Pseudocolor plots show correlations for three energy channels: (top) RBSP 54 keV vs. MMS 48.31 keV,
(middle) RBSP 208 keV vs. MMS 215.49 keV, and (bottom) RBSP 470 keV vs. MMS 451.22 keV.

3. Correlation Analysis
3.1. Results with Time Lag Set to Zero

Figure 2 shows the Pearson correlation coefficients between the various parameters
and the electron differential flux as a function of L* (OP77) for the <50 keV electrons from
RBSP. In general, the plots indicate that low-energy electron fluxes correlate with several
important parameters, such as Vs, the coupling functions, and most studied geomagnetic
indices. The correlation between these parameters and energy flux < 10 keV is approxi-
mately 0.3 for L* > 4. Electrons with energies between 10 and 50 keV correlate better with
these parameters, with coefficients reaching 0.7. Notably, as energy increases, strong corre-
lation coefficients extend to progressively lower L* values. Additionally, for energies above
50 keV, the extended L* range of our analysis reveals that these fluxes correlate strongly
with the parameters within a wide spatial range. However, the correlation coefficients
of these parameters with the seed electron population (>100 keV) decrease significantly,
except for Vi, where the correlation remains consistently high. Moreover, for fluxes
exceeding 300 keV, the correlation with the parameters is confined in a smaller L* range.

An individual examination of the parameters reveals that electron fluxes correlate
strongly with the AE index over a wide energy range. Although the SME index behaves
similarly, AE shows slightly higher correlation coefficients. The correlation of AL and
SML with flux resembles that of AE and SME, respectively. Similarly, the Dst index
shows comparable correlation patterns with the SMR index, although Dst generally has
higher coefficients across energy channels. Moreover, the plots suggest that Vs is the
most influential driver, with strongest correlation coefficients observed across most energy
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channels. Finally, both B, and N, show consistent negative coefficients, indicating an
anti-correlation with the flux.

In more detail, starting with the lower energies (1-10 keV), electron fluxes demonstrate
moderate correlation coefficients, around 0.25, mainly within the L* range [4-5], with the
parameters IMF, Bs, and Vy,. The coupling functions and geomagnetic indices exhibit
correlation coefficients at approximately 0.35 with the low-energy electron fluxes, while
these coefficients also reach higher L* values (see Figure 2a). As energy increases within
this range, strong correlation coefficients are exhibited toward higher L* values, particularly
within the [4.25-6] range as shown in Figure 2b. Despite this shift, the correlation remains
relatively constant at approximately 0.4. Notably, the correlation between these fluxes
and the AE index is moderately strong, ranging from 0.3 to 0.45, representing the highest
correlation observed across these energy channels. In contrast, the Dst and SMR indices
show significantly lower correlation coefficients with this energy range, barely reaching
0.2. Similarly, the correlation between low-energy fluxes and Ny, is almost zero, while the
coefficients for B, are approximately —0.2 within the L* range of [3.5-5].

At energies between 10 and 50 keV, the correlation coefficients between the various
parameters and electron flux are stronger. The large coefficients are observed over pro-
gressively lower L* values, which offers us an insight into the spatial range occupied by
each energy population. Specifically, in Figure 2¢, strong correlation coefficients extend
down to L* = 3.75. We observe that, as energy increases, the correlation of 10-25 keV
electron fluxes with the AE index gradually strengthens, peaking at approximately 0.65.
This behavior is also observed for the indices SME, AL, and SML. Additionally, in Figure 2c,
the coefficients for Dst and SMR indices with the flux are around 0.35 for L* > 3.75, which
is a notable increase compared to previous channels. On the other hand, the correlation
of N, with the same population decreases to approximately —0.15 for L* > 3.75, while
the correlation of Bz reaches about —0.3 for L* > 4.25. A rapid change is observed in the
correlation between Vs, and electron flux. Previously limited to around 0.3 in lower-energy
channels, the coefficients rise significantly for electrons with energies 10-50 keV. Specifically,
as shown in Figure 2¢, the correlation exceeds 0.5 across the L* range 3.75-6.

55
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Figure 2. Pseudocolor plots of the Pearson correlation coefficients between the parameters and
the electron differential flux as a function of L* (OP77) for the following low-energy channels:
(a) 2.08 keV, (b) 5.85 keV, (c) 20.67 ke V.

Figure 3 shows the Pearson correlation coefficients between the various parameters and
the electron differential flux as a function of L* (OP77) for the >50 keV electrons from RBSP
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and MMS. Concerning the electrons with energies between 50 and 150 keV, the correlation
coefficients between flux and solar wind/geomagnetic parameters increase significantly,
reaching a peak of approximately 0.8 (see Figure 3a). Furthermore, these strong coefficients
extend to lower L* values. Our extended analysis for energies above 50 keV, covering up to
L* = 7, reveals that strong correlation coefficients also persist at higher L* values. To be
precise, the coupling functions and geomagnetic indices are strongly correlated with energy
fluxes in the 50-150 keV range across the L* interval [3.25-7], with coefficients around 0.6.
The indices AE/SME and AL/SML are strongly correlated with the flux for L* values up
to 7.5. The coefficients of these indices exceed 0.6 within the spatial interval L* = [4-6].
Additionally, the correlation of flux with the Dst and SMR indices increases, reaching
values between 0.6 and 0.7. This is a significant improvement compared to lower-energy
electrons, where the maximum correlation is approximately 0.3. Looking at the solar wind
parameters, we observe that the correlation coefficients between Vj,, and the same electron
population remain consistently high, at approximately 0.8, over a broader L* range of
[3-7]. Moreover, the correlation of N}, decreases across the entire L* range as energy rises,
reflecting a stronger anti-correlation. The coefficients are also lower toward higher L*
values. In particular, in Figure 3a, the coefficients are approximately —0.3 across the entire
L* range, whereas, in Figure 3b, the values are below —0.5 for L* > 6. Notably, B, exhibits
correlation coefficients around —0.15 with the flux for the entire L* range. IMF continues to
correlate moderately with the electron flux, exhibiting correlation coefficients around 0.4
for L* = [3.75-6.25]. We also observe a weak correlation (coefficients hardly reaching 0.3)
between the flux and Py, for L* = [4-5.25] in Figure 3b.

Fluxes of electrons with energies between 150 and 300 keV correlate strongly with the
same parameters, though the coupling functions exhibit significantly lower coefficients
compared to previous energy ranges. As shown in Figure 3c, the coupling functions display
correlation coefficients around 0.3. Compared to lower-energy channels, the geomagnetic
indices also exhibit slightly reduced correlations, with values around 0.5, and within a
narrower spatial extent of L* = [3.75-6.75]. Among the geomagnetic indices, Dst and SMR
exhibit the strongest correlation, extending down to L* = 2.75, which is lower compared
to other parameters. Notably, the Dst index maintains large coefficients up to L* = 7,
which is significantly higher than the spatial extent covered by other indices. Moreover, Vs,
continues to show the strongest correlation, with coefficients around 0.8 across a broad L*
range of [2.5-7], which is the same spatial range as before. However, within the narrower
L* = [2.54] region, the correlation decreases significantly, dropping to values near 0.3.
Meanwhile, N, exhibits extremely low correlation coefficients with the flux, reflecting
strong anti-correlation, reaching as low as —0.8 within L* = [5-8].

Lastly, the pseudocolor plots for energies between 300 and 500 keV reveal a significant
decrease in the correlation coefficients between the flux and the geomagnetic indices,
dropping to values around 0.3. These coefficients are also confined to a narrower spatial
range of L* = [3.5-5.25], as shown in Figure 3d. Among the geomagnetic indices, Dst and
SMR again show the strongest correlation with the flux (approximately 0.4), with the spatial
extent reaching lower L* values compared to other parameters, specifically extending down
to L* = 2.75. AE and AL show correlation coefficients around 0.3 within the L* = [3.5-5.25]
and L* = [5.75-6.75] ranges. The correlation of Vs, with the flux remains consistently high,
exceeding 0.7 within the spatial range of L* = [3-7]. However, for L* > 7, the coefficients
are approximately 0.4. Nj exhibits trends similar to those observed in previous energy
channels, with strong anti-correlation reaching —0.8 for L* = [5-7]. A notable difference
is observed at lower L* values, where correlation was previously near zero, but now the
coefficients are around —0.2. Lastly, a weak anti-correlation, with coefficients around —0.2,
is observed between electron flux and Py, for L* > 5.5.
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Figure 3. Same as Figure 2 but for the following energy channels: (a) RBSP/MagEIS at 54 keV
and MMS/FEEPS at 48.31 keV, (b) RBSP/MagEIS at 102 keV and MMS/FEEPS at 104.78 keV,
(c) RBSP/MagkEIS at 208 keV and MMS/FEEPS at 215.49 keV, (d) RBSP/MagkEIS at 470 keV and
MMS/FEEPS at 451.22 keV.

3.2. Results with Time Lag

As previously discussed, this analysis includes time lags to uncover the delayed
responses of electron flux to changes in geospace conditions. To visualize these delays,
pseudocolor plots are created, displaying time lags against L* for every parameter across
all energy channels, with color corresponding to the correlation coefficients. The plots that
we present belong to the third comparison of the analysis, which is the log(parameter)—
log(flux). A high correlation is again defined as a correlation coefficient higher than 0.5,
and lower than —0.5 for anti-correlations.

In prior analysis, we identified two parameters that exhibit stronger correlation and
greater variability across energy channels. Specifically, we found that the solar wind velocity
and the AE index are the most important drivers behind the sub-relativistic electron flux
variations. To facilitate a more detailed examination of these parameters, we discuss the
results of the correlation coefficients with respect to time lag.

3.2.1. Solar Wind Velocity

Among the plasma parameters, the solar wind velocity exhibits the most significant
correlation coefficients with the electron flux. In particular, this parameter showed strong
correlation with the seed electron population, where the coefficients reached a maximum
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value of 0.8. Notably, we observed some variability in the spatial extent of these correlation
coefficients. Specifically, different energy channels revealed distinct L* regions where
strong coefficients were observed.

Figure 4 shows the Pearson correlation coefficients between the parameter and the
electron differential flux with a time lag as a function of L* (OP77) for the energy channels
that we discuss. By incorporating time lags, we identify specific periods where the effects
of the solar wind velocity are most pronounced. For low-energy electrons (<10 keV),
the correlation remains low at short time lags. In contrast, electrons with energies above
10 keV exhibit higher correlation coefficients for time lags extending up to 48 h for certain
energy channels.

As noted earlier, the low-energy electrons (<10 keV) exhibit a weak correlation with
Vsw. For example, at 5.75 keV (see Figure 4a), the maximum coefficients, approximately
0.3, are observed for time lags of only 6 to 12 hours and are restricted to L* values above
4. As energy increases, electrons with energies between 10 and 50 keV correlate well with
Vsw for longer time lags. In Figure 4b, we observe that the correlation of flux with velocity
is approximately 0.5 within the L* range of [3.5-4.5], lasting for 48 h. However, at higher
L* values, these strong coefficients are confined to shorter time lags of 18 h. Furthermore,
maximum coefficients, around 0.6, are also observed within the L* range of [3.5-4.5], but for
time-lag values between 0 and 6 h.

For electrons with energies between 50 and 150 keV, correlation coefficients greater
than 0.4 are observed throughout the entire time lag range for L* = [3-4]. However, for L*
values in the range [4-6], strong coefficients are restricted to time lags of 0-24 h. Analysis of
MMS fluxes further reveals that Vi, is well correlated with this electron population across
the entire time lag range within the L* range [6-7.6], with coefficients consistently above 0.4.
In Figure 4c, the region showing the highest correlation has intensified, with coefficients
reaching approximately 0.75. This peak is observed within the L* range [4-5.5], with time
lags barely extending beyond 12 h. Furthermore, in Figure 4d, the correlation strengthens
within the same L* and time lag ranges as before. However, the region where correlation
peaks has shifted to higher L* values and now spans a wider spatial range of L* = [4.5-6.5],
extending up to approximately 15 h.

For energies between 150 and 300 keV, the correlation of electron fluxes with Vg
decreases significantly for L* < 4, except for a very narrow range at L* = [2.75-3.25], where
the coefficients are around 0.4 for time lags of up to 30 hours. As shown in Figure 4e,
within the spatial range of L* = [3.75-4.5], Vi, exhibits correlation coefficients around 0.4
with the electron flux for progressively longer time lags, starting at 18 h and extending to
approximately 30 h. For L* > 4.5, V5, maintains coefficients above 0.5 across the entire
time range. The region where correlation peaks has shifted once again to higher L* values,
now spanning L* = [5 — 6.5], within a time lag range of 6 to 18 h.

Lastly, for energies between 300 and 500 keV, Vi, exhibits relatively constant corre-
lation coefficients within the L* range [3-6], with no significant variation in the time lag
values associated with strong coefficients. However, for L* > 6, the correlation decreases
noticeably, with coefficients barely at 0.4 across the entire time lag rage. In Figure 4f, we ob-
serve that the region of peak correlation has shifted further along the x-axis, now spanning
a time lag range of 18 to 36 h for L* = [5-6].
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Figure 4. Pseudocolor plots of the Pearson correlation coefficients between Vs, and the elec-
tron differential flux with time lag as a function of L* (OP77) for the following energy channels:
(a) 5.85 keV, (b) 20.67 keV, (c) RBSP/MagEIS at 54 keV and MMS/FEEPS at 48.31 keV,
(d) RBSP/MagkEIS at 102 keV and MMS/FEEPS at 104.78 keV, (e) RBSP/MagEIS at 208 keV and
MMS/FEEPS at 215.49 keV, (f) RBSP/MagkEIS at 470 keV and MMS/FEEPS at 451.22 keV.

3.2.2. AE Index

Among the geomagnetic indices, the AE index consistently showed strong correlation
with the flux across all energy channels, highlighting its role as a significant driver of
flux variability in the radiation belts. By including time lags, the analysis reveals that
the lower-energy channels exhibit moderate correlation coefficients, around 0.4, whereas
higher-energy channels show much stronger correlations, with coefficients peaking at 0.8.
Additionally, a notable variability is observed in the time lag and L* ranges associated with
these high correlation coefficients, suggesting complex temporal and spatial dynamics.
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Figure 5 shows the Pearson correlation coefficients between the parameter and the
electron differential flux with a time lag as a function of L* (OP77) for the <50 keV electrons
from RBSP. For low-energy electrons (<10 keV), we observe that the correlation with AE is
moderate, with coefficients ranging between 0.3 and 0.4 for short time lags. For instance,
as shown in Figure 5a, electrons at 2.08 keV correlate well with the index within the L*
range [3.75-5.25], extending up to a time lag of 18 h. As energy increases within this range,
this correlation strengthens. Electrons at 5.85 keV, as shown in Figure 5b, exhibit slightly
larger coefficients, around 0.45, while the L* range significant correlation extends to 6.
Moreover, the associated time lag increases, reaching over 24 h.

(a) Flux at 2.08keV vs AE (b) Flux at 5.85keV vs AE
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(c) Flux at 20.67keV vs AE
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Figure 5. Pseudocolor plots of the Pearson correlation coefficients between the AE index and the
electron differential flux with time lag as a function of L* (OP77) for the following energy channels:
(a) 2.08 keV, (b) 5.85 keV, (c) 20.67 keV.

For energies between 10 and 50 keV, the correlation of flux with the index is sig-
nificantly stronger, persisting over longer time lags compared to lower-energy channels.
As shown in Figure 5¢, correlation coefficients above 0.6 are observed within the L* range
[3.5-4.5], lasting for up to 48 h. However, at L* values above 4.5, the correlation remains
strong but is confined to shorter time lag values of 0-18 h.

Figure 6 shows the Pearson correlation coefficients between the parameter and the
electron differential flux with a time lag as a function of L* (OP77) for the >50 keV electrons
from RBSP and MMS. Starting from electrons with energies between 50 and 150 keV, we
observe that the correlation with the AE strengthens notably, with coefficients peaking at
0.8 for certain time lag and L* values. This energy range demonstrates a sturdy dependence
on geomagnetic activity (in terms of AE index), with strong correlation persisting across a
broader spatial and temporal domain. Extended analysis covering up to L* = 7.6 reveals
that strong correlation coefficients also persist at higher L* values. Specifically, in Figure 6a,
correlation coefficients above 0.7 are observed consistently across the entire time lag range
within the region L* = [3-6]. Beyond this, for L* = [6—6.8], strong correlation is evident,
with coefficients around 0.6 for time lags of up to 36 h. A localized peak in correlation,
reaching 0.8, is observed for L* = 4-6 within the time lag window of 5 to 20 h. As energy
rises within this range, the correlation remains relatively stable. In Figure 6b, at L* values
between 6 and 6.7, the correlation is increased and large coefficients are observed over
longer time lags, reaching 48 h. The region of peak correlation shifts along the time lag axis,
particularly to values between 6 and 24 h.
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(c) Flux at 208keV (RBSP/MagEIS) & 215.49keV (MMS/FEEPS) vs AE (d) Flux at 470keV (RBSP/MagEIS) & 451.22keV (MMS/FEEPS) vs AE
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Figure 6. Same as Figure 5 but for the following energy channels: (a) RBSP/MagEIS at 54 keV
and MMS/FEEPS at 48.31 keV, (b) RBSP/MagEIS at 102 keV and MMS/FEEPS at 104.78 keV,
(c) RBSP/MagkEIS at 208 keV and MMS/FEEPS at 215.49 keV, (d) RBSP/MagEIS at 470 keV and
MMS/FEEPS at 451.22 keV.

Electrons with energies in the range of 150 to 300 keV exhibit slightly weaker corre-
lation coefficients with the AE index compared to lower energies. As shown in Figure 6c,
below L* = 3.75, the correlation decreases significantly, with only a very narrow range at
L* =[2.75-3.25] showing coefficients around 0.5. This localized correlation persists for time
lags extending up to 48 h. However, for L* values in the range [3.75-6.7], the correlation is
more robust, with coefficients consistently exceeding 0.65 across the entire time lag range.
In this L* range, correlation is initially low, with coefficients hardly reaching 0.3 for the
short time lag of 0 to 6 hours. As the time lag increases, the correlation coefficients strength.
At L* =[7.1-7.5] and for time lags between 6 and 30 h, the index is correlate with the flux,
showing coefficients around 0.65. The localized region of peak correlation, which reaches
coefficients of nearly 0.7, is now more confined. Specifically, it occupies the spatial range of
L* = 4.5-5.5 and has shifted to time lag values of 12 to 24 h.

Lastly, for electrons in the 300 to 500 keV energy range, the correlation between the
index and flux weakens, while significant coefficients are associated with lower time lag and
L* values. As shown in Figure 6d, at L* values between 3.5 and 6, AE exhibits coefficients
around 0.5 for time lags above 6 h, lasting for 48 h. At higher L* values, the correlation
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becomes increasingly delayed, with coefficients around 0.4 appearing for time lags beyond
24 h.

4. Discussion

Using approximately 7 years of RBSP electron flux measurements and 9 years of MMS
measurements, we have investigated in depth the influence of solar wind and geomagnetic
parameters on the variability of 1-500 keV electrons in the inner magnetosphere by means
of Pearson correlation analysis.

Alternative methods can provide deeper insights into the variability of the electrons.
For instance, mutual information analysis measures the shared information of two variables
and is a better measure of dependency for variables with a nonlinear relationship [28].
Wing et al. [29] demonstrated that conditional mutual information and transfer entropy
can enhance modeling efforts by identifying the drivers of electron variability and also by
detecting the changes in the dynamics. Moreover, Manshour et al. [30] applied conditional
mutual information on fluxes of 54 keV to 2.23 MeV electrons and revealed that there
is information transfer from solar wind and geomagnetic activity, as external drivers,
into such fluxes. Although correlation analysis is the primary approach in this study,
in future research, we aim to incorporate information theory methods to further explore
causal dependencies and improve space weather modeling.

In general, our results indicate that, as energy increases, the correlation of flux with Vs,
the coupling functions, and most of the studied geomagnetic indices also increases. Low-
energy channels (<10 keV) exhibit significant correlation coefficients with the parameters
for L* > 4 but, as energy increases, strong correlation is observed over progressively lower
L* values. This trend is consistent with high-energy electrons penetrating and getting
trapped in lower L-shells [31].

We demonstrate that electron fluxes are best correlated with the solar wind velocity
and AE index across most energy channels. This indicates that the variability of 1-500 keV
electrons arises from a delicate interplay between mechanisms of which these parameters
are proxies. Moreover, the results show that these mechanisms require progressively longer
timescales to influence electron fluxes as energy increases. Li et al. [19], who studied GEO,
observed that the time delay in the electron response to solar wind variations increases
rapidly with energy. Therefore, our finding reveals that this trend is also evident at
lower/higher L* values, i.e., inside and outside GEO.

Low-energy and source electrons, especially in the 20-100 keV range and at
L* = [4-6], correlate well with the AE index, highlighting their direct link to substorm
activity. However, seed electrons (>100 keV) exhibit weaker correlation with the AE index.
This result is in agreement with Smirnov et al. [13]. Furthermore, Sillanpaa et al. [14] and
Katsavrias et al. [12] reported similar behavior when they investigated the electron flux
variability at GEO. The coupling functions and especially Newell’s function had compara-
ble results and patterns with the AE index, although they exhibited lower correlation with
the electron flux. This was expected, since Newell’s function is well correlated with the
AE index [12,22]. The aforementioned result could be beneficial for modeling efforts, since
Newell’s function is driven by solar wind parameters, which are provided in near-real time,
in contrast with most geomagnetic indices.

The solar wind velocity Vs, on the other hand, correlates well with electrons above
30 keV, while the highest correlation is exhibited with the seed population. This is in
agreement with Katsavrias et al. [12], who showed that, as the energy increases (from the
source to seed energy range), solar wind speed becomes a more important driver of electron
flux at GEO.
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The aforementioned behavior is expected at the heart of the outer radiation belt as
well since low-energy and source electrons are primarily injected particles, mainly from
substorms, whereas seed electrons arise from enhanced convection and/or inward ra-
dial diffusion [1]. Particularly, increased solar wind speed strengthens magnetospheric
convection, enhancing the transport of electrons from the plasmasheet to the inner magne-
tosphere through substorm injections [32]. Moreover, high solar wind velocity enhances
the Kelvin-Helmholtz instability at the magnetopause, generating ULF waves that can
further accelerate the substorm-injected particles [33].

Regarding time delays in the response of electron flux, low-energy and source electrons
(<100 keV) are strongly correlated with the AE index for the entire time lag range, which
means that the electron flux is elevated for a period of 2 days after enhanced substorm
activity. As energy increases, this correlation is associated with longer time lags, indicating
a delay in the effect of substorm activity on electron fluxes. This delay is expected, as the
region above L* = 4 is where chorus waves are generated through anisotropic distributions
of source electrons, induced after intense substorms. Consequently, electrons could be
interacting with VLF waves, leading to local acceleration (in situ heating) [34-37]. Since
it takes longer for VLF waves to energize higher-energy electrons, this mechanism also
explains the longer delays observed at higher energies.

Similarly, as energy increases, the correlation of solar wind velocity with the electron
flux is observed over longer time lags. Specifically, the strong correlation of Vs, with the
seed population remains for up to 48 h. Previous studies have reported similar findings
in terms of time lag only for relativistic electrons. Paulikas and Blake [17] had observed
an increase in relativistic electron flux occurring 1-2 days after periods of elevated solar
wind speed, a finding later confirmed by Horne et al. [38] and Reeves et al. [18]. The latter
authors showed that the relationship between the electron fluxes and Vi, is more complex
than that suggested by previous statistical studies for both high and low energies at GEO.

Figure 7 presents a closer look at the variation in the maximum correlation coefficient as
a function of L* and time lag. As shown, there is a very similar trend between the maximum
correlation coefficients of ~200 keV flux with solar wind speed and AE index. In detail,
the maximum correlation coefficients associated with the AE index exhibit a consistently
increased time lag by 12 h compared to the ones associated with solar wind speed. This
may be another argument supporting the scenario that speed is the primary driver of seed
electron enhancements and, furthermore, suggests that part of the population results from
local acceleration processes. Nevertheless, the time delay of the response of seed electrons
to solar wind speed is highly dependent on L*. As shown, at L* = [3.5-4.5], the response of
the seed electron flux due to solar wind speed variations is almost simultaneous. On the
other hand, the response exhibits an increasing time delay as we move inward and outward
from the heart of the outer belt, suggesting the further diffusion/transport of seed electrons.
Moreover, the increase in the time delay below L* = 3.5 is much faster, suggesting that it
takes a longer time for electrons to fill the slot region and the outer edge of the inner belt
than to diffuse outward. Nevertheless, correlation coefficients below L* = 3.5 do not exceed
the 0.5 threshold, probably due to the fact that very few solar wind speed enhancements
can actually result in the filling of the slot region. Previous studies of Reeves et al. [39]
and Katsavrias et al. [3] had shown that the impact of geomagnetic disturbances varies
with electron energy and L-shells. The time delay presented in Figure 7 further supports
this conclusion.
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Time lag of the maximum correlation as a function of L*
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Figure 7. Plot presenting the maximum time lag of correlation coefficients for 208 keV
(RBSP/MAGEIS) and 215.49 keV (MMS/FEEPS) fluxes as a function of L* (OP77). Red circles
and stars represent time lags corresponding to the solar wind speed (Vs;) for RBSP and MMS, respec-
tively. Blue circles and stars represent time lags corresponding to the AE index for RBSP and MMS.
The dashed magenta line marks L* = 5.8, the boundary between the data used from each mission.
The x-axis shows time lag in hours.

Finally, both B, and Nj, are anti-correlated with electron flux across the entire energy
range that we study. Nevertheless, B, is weakly anti-correlated with all electron fluxes,
whereas N, reveals strong anti-correlation with the seed electron population (100-500 keV).
Above 200 keV, a significant anti-correlation is mainly observed for L* > 4.5, which
gradually decreases at higher L* values. Moreover, as energy increases, the correlation
decreases further (stronger anti-correlation). The parameter also shows stronger anti-
correlation over longer time lags (Figure A5) and, at higher energies, the strong anti-
correlations extends to lower L* values. The latter combination indicates the possibility
of particle loss due to direct and/or indirect magnetopause shadowing, a term used
for particles that are lost by drifting into the magnetopause. This means that higher-
energy electrons, which have larger gyro-radii, are more susceptible to loss from lower
L-shells [40,41].

Kellerman and Shprits [15] found that 31.7 keV electrons are correlated with density,
while electrons with energies above 270 keV are anti-correlated with density. Our study
yielded similar observations for seed electrons, but, for low-energy and source electrons,
we found that N, exhibits low, yet important, anti-correlation with electron flux. A key
factor that may explain the differing outcomes is the use of LANL-GEO geosynchronous
satellites for the electron fluxes.

The coupling functions and especially Newell’s function had comparable results and
patterns with the AE index, although they exhibited lower correlations with the electron
flux. This was expected, since Newell’s function is well correlated with the AE index
(Newell et al. [22]).The aforementioned conclusion could be very beneficial for future more
accurate space weather prediction models.

5. Conclusions

Taking advantage of multimission measurements of electron fluxes in the outer ra-
diation belt, we have investigated in depth the influence of solar wind parameters and
geomagnetic indices on their variability. The results are summarized as follows:
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*  Electron fluxes are well correlated with V;;, and the AE index across most energy
channels, indicating that the variability of 1-500 keV electrons is the result of a delicate
interplay between mechanisms for which these parameters are proxies. Additionally,
these mechanisms require progressively longer timescales to influence electron fluxes
as energy increases.

*  Significant space weather parameters, i.e., Vi, the coupling functions, and the ge-
omagnetic indices, exhibit significant correlation with electrons at energies below
100 keV for L* > 4, with correlation coefficients increasing as energy rises. Fur-
thermore, this strong correlation extends to lower L* values as the energy increases,
suggesting broader spatial influence, possibly because higher-energy electrons pene-
trate and get trapped in lower L-shells more effectively than lower-energy electrons.
However, the correlation between the seed electron population (100-500 keV) and
the parameters decreases and is confined in a smaller L* range, except for Vi, where
correlation remains consistently high.

* Vi is one of the most influential driving parameters for fluxes above 50 keV. The cor-
relation strengthens with increasing energy, and peaks for electrons in the 100250 keV
energy range, suggesting that solar wind speed plays a crucial role in the behavior
of seed electrons. Electrons of energies higher than 200 keV correlate stronger with
Vsw after a lag of a few hours and until 48 h, indicating the importance of enhanced
convection and/or radial diffusion.

* At the heart of the outer radiation belt, the response of the seed electron flux to solar
wind speed variations is almost simultaneous, while the time lag values associated
with the maximum correlation inwards and outwards of L* ~ 4 suggest further
diffusion. Moreover, the rate that the time lag increases at the inward transport
of electrons indicates that it takes longer for electrons to fill the slot region than to
diffuse outwards.

*  Electron fluxes correlate strongly with the AE index in a wide energy range, particu-
larly for energies above 20 keV, highlighting the significant role of substorm activity
in influencing the source and seed populations (local acceleration). Fluxes above
50 keV correlate well with AE across the entire time lag range. Seed electrons correlate
stronger with the index after a few hours, suggesting a delay in the results of substorm
activity on electron fluxes. This delay is also longer with increasing energy, starting
from 5 h at 50 keV and reaching 1 day for energies above 200 keV.

*  Nj reveals strong anti-correlation with electron fluxes of energies 200-500 keV for
L* > 4.5. With increasing energy, the correlation decreases further (stronger anti-
correlation), indicating losses due to direct and/or indirect magnetopause shadowing.

Our results on the relationship between solar wind /geomagnetic parameters and
the sub-relativistic electron flux in the inner magnetosphere, both in terms of correlation
and the time delay of the response, can be beneficial for future modeling efforts via data-
driven approaches.
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Abbreviations

The following abbreviations are used in this manuscript:

AE
AL
Ap
AU
Dst
ECT
GEO
GOES
HOPE
HWR
IMF
Kp
LANL
MAGED
MagEIS
MMS
RBSP
SME
SML
SMR
SMU
ULF
VLF

Auroral Electrojet (Index)

Auroral Lower (Index)

Planetary A (Index)

Auroral Upper (Index)

Disturbance Storm Time (Index)
Energetic Particle Composition and Thermal Suite
Geosynchronous Orbit
Geostationary Orbiting Environmental Satellites
Helium Oxygen Proton Electron
Half-Wave Rectifier

Interplanetary Magnetic Field
Kennziffer Planetarisch (Index)

Los Alamos National Laboratory
Magnetospheric Electron Detector
Magnetic Electron Ion Spectrometer
Magnetospheric Multiscale
Radjiation Belt Storm Probes
SuperMAG Electrojet (Index)
SuperMAG Lower (Index)
Substorm Magnetic Range (Index)
SuperMAG Upper (Index)
Ultra-Low Frequency

Very-Low Frequency

Appendix A. Data Processing

During the pre-processing of our datasets, we ensured that the bins that we created

contained a sufficient number of measurements. This was achieved by calculating the valid
counts for each bin. Figures A1 and A2 show that each bin contains at least 10° valid data
points, which is a sufficient measurement for a reliable statistical analysis.
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Figure A1. Pseudocolor plot that reveals the counts for each bin of the ECT dataset.
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Figure A2. Same as Figure Al but for the FEEPS dataset.

We also ensured that the fluxes used from MMS were measured while the spacecraft
was inside the magnetopause. Using the Shue et al. [27] model, we calculated the magne-
topause boundary distance (in Rg) for each 6 h bin. For the period between June 2015 and
July 2024, the lowest value was found to be 7.8.
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Figure A3. Magnetopause boundary distance (in Rg) for each 6-hour bin, between June 2015 and July
2024, using the Shue et al. [27] model.

Lastly, for our analysis, we examined three comparisons, i.e., (1) lin(parameter)—
lin(flux), (2) lin(parameter)-log(flux), (3) log(parameter)-log(flux). By plotting the correla-
tion coefficients of each case, we observe in Figure A4 that the third examined comparison
revealed stronger coefficients.
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Figure A4. Comparison of the three examined cases, i.e., lin(parameter)-lin(flux) (blue line),
lin(parameter)-log(flux) (red line), log(parameter)-log(flux) (yellow line), of Pearson correlation
coefficients between three selected parameters (Vs,, AE, Ap from top to bottom) and the electron

differential flux from the RBSP spacecraft as a function of L* (OP77) for two energy channels (left
panel: 54 keV, right panel: 208 keV).

Appendix B. Correlation Analysis

The Pearson correlation coefficient of two random variables is a measure of their
linear dependence. If each variable has N scalar observations, then the Pearson correlation
coefficient is defined as follows:

1 YA —pa, Bi—usp
p(A’B)_N—l,:l( o ) ( - ) (A1)

where y 4 and 04 are the mean and standard deviation of A, respectively, and yp and o3
are the mean and standard deviation of B. Alternatively, the correlation coefficient, in terms
of the covariance of A and B, is defined as follows:

cov(A, B)

p(A,B) = T oars (A2)

where cov is the covariance. The formula for cov(A, B) can be expressed in terms of mean
and expectation:

cov(A,B) = E[(A — pa)(B —up)] (A3)

where E[X] is the expected value of X, also known as the mean of X.

Appendix C. Correlation Coefficients Between Flux and N, with
Time Lag

N, exhibited a strong negative correlation with the seed electron population when the
time lag was zero. The plots revealed correlation coefficients around —0.8 for L* = [5-6].
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Introducing time lags further emphasizes this anti-correlation, showing significant negative
coefficients with the seed electrons. As illustrated in Figure A5, strong anti-correlation is
observed for L* > 4, along with notable fluctuations in the associated time delays.
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Figure A5. Pseudocolor plots of the Pearson correlation coefficients between N, and the elec-
tron differential flux with time lag as a function of L* (OP77) for the following energy channels:
(a) RBSP/MagEIS at 208 keV and MMS/FEEPS at 215.49 keV, (b) RBSP/MagEIS at 470 keV and
MMS/FEEPS at 451.22 keV.

To be precise, the anti-correlation between N, and electron flux for energies between
150 and 500 keV gets progressively stronger as energy rises, while simultaneously exhibit-
ing a dependence on longer time lags. Specifically, in Figure Aba, a region with correlation
coefficients below —0.45 is observed for L* > 5. Initially, L* = 4.75 at the time lag associ-
ated with this anti-correlation is zero; however, at higher L* values, the time lag extends
progressively, reaching up to 24 h. Beyond L* = 6, strong anti-correlation becomes more
persistent, maintaining strong negative coefficients consistently for a 24 h lag. Moreover,
at even higher L* values, the coefficients decrease further, reaching —0.7 for L* > 7. In
Figure 4b, while the coefficients are relatively constant and the associated L* range remains
unchanged, a notable difference is observed in terms of time lag. Here, correlation coef-
ficients below - 0.6 are observed for a 12 h lag at L* = 4.5, gradually extending to nearly
48 h as L* rises to L* = 6. Beyond that, coefficients increase (weaker anti-correlation)
to approximately - 0.4 and are observed over a 48 h lag. Moreover, the region of peak
anti-correlation, around —0.8, shifts to time lag values between 12 and 24 h, indicating that
the influence of the N, on the flux is maximized after a certain time has passed.

These coupling functions have demonstrated the ability to reproduce how the solar wind could interact with the magnetosphere

in terms of correlating with geomagnetic indices.
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