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Abstract Electron fluxes (20 eV–2 MeV, RBSP‐A satellite) show reasonable simple correlation with a
variety of parameters (solar wind, IMF, substorms, ultralow frequency (ULF) waves, geomagnetic indices) over
L‐shells 2–6. Removing correlation‐inflating common cycles and trends (using autoregressive and moving
average terms in an ARMAX analysis) results in a 10 times reduction in apparent association between drivers
and electron flux, although many are still statistically significant (p < 0.05). Corrected influences are highest in
the 20 eV–1 keV and 1–2 MeV electrons, more modest in the midrange (2–40 keV). Solar wind velocity and
pressure (but not number density), IMF magnitude (with lower influence of Bz), SME (a substorm measure), a
ULF wave index, and geomagnetic indices Kp and SymH all show statistically significant associations with
electron flux in the corrected individual ARMAX analyses. We postulate that only pressure, ULF waves, and
substorms are direct drivers of electron flux and compare their influences in a combined analysis. SME is the
strongest influence of these three, mainly in the eV and MeV electrons. ULF is most influential on the MeV
electrons. Pressure shows a smaller positive influence and some indication of either magnetopause shadowing
or simply compression on the eV electrons. While strictly predictive models may improve forecasting ability by
including indirect driver and proxy parameters, and while these models may be made more parsimonious by
choosing not to explicitly model time series behavior, our present analyses include time series variables in order
to draw valid conclusions about the physical influences of exogenous parameters.

Plain Language Summary High levels of satellite‐damaging electrons (both high and low energy) in
the radiation belts appear to be driven by substorms and ultralow frequency waves. There is a positive
association between these variables and electron levels even when the cycling behavior of satellite‐derived data
is corrected. Solar wind pressure, thought to reduce electron levels either temporarily (by compressing the
magnetosphere below the level of the nominal L‐shell) or permanently (via magnetopause shadowing), shows
only a small influence on lower energy electrons. Other solar wind and magnetosphere parameters do show
correlations with electron levels even if autocorrelation and cycling behavior is accounted for, but these are not
postulated to be direct drivers.

1. Introduction
High levels of electrons in the radiation belts can damage satellites by internal charging (≥100 keV electrons)
(e.g., Lam et al., 2012; Loto'aniu et al., 2015) or surface charging (∼10–50 keV range) (Thomsen et al., 2013).
While the higher energy (>100 keV) electrons generally follow geomagnetic storms, the same is not true of the
10–50 keV electrons which may occur after even moderate substorm activity (Ganushkina et al., 2021; Matéo‐
Vélez et al., 2018).

A number of parameters correlate with ∼2 MeV electron flux at geosynchronous orbit in the radiation belts. These
include solar wind velocity (V) (Kellerman & Shprits, 2012; Li et al., 2001, 2005; Paulikas & Blake, 1979), and
number density (N) (Balikhin et al., 2011; Lyatsky & Khazanov, 2008). However, the influence of these possible
drivers on MeV electron flux may not be direct, but mediated by electromagnetic waves (ULF: ultralow frequency
and VLF: very low frequency) and by the electron injections of substorms (Simms, Engebretson, & Reeves, 2023;
Simms et al., 2014, 2016; Simms, Engebretson, Clilverd, Rodger, Lessard, et al., 2018). Depending on the sit-
uation, higher ULF wave activity is thought to both decrease electron flux levels through outward radial diffusion
(Katsavrias et al., 2015; Kellerman & Shprits, 2012; Loto'aniu et al., 2010; K. R. Mann et al., 2012; Ozeke
et al., 2020; Turner et al., 2012) or enhance levels through inward radial diffusion (Hao et al., 2019; Katsavrias
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et al., 2019; I. Mann et al., 2004). ULF and VLF waves appear to act in tandem, both additively (Katsavrias
et al., 2019; Li et al., 2005; O’Brien & McPherron, 2003; Simms, Engebretson, Clilverd, Rodger, Lessard,
et al., 2018, Simms, Ganushkina, et al., 2023) and synergistically, with the presence of one wave type enhancing
the effect of the other (Simms et al., 2021). However, we use only ULF waves in the present study because high
quality VLF data was not available. Pressure, and therefore both velocity and number density, can also lead to flux
reductions due to magnetopause shadowing (Shprits et al., 2006; Loto'aniu et al., 2010; Staples et al., 2022; Tu
et al., 2019). Substorms may inject seed electrons (hundreds of keV electrons which can be accelerated to high
energies) (Birn et al., 1997; Hwang et al., 2007), as well as source electrons (tens of keV electrons that produce
VLF waves (Boyd et al., 2014; Friedel et al., 2002; Jaynes et al., 2015; Summers et al., 2002). Southward IMF Bz

may correlate with electron enhancements, although this may be through substorm activity triggered by a strongly
negative Bz ((Jaynes et al., 2015). Geomagnetic indices (e.g., Kp, SymH, and Dst) also correlate well with flux
(Borovsky & Denton, 2014; Lam, 2004; Sakaguchi et al., 2015; Su et al., 2014). Although theory has been
proposed that Kp‐binned statistical parameterization of solar wind inputs can be used to quantify the accelerating
and loss‐associated radial diffusion (Lejosne, 2020), the proposed physical action of these indices is not clear.
Their high correlation with parameters listed above may mean that they are not drivers but correlates of the
drivers.

However, the correlations of lower energy electrons (keV and eV) with various parameters are less well studied.
At geosynchronous orbit, responses of keV electrons to solar wind pressure (P) (Shi et al., 2009), velocity
(Kellerman & Shprits, 2012; Li et al., 2005), and/or density (Hartley et al., 2014) (30–600 keV) have been found,
although Sillanpää et al. (2017) concluded most of the response of 40–150 keV electrons was to solar wind
velocity and IMF Bz with less importance attributed to solar wind density, temperature, and pressure (in line with
the findings of Li et al. (2005); Kellerman and Shprits (2012); Ganushkina et al. (2019)). Kp and ‐VSWBz were
successfully used to model 1 eV–40 keV fluxes, suggesting that there are reasonable correlations with these
parameters as well (Denton et al., 2016). However, keV fluxes were better modeled using the AE/AL (Auroral
Electrojet/Auroral Lower) indices (a measure of substorm activity), together with solar wind speed, than by IMF
Bz, Kp, or solar wind number density (Ganushkina et al., 2021). A similar substorm index, SME (SuperMAG
electrojet), was also found to be the highest correlate with 40–150 keV flux with solar wind pressure a negative
influence (Simms, Ganushkina, et al., 2022). Specifically in the plasmasheet (over a broader L‐shell range of L‐
shell 6–12), keV electrons correlate best with southward IMF Bz (Bs) (Dubyagin et al., 2016), or, more commonly,
with solar wind speed combined with Bs (Luo et al., 2011), or the convectional electric field (Stepanov
et al., 2021), or VBs and IMF Bz (Swiger et al., 2022).

It is often not clear if these correlations are evidence that these factors actually drive increases in electron flux.
With time series data, although correlations may contain evidence of physical associations, these can be swamped
by the correlation due to cycles and trends that are common to both variables. In addition, autocorrelation in the
response variable (electron flux) can increase the apparent statistical significance of correlations. ARMAX
models (autoregressive, moving average transfer functions) can address both these problems and are a better
choice for analyzing the associations between time series variables (Balikhin et al., 2011; Boynton et al., 2011,
2013, 2015; Sakaguchi et al., 2015; Simms, Engebretson, & Reeves, 2022; Simms, Engebretson, & Reeves, 2023;
Simms et al., 2019; Simms, Ganushkina, et al., 2022). The time series behavior of the response variable can be
partitioned out by the use of AR (autoregressive) and MA (moving average terms of the error). When chosen well,
these AR and MA terms reduce the autocorrelation in the errors of the model and fully describe the cycling
behavior of the series. What is left is the association between the response and the predictor variable (the transfer
function variable, X) with many of the non‐causal correlations removed (Hyndman & Athanasopoulos, 2018).
The remaining variability in the data can be tested for its response to external factors (the independent variables).
What we will be left with is closer to the actual relationship between the predictor and flux. Note that while we can
remove cycles and autocorrelation, it may never be possible to remove all non‐causal correlation due to the nature
of space weather data. As we are unable to randomly assign “treatments” of, for example, higher or lower solar
wind variables, we may never know if there are unmeasured parameters correlated with flux that are the true
drivers.

The relationship between electron flux and its possible influences may be nonlinear (Balikhin et al., 2011; Simms,
Engebretson, Clilverd, Rodger, & Reeves, 2018). It is often assumed, therefore, that linear models (correlation,
regression, etc.) will miss the nonlinear associations, but this apparent difficulty is easily circumvented by
transforming the data. Taking the log of the dependent variable (flux) does not remove the nonlinearity, but
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describes it in another form. Regressing using the log of only the dependent variable (flux) results in an expo-
nential model. If both dependent and independent variables are logged, the least squares “linear” algorithm of
correlation and regression describes a power relation (Neter et al., 1990). Strongly parabolic relationships may be
better described by adding a quadratic term to the linear model, but the nonlinearity in the electron flux rela-
tionship to its possible drivers is usually adequately described by an exponential model derived from the log
transformation.

Using ARMAX models, we have previously explored the influence of parameters on hourly averaged geosyn-
chronous orbit (L‐shell 6.6) 40–150 keV and 1.8–3.5 MeV electron flux (Simms, Engebretson, & Reeves, 2022;
Simms, Engebretson, & Reeves, 2023; Simms, Ganushkina, et al., 2022) (GOES and LANL satellites). In the
present paper, using 10 min averaged electron flux data from the van Allen probes (RBSP: Radiation Belt Storm
Probes), we expand our investigation to include more L‐shells (L‐shell 2‐L‐shell 7) and a wider range of energies
(20 eV–2 MeV). Although previous work has explored the influence of waves on higher energy (>1.5 MeV)
electrons at different L‐shells (Simms et al., 2021), and solar wind and IMF parameters on lower energy electrons
in the plasmasheet at ≥L‐shell 6 (Dubyagin et al., 2016; Luo et al., 2011; Stepanov et al., 2021; Swiger
et al., 2022), there is less information about lower energy electrons below geosynchronous orbit. Expanding the
analysis to further L‐shells will improve our understanding of the radiation belt electron dynamics, but this
complicates the analysis as L‐shell is now another factor that must be accounted for. We address this by entering L
as a categorical variable which is then used to separate out the effects at each L. As with previous work on
geosynchronous electrons, we also use magnetic local time (MLT) as a covariate to account for variability
associated with location.

We postulate that the main direct drivers of electron flux changes are substorm injection of electrons, processes
driven by waves such as radial diffusion, and compression and subsequent magnetopause shadowing due to solar
wind pressure. While other parameters may correlate highly with electron flux, few mechanisms have been
proposed whereby these other variables might physically drive flux changes. To determine the relative contri-
butions of each of these three direct driver processes, we analyze them in combination so that effect of each can be
measured with the others held constant.

2. Data and Statistical Analyses
The Van Allen Probes mission (Mauk et al., 2013), designed for studies of Earth's radiation belts, was launched in
August 2012 and operated until October 2019. It consisted of two spacecraft in elliptical orbits around Earth,
traversing the inner magnetosphere at distances from 1.1 RE to 5.8 RE at a near‐equatorial (10°) inclination and a
9‐hr period. The two satellites had slightly different orbits, with one lapping the other every ∼2.5 months. Data are
from REPT (Relativistic Electron‐Proton Telescope) (Baker et al., 2012), the HOPE (Helium Oxygen Proton
Electron) instrument (Funsten et al., 2013), part of the thermal plasma (Radiation Belt Storm Probes ECT) suite
(Spence et al., 2013), which measured the pitch angle distribution of electrons over the energy range from 30 eV
up to ∼45 keV, and the Magnetic Electron Ion Spectrometer (MagEIS) instrument (Blake et al., 2013) which used
magnetic focusing and pulse height analysis to provide the energetic electron measurements over the energy range
of 20 keV–4 MeV. Although this data set is mostly focused on pitch‐angle resolved data, the.cdf files also contain
the omnidirectional flux spectra (FEDO variable, see Supporting Information to Boyd et al. (2021)). We use these
spectra (3 min averaged) in the 20 eV−2 MeV energy range, and subsequently average them to 10 min for the
ARMAX analyses and 1 hr for the correlation analyses. We used the data for only one probe (RBSP‐A) over 1 Feb
2013–31 Dec 2018 over L‐shell 2‐L‐shell 7 (although little time is spent in L‐shell 7). Data are binned by
McIlwain L shell values, with, for example, L = 2 containing all values L = 2.00–2.99. These data are available at:
https://rbsp‐ect.newmexicoconsortium.org/datapub/rbspa/ECT/level3/ from the main page at: https://rbsp‐ect.
newmexicoconsortium.org/science/DataDirectories.php.

Solar wind and IMF parameters as well as geomagnetic indices (Kp index and SymH), were obtained from
OMNIWeb with data time‐shifted to the bow shock nose: https://omniweb.gsfc.nasa.gov/form/dx1.html.

These 5 min averages were then averaged to 10 min for the ARMAX analyses and to 1 hr for the correlation
analyses. In addition to the Kp and SymH indices, these variables consisted of solar wind velocity (V), number
density (N), pressure (P), IMF B, By, and Bz (all GSM), and the f10.7 solar flux (Solar). We use the SuperMAG
(https://supermag.jhuapl.edu/) SME index (SuperMAG electrojet index) as a proxy for substorm activity and their
hypothesized injections of lower energy electrons (Gjerloev, 2012; Newell & Gjerloev, 2011). Although the
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darkside SME (SMEd: an SME index using only data collected from darkside magnetometers) might be expected
to pick up more of the substorm signal, we were unable to use this in the ARMAX models due to larger and more
frequent data gaps. The hourly ULF index was obtained from http://ulf.gcras.ru/archive.html (Kozyreva
et al., 2007; Romanova & Pilipenko, 2009).

Statistical analyses were performed in MATLAB (The MathWorks Inc., 2023).

To reduce heteroscedasticity and nonnormality of the resulting residuals from these analyses, and therefore to
make inferences more robust, all wholly positive parameters and Kp + 1 were logged, following the averaging to
10 min (see above). This has the added benefit of linearizing the relationship between electron flux and predictors,
justifying the use of linear models such as correlation, regression, and ARMAX methods. Note that this does not
remove the nonlinearity, but merely describes it in another form. In effect, the models are now power relationships
(if both flux and predictor are logged) or exponential relationships (if only flux is logged). Residual analysis of the
errors of these models on transformed data showed random errors with no suggestion of further nonlinearity.
Thus, the nonlinear relationships previously noted between electron flux and possible predictors (e.g., Simms,
Engebretson, Clilverd, Rodger, & Reeves, 2018; Balikhin et al., 2011) are not intrinsically nonlinear and can be
easily analyzed with linear models such as correlation or regression if the data are first transformed (Neter
et al., 1990).

To produce unitless, and therefore directly comparable ARMAX regression coefficients, we calculated the Z
scores: subtracting the mean of each variable and dividing by the standard deviation for all observations. For the
simple correlations, the input parameters were averaged hourly, with electron flux at each energy averaged over
both hour and L‐shell 2–7, although there were a much lower number of observations in L‐shell 7.

Correlation and ARMAX coefficients are labeled statistically significant if their p‐value, the probability that the
null hypothesis of zero effect is being falsely rejected, falls below the generally accepted 0.05 level. These p‐
values are calculated assuming a normal distribution, taking into account the strength of the apparent relationship,
the variance, and the sample size. The standard formulas for calculating the p‐values in linear models are reported
by the MATLAB statistical package and are available in standard statistical texts (Neter et al., 1990). On the
figures, the range of values for which correlation and ARMAX coefficients are statistically nonsignificant
(p > 0.05) is identified by a gray bar.

We perform two types of analysis: simple correlations with predictor variables measured every 10 min over the
48 hr prior to the electron flux observation, and ARMAX regression models for every 10 min over the 6 hr before
the flux observation. Simple correlations were performed between each parameter and each flux energy averaged
over each L‐shell. L‐shell was assigned to L‐shell 2 if L‐shell was 2.00–2.99, etc. However, these correlations
include not only the association between each parameter and flux but also, potentially, autocorrelation in the
response variable and any common trends or cycles that are not related to the physical relationship. For this
reason, we cannot depend on single correlations to determine which are the driving parameters of electron flux.
We must use ARMAX models to describe the time behavior of the response variable (electron flux). We introduce
AR and MA terms to specifically describe the cycling and autocorrelation (where a variable is correlated with
itself at different times) that may be present in time series data. These terms include autoregressive components
(regressing on previous values of the dependent variable: an AR term), or a moving average component
(regressing on the errors of the model at preceding time steps: an MA term). “Seasonal cycles” (at a set time
period) may also be fit with seasonal AR and MA terms. If “seasonal” effects and autocorrelation have been
sufficiently removed, the partial autocorrelation function (PACF) of the residuals of the model will show no
peaks. The PACF gives the partial correlations of the time series with itself at its own lagged values (Hyndman &
Athanasopoulos, 2018).

For our ARMAX models, data were averaged to 10 min intervals, with L‐shell categorized as the most common
L‐shell in that period. In most cases, this was a single L‐shell. Gaps were filled using linear interpolation between
neighboring points before logs were taken. Data already at a ≥1 hr cadence (the ULF index, Kp, solar f10.7) were
left unchanged. An AR1/MA2 (autoregressive term at 1 time step, moving average term at time steps 1 and 2)
model removed some of the autocorrelation in the residuals, but we found that adding “seasonal” AR and MA
terms (SAR1 and SMA1: additional autoregressive and moving average terms both at the “seasonal” 9 hr lag, the
period of the satellite) provided more improvement (Figure 1). In Figures 1a and 1b, the autocorrelation of the
residuals are high in models uncorrected for time series behavior at both the lowest (50 eV) and highest (2 MeV)
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electron energies. However, in Figures 1c and 1d, the autocorrelation has been mostly removed by the intro-
duction of AR1, MA2, SAR1, and SMA1 terms to the analysis. Although differencing, subtracting a previous
observation from the current observation at a set time step, is often helpful in removing cycling behavior, we
found that differencing electron flux at 9 hr (subtracting the observation from 9 hr previous) introduced a strong
negative autocorrelation at 9 hr (not shown).

ARMAX models were fit using the ordinary least squares method. For each predictor, a separate model was fit at
each 10 min time step over 6 hr resulting in 36 models for each parameter. Individual models used only a single
exogenous parameter at a time. Combined ARMAX models using P, ULF, and SME as simultaneous predictors
were also fit at every 10 min over 6 hr.

We add MLT as a covariate to control for varying levels of electron flux around the Earth. This was entered as two
variables, sin(2π × MLT/24) and cos(2π × MLT/24), however, this made little difference in the overall influences
of parameters.

Although solar flux can be used to find daily and hourly correlations, it becomes less useful in the 10 min
ARMAX analyses as the value changes only daily, at most. Kp also changes at a slower cadence (3 hr), although
this is fast enough to result in some response.

We are most interested in (a) the determination of statistical significance, that is, the ability to reject the hy-
pothesis that there is no relationship between variables, (b) how much each statistically significant parameter
influences flux in comparison to the others, and (c) determining the influence of each parameter independent of
correlation‐inflating cycles and trends:

1. Statistical significance is reported as a p‐value: the probability that a null hypothesis is true. This type of
inference test determines the probability that associations between variables are due only to chance. When a p‐
value is below 0.05, we feel confident in rejecting the null hypothesis and accepting that there is an association
between variables and a possible influence. P‐values were determined using the standard error at 71 keV at

Figure 1. Autocorrelations of the residuals for regression models without correction (a and b) and for models with AR and
MA terms describing time series behavior of electron flux (c and d) for 2 energies (50 eV and 2 MeV). The high
autocorrelation in the residuals in a and b show that ARMA correction is needed, while the much lower autocorrelations of c
and d show that the ARMA terms describing time series behavior have succeeded in removing most autocorrelation and the
9 hr cycling behavior due to the satellite orbit.
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hour 3 at each L‐shell as this showed the most variation, however, the
critical p‐value cut off was almost identical for all energies. In Figures 2–7,
we show nonsignificant results (p‐value >0.05) between gray bands.
Because the satellite spent much less time at L‐shell 7, resulting in fewer
degrees of freedom, and because the variability in this region was higher,
the band of nonsignificance is higher for this region (Neter et al., 1990).
We therefore put less stock in the results from this L‐shell, but we were not
able to remove L‐shell 7 from the ARMAX models as a continuous time
series is needed for these analyses. Additionally, entering L‐shell as a
covariate not only allows us to determine the effect of a predictor at each
L‐shell and at each time lag, but has the added advantage of increasing
sample size which raises the power of the statistical test and lowers the
likelihood of missing significant relationships.

2. The contribution of each parameter to electron flux values cannot be
directly compared if the units vary. In order to make these comparisons,
we perform a Z score transformation (see above) to standardize to a
common standard deviation. These unitless coefficients can be trans-
formed back to the original units with the means and standard deviations if
comparisons to other studies are desired (Table 1). In essence, the stan-
dardization to a common standard deviation replicates the ability to
compare correlation coefficients across input parameters of varying units.
As correlations are unitless, correlations of Z score transformed data will
be the same as with untransformed data.

3. Correlations from studies that do not account for the problem of auto-
correlation in the time series will be composed mostly of common cycles

and trends, therefore we must remove autocorrelation and cycles by the use of ARMAX regression. The
ARMAX coefficients we find are much lower than correlation coefficients, as the spurious correlations due to
cycles and autocorrelation have been removed, but they are more accurate representations of the relationships
of interest. In the ARMAX models, L‐shell is entered as a categorical variable for ease of presentation. These
are coded as indicator (“dummy”) variables, with additional multiplicative interaction terms created between
these 0,1 variables and each predictor. Coefficients at L‐shell 2 are then read directly while coefficients from
each other L‐shell are calculated by adding their specific interaction term to the L‐shell 2 “base” coefficient.
This allows a graphical presentation of coefficients by L‐shell.

3. Simple Correlations
Pearson correlations, often termed “simple” correlations because each analysis contains only two variables, are
performed over 48 hr for just the lower energy flux (20 eV–6 keV) with each parameter. These show reasonably
high, statistically significant influences of V, P, B, Bz, SME, ULF, and SymH (Figure 2), similar to what has
previously been found for 11 keV–2 MeV flux (Simms, Ganushkina, et al., 2022; Simms, Ganushkina,
et al., 2023). Nonsignificant correlations (where p > 0.05) lie within the gray areas. The correlation with N is
lower, and By shows little correlation. These influences often appear strongest at L‐shells 4–6. While we show the
results at L‐shell 7, these are less reliable because of the low sample size.

As a comparison to the ARMAX coefficients (below) over a wider range of energies, we correlate 3 flux
energies (50 eV, 18 keV, 2 MeV) with each predictor measured 3 hr previous (“Lag 3”) at 3 L‐shells and with
two additional variables (Kp, and solar flux). Previous work found that the Lag 3 (hour) correlations were very
similar to the Lag 0 and Lag 1 hr correlations at GOES over 40 keV–2 MeV (Simms, Ganushkina, et al., 2022;
Simms, Ganushkina, et al., 2023). However, we choose Lag 3 here to avoid the possibility that the predictor
measurements may occur before the flux measurement, given that solar wind variables are measured upstream.
Correlations of each parameter with flux show reasonably high (up to 0.5), statistically significant influences of
V, B, Bz, SME, ULF, Kp, and SymH (Figure 3). The correlations of electron flux with P, N, By, and solar flux
are lower.

Table 1
Means and Standard Deviations for Conversion of log10 Electron Flux to
Z‐Scores

Mean Std Dev

20 eV 732685690.5 622843189.7

50 eV 121447923.3 130175086.7

1 keV 42082599.62 47864441.26

2 keV 18835776.85 25596479.18

4 keV 9705617.529 13837821.32

6 keV 6455566.093 10197659

11 keV 4135913.188 7397497.773

18 keV 3142601.156 5968156.437

32 keV 2106425.54 4241707.493

40 keV 1708448.914 3551010.212

71 keV 921662.4553 1980250.368

100 keV 615382.1619 1276947.064

158 keV 209529.03 351649.8774

1 MeV 28803.91726 39026.83643

2 MeV 8510.835041 14849.23535
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Figure 2. Simple correlations of low energy electron flux (20 eV–6 keV) with V, N, P, B, By, Bz, SME, ULF, and SymH over 48 hr. These simple correlations,
uncorrected for autocorrelation and cycles, are as high as 0.45. Nonsignificant correlations (p > 0.05) lie within the gray area.
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4. ARMAX Analyses: Individual Parameters
If the time behavior of electron flux is modeled separately using AR and MA terms, the remaining variation
associated with solar wind, IMF, ULF wave, and geomagnetic influences on electron levels is less than a tenth of
what is suggested by simple correlation analysis (Figures 4 and 5). In these figures, we plot the regression co-
efficient (not the correlation coefficient) for each predictor variable. This is the term that describes the association
between predictor and flux once the time behavior has been removed via the AR and MA terms. As each 10 min
time step and electron energy is analyzed separately. The terms in these ARMAX models include 1. L‐shell as a
categorical variable, 2. MLT as an explanatory covariate, 3. the AR and MA terms used to model time series
behavior, and 4. the predictor variable at that point in time (Lag x). Only the coefficients associated with the
predictor variable at Lag x are shown in the figures. Coding L‐shell as a categorical variable allows us to
determine the effect of a predictor at each L‐shell and at each time lag, while still being able to use all the data in a
single analysis, as required by ARMAX models, instead of breaking it into smaller subsets.

As we use Z scores, these ARMAX coefficients are directly comparable between the simple correlations and the
ARMAX analyses. Consequently, we have demonstrated that the simple correlations are greatly inflated by the
cycles in the various time series. The advantage of the ARMAX approach is that we are able to test whether there
is any significant association between electron flux and parameters independent of common cycles and auto-
correlation. We do find statistically significant effects, even if they are lower than we might initially expect based
on the simple correlations.

There is a shift in the relative response of flux over L‐shells. In contrast to the higher response at L‐shell 4 and 6 in
the simple correlations, we now also see more response in the lower L‐shells for most of the parameters. However,

Figure 3. Simple correlations of V, N, P, B, By, Bz, SME, ULF, Kp, SymH, and solar flux with electron flux at Lag 3 hr prior to
the electron flux observation (50 eV, 18 keV, and 2 MeV flux, at L2, 4, and 6). These simple correlations, uncorrected for
autocorrelation and cycles, are as high as 0.45. Nonsignificant correlations (p > 0.05) lie within the gray area.
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Figure 4. Coefficients from a series of ARMAX models using each exogenous variable individually over 20 eV–18 keV electron flux (Z scores). Each point is the
regression coefficient for that variable at each 10 min interval over 6 hr prior to the electron flux measurement. This is similar to a cross correlation plot except these
influences are corrected for autocorrelation and cycles using AR and MA terms (not shown). Coefficients peak at ∼0.04, ten times less than simple correlations.
However many are still statistically significant, lying outside the gray nonsignificant (p > 0.05) region.
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N still shows little association with electron flux. The strongest influence is often at about 1–2 hr at L‐shell 2–3, at
3–4 hr at L‐shell 4, and at 4–6 hr at L‐shell 5. Again, the results at L‐shell 7 are less reliable due to the very small
sample size in that L‐shell. We do not show the ARMAX models for By and solar flux because By shows little
simple correlation with electron flux and solar flux does not change over 24 hr.

Kp and SymH show strong apparent influence. However, Kp, at a 3 hr cadence, is less likely to give us much
information on the more rapid flux changes, and neither Kp nor SymH has been postulated to represent a physical
process that drives electrons. Instead, they have often been used in modeling as they are a strong correlate and/or a
proxy of other processes that have either not been measured or are more conveniently represented by a single
number.

5. ARMAX Analyses: Combined Parameters
We combine P, SME, and ULF, as the three possible direct drivers, into one ARMAX model for each energy
(Figures 6 and 7). At low energies, SME shows the most association with flux, with the highest response at L‐shell
2 and roughly equal response over L‐shell 3–6. ULF is the dominant influence at the higher energies (1–2 MeV),
with roughly equal effect over L‐shell 2–5 and no indication of electron losses due to ULF waves. Both SME and
ULF appear to have more immediate influence at L‐shell 2–3 (1–2 hr), a more delayed response at higher L (3–
4 hr), and an even more immediate response appears at L‐shell 6 (0–1 hr).

The responses to SME and ULF are no longer as suspiciously similar as they were in the individual analyses. The
intercorrelation of these three variables means their similar associations with flux are not diagnostic of their
similar influences but only of their similar response to other variables in the IMF and solar wind. However, by
combining them in the same ARMAX analysis, we are able to look individually at the effect of each independent
of the others.

There is less influence of P when both SME and ULF are accounted for. It is mostly a positive influence. There is a
short negative effect on the lowest energy (20 eV) within the first 2 hr, but there is not strong evidence of
magnetopause shadowing following compression at other energies and this negative influence may simply be the
result of compression below the nominal L‐shell.

6. Discussion
Previous cross correlation analyses on 40 keV ‐ 2 MeV electrons at geosynchronous orbit showed high corre-
lations between flux and possible drivers over a 48 hr period, although the removal of trends and cycles using
ARMAX analysis reveals the associations occur within only a few hours of the flux measurement (Simms,
Ganushkina, et al., 2022; Simms, Ganushkina, et al., 2023). The precise timing of action (i.e., at what lag each
variable is most influential) is obscured by the high correlation of each parameter with itself over time. Because of
this autocorrelation within each predictor, it would be incorrect to attribute a long term influence to them even
though high correlations occur over a number of hours. In addition, autocorrelation, as well as common cycles and
trends, can result in spurious associations between variables. Removing these using the ARMAX methodology
results in associations at least an order of magnitude lower, meaning that the simple correlations are almost
entirely showing the larger influence of autocorrelation and common cycling, not any driving behavior. However,
with autocorrelation and cycling removed, we are now able to detect associations of electron flux with V, P, B, Bz,
SME, ULF, Kp, and SymH over the 6 hr prior to the flux observation. N was rarely statistically significant. These
responses were stronger in the higher (1–2 MeV) and lower (20 eV–1 keV) electrons than in the mid‐range
energies. Previously, 40–150 keV electrons at geosynchronous orbit were found to show a negative response
to P and a smaller positive response to both the AE index (auroral electrojet. also measured by SME) and ULF,
when these variables (lagged by 1 hr) were analyzed independently (Simms, Ganushkina, et al., 2022). In the
present study, expanded spatially (L‐shell 2–L‐shell 6), temporally (over at least 6 hr), and over a wider range of
electron energies (20 eV–2 MeV), we find similar responses in the keV range. However, the influences on both eV
and MeV electrons are somewhat stronger.

There are several variables we do not analyze with ARMAX models: By showed trivial associations in the simple
correlations and solar flux does not change quickly enough to study the more rapid changes in electron flux. In
addition, although Kp and SymH show associations as strong as other variables, we do not consider them possible
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Figure 5. Coefficients from a series of ARMAX models using each exogenous variable individually over 32 keV–2 MeV electron flux (Z scores). Each point is the
regression coefficient for that variable at each 10 min interval over 6 hr prior to the electron flux measurement. This is similar to a cross correlation plot except these
influences are corrected for autocorrelation and cycles using AR and MA terms (not shown). Coefficients peak at ∼0.03, an order of magnitude below simple
correlations. However many are still statistically significant, lying outside the gray nonsignificant (p > 0.05) region.
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drivers because they are only generalized measures of geomagnetic activity and not postulated to represent a
specific physical process that might be associated with electron flux changes.

In contrast to predictive models, in this study we use statistical tests of inference that test hypotheses about
physical drivers. We ask which parameters are influential (not just correlated) and how much they may influence
electron levels. Simple correlations do not answer either of these questions as they are highly contaminated by
spurious correlations due to irrelevant cycles and trends. The same is true of more sophisticated machine learning
models such as neural networks where coefficients cannot be interpreted as explanatory despite the identification
of the most “important” by means such as the Shapley method (e.g., Swiger et al., 2022; Ma et al., 2023). The time
series behavior must be removed (Simms, Engebretson, & Reeves, 2022) or described separately using ARMAX
modeling in order to identify the underlying physical relationships. This is not to say that ARMAX models cannot
be used to build effective prediction models (Balikhin et al., 2011, 2016; Sakaguchi et al., 2013; Sakaguchi
et al., 2015; Simms & Engebretson, 2020; Simms, Ganushkina, et al., 2023), and if prediction is the only goal,
modeling using such methods as regression, correlation, or neural networks do not need to model time series
behavior as a separate influence because the set of variables as a whole, exogenous variables plus intrinsic time
behavior, can effectively predict flux. The only caveat is that we cannot make the jump to assuming that un-
corrected, highly correlated relationships give any information on the physical drivers. As an example, at
geosynchronous orbit, statistically significant influences, corrected for time series behavior, in the 4.1–30 keV or
40–75 keV range are often low, but this does not preclude building an adequate prediction model with the time
series behavior left embedded in the response variable instead of being separated out into independent terms
(Simms, Ganushkina, et al., 2022).

We can class these variables into possible direct drivers (those with a hypothesized physical mechanism that
would affect electron flux), indirect drivers (solar wind and IMF inputs that could be expected to influence the

Figure 6. Coefficients from ARMAX models combining the three postulated direct drivers of electron flux: P, SME, and ULF (Z scores) at 20 eV–18 keV.
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direct drivers but do not themselves have a postulated mechanism of influence), and proxy variables (indicators of
generalized geomagnetic activity with no postulated mechanism of influence on electrons). In the space weather
community, substorms, waves, and solar wind pressure are generally postulated to have a direct influence on
electron flux (Simms et al., 2021; Simms, Ganushkina, et al., 2022). Solar wind and IMF influences, while often
highly correlated with flux, have not been proposed to have a direct mechanism of influence on electrons but
instead on the proposed direct drivers. The exception here is solar wind pressure which may act as a hybrid of
direct and indirect influences. The direct component can be the result of magnetosphere compression (magne-
topause shadowing) leading to a loss of electrons or simply a temporary constriction of regions below their
nominal L‐shell. The indirect component of pressure, as with velocity, number density, and the IMF, is through
their ability to increase both substorms and waves.

Proxy variables include Kp and SymH, measures of activity that may be a conglomerate of other variables,
measuring both the postulated direct influences (e.g., substorms and waves) as well as other unidentified pro-
cesses. The SME index may straddle the line between proxy (being a general measure of geomagnetic activity)
and direct influence (as it measures electron‐injecting substorm activity). Although we use it to “measure”
substorms, we are aware that it is a problematic variable, likely measuring more processes than we suppose or
would like. However, it is the best measure of substorms that we currently have.

In our current study, SME and ULF show such a similar pattern of influence that it suggests they act as proxies for
each other. This is not surprising, given that the auroral electrojet indices and ULF indices are highly inter-
correlated (Simms et al., 2014), but to determine the actual influence of each they should be combined in a single
analysis. In the combined analysis, using P, SME, and ULF as the postulated possible direct drivers, the responses
to SME and ULF are no longer as similar as they were in the individual analyses. The confounding correlations
due to these variables being correlated with each other are accounted for by analyzing them together, so we can

Figure 7. Coefficients from ARMAX models combining the three postulated direct drivers of electron flux: P, SME, and ULF (Z scores) at 32 keV–2 MeV.
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say with more evidence that SME is more influential than ULF on the lower energy flux and of approximately
equal importance in the higher energy ranges. SME showed the most association with low energy flux (20–
50 eV). Both ULF and SME showed similar influences on the high energy flux (1–2 MeV), but mid‐range flux
was not as highly influenced by either of these variables. The positive influence of P is generally lower, and there
is a negative influence in the lowest energies, nearly immediate at L‐shell 2 (∼0 hr), but moving gradually earlier
at higher L (∼2 hr). In the 40–150 keV range, the low response to P and ULF, with a higher response to SME, is in
line with what was found previously at geosynchronous orbit (Simms, Ganushkina, et al., 2022).

The possible substorm (SME‐measured) injection of low energy (<4 keV) electrons may not be immediate. The
largest peak of influence occurs at ∼1–2 hr at L‐shell 2, 0.5–2.5 hr at L‐shell 3, ∼3 hr at L‐shell 4, 0 or ∼4 hr at L‐
shell 5, and 0–1 and ∼4 hr at L‐shell 6. It is unclear why the introduction of low energy electrons into the higher L
shells would take more time. An argument could be made that these electrons are first introduced into the loss
region and subsequently make their way into the higher L shells, but there is no proposed mechanism for this.

Mid‐range electrons do not show this response, and it is possible that the response of high energy electrons may be
due to the general geomagnetic disturbance information contained in SME instead of specific substorm activity,
as it is not expected for higher energy electrons to be injected.

The ULF influence is seen mostly in the 1–2 MeV range. In previous work, ULF waves have been found to be a
stronger influence if only storm recovery time periods are considered (at ∼L‐shell 6) as long quiet periods might
tend to “wash out” the influence of parameters that are only rarely strong enough to be active (Simms, Enge-
bretson, & Reeves, 2023). For MeV electrons, which rise after geomagnetic storms, it is possible to study just the
after‐storm response with a reasonable sample size (i.e., more than just one or a few storms) (Simms et al., 2014),
but lower energy electrons do not show stronger responses to drivers during storms (Simms, Ganushkina,
et al., 2022), so there are no easily identifiable points at which responses can be studied. Therefore, correlations
over long periods are the only reasonable way to search for low keV (and, presumably, eV) responses. This
positive influence of ULF waves may be evidence of accelerating radial diffusion. One might also expect that
there would be visible loss in the lower energy ranges, as a consequence of some subset of them being driven to
the higher energies and thus reducing the lower energy population. This might not be noticeable, given the relative
sizes of the high and low energy populations, with high energy electrons being fairly low in comparison, but there
is some suggestion of this in the 20 eV–1 keV electrons at L‐shell 5. We have previously found a suggestion of
ULF waves lowering 40 keV electrons during storm recovery, although not the 75–150 kev electrons, at ∼L‐shell
6 (geosynchronous orbit) (Simms, Ganushkina, et al., 2022).

The lower influence of ULF waves in the ARMAX models vs the simple correlations cannot be interpreted to
mean that radial diffusion due to ULF waves is less important than local acceleration by VLF waves in accel-
erating MeV electrons (Lejosne, 2020). In fact, it has previously been shown that these two factors act both
simultaneously and synergistically, at least at a daily cadence (Simms et al., 2021). However, the lower co-
efficients we obtain for a ULF influence, corrected for time series autocorrelation and common cycles, have a
bearing on what magnitude of coefficients would be appropriate in models of radial diffusion due to ULF waves
(Ozeke et al., 2014). Previous high, long‐period correlations found between electron flux at geosynchronous orbit
(2 MeV) are too contaminated with cycling and autocorrelation to form a basis for determining accurate diffusion
coefficients, for example, Borovsky and Denton (2014); Simms et al. (2016).

When time series behavior is removed, the comparatively low response of electrons to the possible drivers
(compared to simple correlation coefficients) is not a failure of the analysis, but simply a function of removing the
substantial cycling noise and autocorrelation from the effect previously erroneously attributed to the predictor
variables. Once this noise is removed, variables may be deemed important or not based on whether they are
statistically significant and by comparing to the other possible influences. One question that arises is whether
these influences are inherently weak (if statistically significant) or if we only believe they must be weak because
previous analyses have, for the most part, mistaken time series behavior (“noise”) as signal. If it is the former, it is
possible that we are measuring the wrong variables in this system and further work should be done to identify
currently unmeasured influences. If the latter, we must be satisfied with the explanation that this is a very noisy
system. Much of the problem here, unfortunately, is that we can only observe what happens and are unable to
experimentally manipulate levels of possible drivers to measure their effects. A randomized application of
experimental treatments would allow us to minimize spurious correlations and draw firmer conclusions that
correlated parameters are causative drivers and not merely associated, but this is obviously not achievable.
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7. Conclusions
1. Although electron fluxes (20 eV–2 MeV) from the RBSP‐B satellite are correlated with solar wind and IMF

variables, the SME index (substorms), ULF waves, and geomagnetic indices over L‐shells 2–6, removing
correlation‐inflating common cycles and trends (using autoregressive and moving average terms in an
ARMAX analysis) results in a roughly 10 times reduction in apparent association between these variables and
electron flux. While lower, many are still statistically significant (p < 0.05), with the most influence seen in the
20 eV–1 keV and 1–2 MeV electrons. More modest associations are seen in the midrange energies (2–40 keV).

2. Solar wind velocity and pressure (but not number density), IMF magnitude (with lower influence of Bz), SME
(a substorm measure), a ULF wave index, and geomagnetic indices Kp and SymH show associations with
electron flux in the ARMAX individual analyses which are corrected for time series behavior.

3. We postulate that only substorms (electron injection), ULF waves (radial diffusion), and pressure (magne-
tosphere compression and/or magnetopause shadowing) are direct drivers of electron flux. We compare their
influences in a combined analysis. This essentially studies each variable with the others held constant. SME is
the strongest influence of these three, mainly in the MeV and eV electrons. ULF waves are most influential at
the highest (1–2 MeV) energies. Pressure is less associated with flux, and there is only a suggestion of possible
compression or magnetopause shadowing in the first minutes (L‐shell 2) or within 1–2 hr (L‐shell 3–5) at the
lowest energy. However, we have not ruled out the possibility that this negative influence is due merely to the
compression of the magnetosphere below the nominal L‐shell (Although chorus waves may be a driver as well,
we do not have the data to study this question here.)

4. Predictive models may improve forecasting ability by including indirect driver and proxy parameters, and
may, for efficiency, not explictly model time series behavior. However, in order to draw valid conclusions
about physical influences of exogenous parameters, we must correct for the autocorrelation and cycling
behavior as we do in this present study.

Data Availability Statement
OMNIWeb data is available at https://omniweb.gsfc.nasa.gov/form/dx1.html, the SuperMAG SME and SMEd
indices at https://supermag.jhuapl.edu/, the ULF index at http://ulf.gcras.ru/archive.html and the omnidirectional,
pitch‐angle‐resolved flux from RBSP at https://rbsp‐ect.newmexicoconsortium.org/datapub/rbspa/ECT/level3/
within https://rbsp‐ect.newmexicoconsortium.org/science/DataDirectories.php.
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