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Abstract Near‐equatorial measurements of energetic electron fluxes, in combination with numerical
simulation, are widely used for monitoring of the radiation belt dynamics. However, the long orbital periods of
near‐equatorial spacecraft constrain the cadence of observations to once per several hours or greater, that is,
much longer than the mesoscale injections and rapid local acceleration and losses of energetic electrons of
interest. An alternative approach for radiation belt monitoring is to use measurements of low‐altitude spacecraft,
which cover, once per hour or faster, the latitudinal range of the entire radiation belt within a few minutes. Such
an approach requires, however, a procedure for mapping the flux from low equatorial pitch angles (near the loss
cone) as measured at low altitude, to high equatorial pitch angles (far from the loss cone), as necessitated by
equatorial flux models. Here we do this using the high energy resolution ELFIN measurements of energetic
electrons. Combining those with GPS measurements we develop a model for the electron anisotropy coefficient,
n, that describes electron flux jtrap dependence on equatorial pitch‐angle, αeq, jtrap ∼ sinnαeq. We then validate
this model by comparing its equatorial predictions from ELFIN with in‐situ near‐equatorial measurements from
Arase (ERG) in the outer radiation belt.

1. Introduction
The dynamics of Earth's outer radiation belt, an important element of space weather (Horne et al., 2013), entails
various processes operating on a wide range of spatial and temporal scales. The variability of energetic electron
fluxes on a time scale of geomagnetic storms, taking hours to days, is well captured by near‐equatorial spacecraft
measurements probing flux dynamics with cadence of a few hours, based on their orbital period (see examples in
Allison et al., 2021; Li et al., 2014; Ma et al., 2018; Tu et al., 2014; Turner, O’Brien et al., 2015; Thorne
et al., 2013). Shorter time scales (below a couple of hours) and spatially localized substorm dynamics are much
less well resolved by equatorial missions that, at best, can detect the substorm injection (e.g., Gabrielse
et al., 2014, 2019; Turner, Claudepierre, et al., 2015), but cannot follow electron flux dynamics on sub‐orbital
times (see discussion in Turner et al., 2017). Therefore, the growing interest in such substorm‐scale (or meso‐
scale) dynamics of the radiation belt has driven the development of new observational techniques. Besides the
approach proposed by Morley, Friedel, Cayton, and Noveroske (2010) with utilization of tens of GPS spacecraft
(see details in Morley et al., 2016; Boynton et al., 2017; Smirnov et al., 2020; Olifer et al., 2024) equipped by
Combined X‐ray Dosimeter measuring energetic electron fluxes (see Morley et al., 2017; Morley, Friedel,
Spanswick, et al., 2010), the most promising method for tracing temporally and spatially localized electron flux
dynamics is based on analysis of low‐altitude spacecraft measurements (Allison et al., 2018; Botek et al., 2023;
Claudepierre & O’Brien, 2020; Ginisty et al., 2023; Winant et al., 2023). Such spacecraft cross the low‐altitude
projection of the entire inner magnetosphere within several minutes and may provide snapshot‐like vision of
spatially resolved electron flux dynamics. The main challenge for this method consists in the reconstruction of
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equatorial fluxes from measurements of a small fraction of the electron distribution (only small pitch‐angles) at
low altitudes (see discussion in Boyd et al., 2023; Drozdov et al., 2023).

Existing models for tracing the radiation belt dynamics with low‐altitude measurements utilize the dataset pro-
vided by the fleet of Polar Operational Environmental Satellites (POES/NOAA) and MetOp satellites (Evans &
Greer, 2004), which have a poor energy resolution (see examples of such models in Allison et al., 2018; Clau-
depierre & O’Brien, 2020; Boyd et al., 2023; Drozdov et al., 2023). In this study we would like to take advantage
of a new, recently available, dataset of high energy resolution measurements of electron fluxes by a couple low‐
altitude Electron Losses and Fields Investigation (ELFIN) CubeSats (Angelopoulos et al., 2020). Although the
ELFIN dataset does not provide a comparable temporal coverage as the multiple POES satellites, ELFIN covered
well the main magnetospheric storm intervals during the 2020–2022 period (see details in Tsai et al., 2024).
Moreover, having 16 energy channels from 50 keV to 6 MeV ELFIN traces well the different drivers of energetic
electron flux dynamics, including slow electron flux decay due to scattering by hiss waves (Mourenas
et al., 2021), rapid transient flux variations due to substorm injections (Artemyev et al., 2024) and precipitations
by electromagnetic ion cyclotron waves (Angelopoulos et al., 2023; Capannolo et al., 2023), and other meso‐scale
magnetospheric processes (see discussion in Zhang et al., 2023).

To construct a model for the phase space mapping of low‐altitude ELFIN measurements onto the equatorial plane,
we compare (energy, L‐shell) flux distributions collected by ELFIN and by the fleet of GPS satellites (Morley
et al., 2016; Morley, Friedel, Spanswick, et al., 2010). The main advance of this approach consists in utilizing a
sufficient number of GPS satellites to obtain (energy, L‐shell) flux distributions within a couple of hours from
ELFIN measurements. Using near‐equatorial spacecraft would require a much longer interval to collect the full
(energy, L‐shell) flux distribution for the L‐shell range of the outer radiation belt, which would not yield a suf-
ficient number of conjugate observations with ELFIN. Comparison of GPS and ELFIN energy, L‐shell flux
distributions, we derive the anisotropy coefficient n = n(E,L,AE), such that the equatorial electron flux is
described as j(E, α) = j0(E)sinn(α) (Chen et al., 2014; Gannon et al., 2007; Shi et al., 2016; Zhao et al., 2018).
This coefficient allows the phase space mapping of ELFIN measurements jELFIN(E) to the equator:
j0(E) = jELFIN(E) ⋅ (BELFIN/ B0)

n/ 2 for given geomagnetic activity parameterized by AE index and L‐shell (BELFIN
and B0 are magnetic fields at the ELFIN altitude and at the equator). To verify the derived model of
n = n(E,L,AE) we next compare the phase space mapping of ELFIN fluxes with measurements of Exploration of
energization and Radiation in Geospace (Arase, ERG) satellite (Miyoshi, Hori, et al., 2018).

The paper consists of five Sections: in Section 2 we describe the main ELFIN, GPS, and Arase datasets and
instruments of energetic particle measurements, in Section 3 we show ELFIN/GPS comparison and construction
of n model, in Section 4 we verify our model through several comparisons of ELFIN and Arase measurements,
and in Section 5 we discuss and summarize the obtained results.

2. Data Set
The main dataset consists of energetic electron measurements by ELFIN CubeSats, at ∼440 km altitude
(Angelopoulos et al., 2020). ELFIN energetic electron detector measures electrons between 50 keV and 6 MeV
energy with an energy resolution ΔE/E ≤ 40%. The entire 180° range of pitch‐angles can be covered twice every
3 s, the ELFIN spin period. We use two data products of ELFIN: spectra of locally trapped electron fluxes, jperp

(pitch‐angle averaged outside of the local loss cone) and precipitating fluxes, jloss (pitch‐angle averaged inside the
loss cone) (see details Angelopoulos et al., 2023). We use energetic electron measurements by GPS spacecraft
(#53–61, excluding #54): 4 minute resolution of Combined X‐ray Dosimeter (CXD) (Carver et al., 2020; Morley
et al., 2017) at 15 evaluated energies (from 120 to 10,000 keV), as provided in the v1.10 GPS energetic particle
data product archived by NOAA (see Open Research section for details). These energies lie within the range of
CXD's Low Energy Particle (LEP) sensor (Tuszewski et al., 2004) and are obtained by flux forward modeling and
cross‐calibrated with Van Allen Probes (Mauk et al., 2013) measurements as described by Morley et al. (2016).

To verify the proposed model of anisotropy coefficient, we also use energetic electron measurements provided by
the Medium‐energy particle experiments ‐ electron analyzer (MEPe) (Kasahara, Yokota, Hori, et al., 2018) with
8 s resolution at 15 energies (from 7.0 to 87.5 keV) and the High‐energy electron experiments (HEP) (Mitani,
Takashima, et al., 2018) with 8 s resolution at 16 energies (from 60.2 to 1,590.8 keV) onboard Arase/ERG
(Miyoshi, Shinohara, & Jun, 2018). For comparison of low‐altitude ELFIN measurements and near‐equatorial
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GPS, Arase measurements, we project ELFIN orbit to equator using the IGRF field. For GPS and Arase mea-
surements, we use both the IGRF field and the T89 (Tsyganenko, 1989) magnetic field model. Using more so-
phisticated than IGRF magnetic field models for the phase space mapping of ELFIN results in significant
uncertainties in the night‐side region (see discussion in Artemyev et al., 2022), but to account for the difference
between IGRF and the T89 (Tsyganenko, 1989) magnetic field models, we use the linear shift of ELFIN L‐shells
to match the peak relativistic fluxes with Arase or GPS flux distribution.

3. ELFIN/GPS Model
We start with a brief description of typical events used to compare GPS and ELFIN fluxes and determine the
anisotropy coefficient n. Figure 1 provides an overview of three such events with combined ELFIN/GPS mea-
surements under different geomagnetic conditions parametrized by SME indices (0 < SME ≤ 100 nT,
100 nT < SME ≤ 300 nT and SME > 300 nT). Figures 1a–1f illustrate the main types of data products for the
event with 0 < SME ≤ 100 nT, where the maxima of the one‐hour SME index preceding the ELFIN measurements
falls within the range of 0–100. In Figure 1a, the one‐hour SuperMAG SME SMU and SML auroral electrojet
indices (SuperMAG analogs of standard AE, AU, and AL indices, see Gjerloev, 2012) preceding the ELFIN
measurements are displayed, with the ELFIN measurement interval highlighted by a pink dashed rectangle.
Figures 1b and 1c present details of ELFIN measurements, showcasing the ratio of precipitating (within the
bounce loss cone) to trapped (outside of the bounce loss cone) fluxes of electrons and the electron trapped flux
during ELFIN orbit on 16 July 2020, at L = 4 ∼ 10. There is no strong precipitation event during the quiet time
interval of ELFIN measurements, with a precipitation‐to‐trapped ratio below 0.1 for the entire L‐shell range.

In accordance with our criteria for selecting conjugate measurements, GPS spacecraft encompass trajectories that
partially overlap within ±3 hours of MLT and ±2 hours of UT around ELFIN measurements (see Figure S1 in
Supporting Information S1 for details regarding the selected GPS trajectories). We combine GPS electron flux
from the eligible GPS orbits and average them to provide a L‐shell, energy flux distribution with an L resolution of
0.25 (see also Figure S1 in Supporting Information S1 for the averaged GPS electron flux). The averaged GPS
fluxes are then interpolated at the same energies as ELFIN, depicted in Figure 1d. It is worth noting that the lowest
energy channel of GPS electron measurements is 120 keV. Therefore, extrapolating the GPS flux to the energy of
63 keV (a channel available on ELFIN) may not yield reasonable results.

Under the assumption that ELFIN observed the same electron population as GPS satellites, except for a possible
L‐shell shift due to uncertainties in the phase space mapping of ELFIN to the equator, we align the interpolated
electron trapped flux of ELFIN measurements with the local maximum of the interpolated electron flux of GPS
spacecraft, finally obtaining Figure 1e. We calculate the displacement for each ELFIN/GPS comparison event and
then determine the average δL for three geomagnetic activity ranges: δL = (−0.5, −0.5, −0.25) (with further
details provided in the statistical sections). Consequently, the displacement of L for 0 < SME ≤ 100 nT is shown at
the top of Figure 1e. These values can be further used to project ELFIN measurements to the equatorial plane
using the anisotropy index model.

We suppose that the sinn α form can adequately represent the majority of the Pitch Angle Distributions (PADs).
Although this may not be entirely accurate, it provides us with a preliminary approximation of PADs, necessary
for the present statistical analysis. Thus, at the equatorial plane, the flux jeq of electrons with a pitch angle (PA) αeq

can be expressed as jeq (αeq) = j0 sinnαeq, where j0 represents the flux of electrons with a PA of 90° and can be
expressed through the omnidirectional flux. Since flux is conserved along geomagnetic field lines (Roe-
derer, 1970), the flux jGPS at GPS altitude is given by jGPS (αGPS) = jeq (αeq) with αGPS the local PA at GPS
spacecraft corresponding to αeq at the equator. Note here we assume the sinn α form for fluxes and use measured
omnidirectional GPS flux to define jGPS (αGPS) = jeq (αeq) . The conservation of the first adiabatic invariant
implies that sinαeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Beq/ BGPS

√
sinαGPS, giving:

jGPS (αGPS) = j0(Beq/BGPS)
n/2 sinnαGPS (1)

In this study, we use omnidirectional fluxes measured by GPS spacecraft (see details in Olifer et al., 2024), which
correspond to fluxes averaged over α, ⟨jGPS⟩ , given by:
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Figure 1.
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⟨jGPS⟩ = j0(Beq/BGPS)
n/2 〈sinnαGPS〉 = j0(Beq/BGPS)

n/2Cn (2)

Similarly for ELFIN, the ELFIN perpendicular flux (outside of the bounce loss cone) jELFIN⊥ can be written
approximately as:

jELFIN⊥ = j0(Beq/BELFIN)
n/2

Hence, we can establish the relationship:

jELFIN⊥Cn

⟨jGPS⟩
= (

BGPS

BELFIN
)

n/2

(3)

The anisotropy coefficient n can be expressed as:

n = ln
jELFIN⊥Cn

⟨jGPS⟩ /
ln(

BGPS

BELFIN
)

1/2

(4)

Therefore, utilizing Figures 1d and 1e alongside the magnetic field magnitudes at ELFIN and GPS altitudes, we
calculate the anisotropy coefficient n using Equation 4, presented in Figure 1f. As mentioned above, the
extrapolated GPS flux at 63 keV may not provide accurate results, possibly explaining the underestimation of n at
63 keV.

Figures 1g–1l and 1m–1r illustrate two additional ELFIN/GPS combined events belonging to the category of
100 nT < SME ≤ 300 nT and SME ≥ 300 nT, respectively, in the same format as Figures 1a–1f. Additional details
regarding the selected GPS trajectories and averaged GPS electron flux are provided in Figures S2 and S3 in
Supporting Information S1. Comparatively, Figures 1h and 1n highlight a significant penetration of the plasma
sheet into lower L‐shells during moderate and strongly disturbed conditions, in contrast to Figure 1b. Electron
field line curvature scattering within the plasma sheet is well seen as a large precipitation‐to‐trapped flux ratio
(reaching ∼1) at large L‐shells (see Artemyev et al., 2022; Wilkins et al., 2023). We mask the region where the
precipitating‐to‐trapped flux ratio exceeds 0.5 and do not use the corresponding ELFIN measurements. Note that
although Figures 1f–1l and 1r show that the electron anisotropy parameter is larger during more disturbed
geomagnetic conditions, this is not the typical case. Statistical results usually show a decrease in the anisotropy
parameter with increasing geomagnetic activity, likely due to enhanced pitch‐angle scattering by waves. The
unusually low anisotropy parameter for the 2020‐07‐16 event can be explained by the fact that these few hours of
geomagnetically quiet observations occurred during the recovery phase of a geomagnetic storm. During this
phase, the pitch‐angle distributions of equatorial electrons were likely well isotropized due to wave wave‐particle
interactions before ELFIN observations. There is also an interesting energy, L‐shell distribution of n with larger
values at higher energies, and lower n at intermediate energies. We checked this distribution during statistical
ELFIN/GPS comparisons and provide some speculations about its possible origins in the Discussion section.

To acquire a statistical overview of the anisotropy coefficient n, we implemented the criteria for selecting GPS
trajectories corresponding to ELFIN events spanning from March 2020 to February 2022. This process resulted in
a database comprising 211 ELFIN/GPS combined events. Figure 2 presents an overview of the anisotropy co-
efficient n averaged over these 211 ELFIN/GPS combined events for different SME ranges (0 < SME ≤ 100 nT,
100 nT < SME ≤ 300 nT and SME > 300 nT). Figures 2a–2c illustrate the distribution of n at L = 4 ∼ 10,
averaged from 50, 85 and 76 cases respectively for different SME ranges (see Figure S4 in Supporting Infor-
mation S1 for the average event number per grid point across different SME indices). The average and standard

Figure 1. Overview of three ELFIN/GPS combined events under different geomagnetic conditions parametrized by SME index (0 < SME ≤ 100 nT, 100 nT
< SME ≤ 300 nT and SME > 300 nT) (a,g,m) One‐hour SuperMAG SME SMU and SML auroral electrojet indices preceding the ELFIN measurements (indicated by
the pink dashed rectangle) (b,h,n) The ratio of precipitating (within the bounce loss cone) to trapped (outside of the bounce loss cone) flux of electrons during ELFIN
trajectories (c,i,o) Electron trapped flux of the same ELFIN trajectories (d,j,p) The interpolated electron flux of GPS measurements from trajectories that partially overlap
within ±3 hr of MLT and ±2 hr of UT around ELFIN measurements (e,k,q) The interpolated electron trapped flux of ELFIN, after aligning with the local maximum of the
interpolated electron flux of GPS spacecraft. The displacement in the L direction is provided at the top (f,l,r) Anisotropy coefficient n derived from the comparison of
interpolated ELFIN and GPS electron flux.
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Figure 2. Overview of the anisotropy coefficient n averaged from 211 ELFIN/GPS combined events under different SME indices (0 < SME ≤ 100 nT, 100 nT < SME
≤ 300 nT and SME > 300 nT) (a–c) Distribution of n at L = 4 ∼ 10, averaged from 50, 85 and 76 cases respectively under different geomagnetic conditions (d–o)
Comparison of data‐averaged n and fitted n at different energies and different SME ranges. The solid colored lines depict the variation of data‐averaged n at L = 4 ∼ 8,
while the dashed colored lines represent the corresponding fitted lines using fitting function n(L) = eaL2+bL+c, where 0 < L ≤ 8 and a, b, c are the fitting coefficients.

Journal of Geophysical Research: Space Physics 10.1029/2024JA033155

SUN ET AL. 6 of 15

 21699402, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JA

033155 by U
niversity O

f C
alifornia, Los, W

iley O
nline Library on [01/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



deviation of the linear shift in ELFIN L‐shells are −0.55 ± 0.98, −0.47 ± 0.87, and −0.24 ± 0.77 for each
respective SME range. Given the limited GPS flux observations beyond L > 8 and the sporadic measurements at
L = 4, the distribution of n around L = 4 and L > 8 is derived from only a few events (as shown in Figure S4 in
Supporting Information S1), leading to greater uncertainties in estimating n. This aspect is also evident in the
electron spectra of selected GPS trajectories depicted in Figures S1–S3 in Supporting Information S1. The un-
derestimation of n at 63 keV is also clearly evident in the averaged results. After excluding parameter domains
with low confidence in the data, the distribution of n at 4 < L ≤ 8 exhibits weak dependencies on both L and
energy. The general energy, L‐shell distribution of the anisotropy coefficient n shows a weak anisotropy for large
energies at large L‐shells, likely partly due to electron scattering by the magnetic field‐line curvature (see dis-
cussion in Wilkins et al., 2023, and references therein) and by whistler‐mode chorus waves outside the plas-
masphere (Agapitov et al., 2018; Shi et al., 2016), and also a weak anisotropy within the plasmasphere at L‐shells
<5 (O’Brien & Moldwin, 2003) for [300,1000]keV fluxes, likely due to effective scattering of these energies by
plasmaspheric hiss waves (e.g., see Ma et al., 2015; Ma et al., 2016; Mourenas et al., 2017). There is also a slight
decrease of the anisotropy coefficient n at L > 6 during more active geomagnetic conditions, possibly due to more
effective electron scattering by intense whistler‐mode chorus waves during substorm injections (e.g., see Mer-
edith et al., 2001; Shprits et al., 2007; Agapitov et al., 2018).

Figures 2d–2o depict the comparison of data‐averaged n and fitted n at different energies for different SME
ranges. The solid colored lines represent the variation of data‐averaged n at L = 4 ∼ 8, while the dashed colored
lines indicate the corresponding fitted lines using the fitting function n(L) = eaL2+bL+c(4 < L ≤ 8), where a, b, c
are the fitting coefficients and their values at different energies and different SME indices are shown in Table S1
in Supporting Information S1. In general, the trend of n with L shows an initial increase followed by a decrease
under different geomagnetic conditions (different SME ranges) at nearly all energies. This pattern suggests that
the most anisotropic fluxes are observed within the outer radiation belt, between the plasmapause at L ≈ 5 and
transition region between the outer radiation belt and the plasma sheet at L ≈ 7. Furthermore, n tends to decrease
under higher SME index, a phenomenon particularly noticeable in the region of L > 5, suggesting an enhancement
of pitch‐angle scattering (and isotropization) under more disturbed geomagnetic conditions. However, in the
region of L < 5, an inverse trend is observed at specific energies, as depicted in Figures 2h–2k. Here, n shows an
increase with rising SME index, suggesting formation of highly anisotropic electron populations due to inward
radial transport and adiabatic electron heating during substorm injections.

To obtain a more generalized, 2D model of the anisotropy coefficient, we conducted linear fitting of the co-
efficients a, b, and c with respect to energy. Given the uncertainty in the data‐averaged n at several higher en-
ergies, we aim to retain as many fitting coefficients a, b, and c of energies as possible and ensure that profiles of
fitting coefficients remain monotonic for different SME ranges. Details of the linear fitting of the coefficients a, b,
and c are presented in Figure S5 in Supporting Information S1. We retain the fitting coefficients a, b, and c for
nine energies. Hence, the fitting function n(L) = eaL2+bL+c can be reformulated as an energy, L‐shell 2D function
n(L,E) = ea(E)L2+b(E)L+c(E), where a(E), b(E), and c(E) represent the energy‐related coefficients and their linear
fitting coefficients a1, a2, b1, b2, c1, c2 are shown in Table S2 in Supporting Information S1.

Figures 3a–3l illustrate the comparison between n averaged over ELFIN/GPS combined events (represented by
solid colored lines) and n(L,E) predicted by the energy, L‐shell 2D functions (represented by dashed colored
lines) at 12 energies for different SME levels. The comparison yields satisfactory results for the first nine energy
channels. However, for energies exceeding 1 MeV, n(L, E) deviates significantly from the data‐averaged n,
indicating the need for further refinement of the model to accurately capture the n behavior at such relativistic
energies. Nevertheless, the underestimation of n at 63 keV is partially corrected by n(L,E), suggesting that the
model smooth some of the discrepancies observed in the data. This underscores the potential for refining the
n(L,E) model to enhance its accuracy.

Figures 3m–3o provide an overview of the distribution of our two‐dimensional model n(L, E) at L = 4 ∼ 10 for
different SME ranges, spanning from 63 to 2,121 keV. Although the model was not specifically considered for
L = 8 ∼ 10, we extend our predictions to this range to offer a more comprehensive analysis. Indeed, the trend of
n(L,E) with respect to L reveals an intriguing behavior characterized by a L‐shell localized maximum of the
anisotropy coefficient within the outer radiation belt. The position of this localized maximum in L tends to migrate
toward lower L‐shells as SME index elevates, underscoring the profound impact of geomagnetic activity on the
compression of the inner magnetosphere. Moreover, it is noteworthy that the local maximum n(L, E) tends to
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Figure 3. Comparison of n averaged from ELFIN/GPS combined events and n(L,E) predicted by the energy, L‐related functions at 12 energies under different SME
indices (a–l) The solid and dashed colored lines represent the data‐averaged n and 2D‐model‐derived n(L, E) at L = 4 ∼ 8 under different SME indices, respectively
(m–o) Distribution of 2D‐model‐derived n(L,E) at L = 4 ∼ 10 from 63 to 2121 keV under different SME indices.
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exhibit an increasing trend with energy. This trend becomes particularly evident when comparing higher energy
levels, where the variations in the local maxima are more pronounced. This pattern suggests a weakened pro-
pensity for pitch‐angle scattering or stronger anisotropic (adiabatic) heating at higher energies. Thus higher
energy electrons likely experience less scattering and more efficient acceleration, what changes the n(L, E)

distribution. Conversely, as the SME index increases, there is typically a slight diminution in the local maximum
n(L,E), suggestive of a stronger pitch‐angle scattering under more disturbed geomagnetic conditions. Note that
the 2D n(L, E) model provides a simplified n distribution without a n maximum at >2MeV range, and this n
minimum at intermediate energies is not localized in energies (compare Figures 2a–2c and 3m‐mo).

4. ELFIN/Arase Model Verification
To validate the proposed model of anisotropy coefficient, we compare ELFIN measurements with those provided
by Arase MEPe and HEP‐L instruments: the low‐altitude ELFIN data are projected to Arase latitudes using 1D,
n(L), and 2D, n(E, L), models, and then compared with direct Arase measurements. Based on the averaged δL as
discussed in Section 2, we use −0.5, −0.5, and −0.25 as the representative values for each range of geomagnetic
activity to characterize the uncertainty of ELFIN mapping. Figure 4 presents a typical ELFIN/Arase combined
event, where the maxima of the one‐hour SME index preceding the ELFIN trajectory fall within the range of 0–
100 nT. Figure 4a displays the combined electron spectra from MEPe and HEP‐L onboard Arase on 30 April 2020
at L = 4 ∼ 7, with time interval of measurements indicated at the top. Since the lowest energy channel of HEP‐L
overlaps with MEPe, we substituted the flux of HEP‐L's lowest energy channel (60.2 keV) with the flux of
MEPe's 60.4 keV energy channel. Figure 4b displays the electron trapped flux of the corresponding ELFIN‐A
trajectory, which has been adjusted by the averaged δL, occurring approximately 2 hr after the Arase event.
The duration of the ELFIN‐A trajectory is also indicated at the top. In Figure 4c, SME SMU and SML indices
preceding the ELFIN trajectory are displayed, with the Arase and ELFIN measurement intervals highlighted by
the orange and pink dashed rectangle, respectively. Figure 4d shows the interpolated electron flux of Arase HEP‐
L with the same energy resolution as ELFIN‐A. Since the maximum energy of Arase HEP‐L is 1,590.8 keV, we
refrain from extrapolating and thus only perform interpolation for the 11 corresponding energy levels of ELFIN.

Consequently, the predicted Arase electron spectra depicted in Figures 4e and 4f are obtained by projecting the
electron flux observed at ELFIN‐A altitude to Arase altitude using Equation 4, with Figure 4e utilizing the one‐
dimensional model n(L) and Figure 4f utilizing the two‐dimensional model n(L,E). Figure 4g shows the scatter
plot comparison of the Arase electron flux and ELFIN‐projected electron flux at the first 10 energies. In each
panel, the solid colored line with triangle symbols represents the Arase electron flux, while the dashed line with
circle symbols and dotted colored line with square symbols represent the ELFIN‐projected electron flux using
one‐dimensional (1D) model n(L) and two‐dimensional (2D) model n(L,E), respectively. In each panel, we
calculate the median symmetric accuracy (ζ) (Morley et al., 2018) and the symmetric signed percentage bias
(SSPB) (Morley et al., 2018) for both 1D model n(L) and 2D model n(L,E), which focus on relative errors and
percentage errors, providing a more robust and interpretable assessment of model performance. ζ offers a measure
of accuracy that remains consistent even with varying data scales, while the SSPB effectively highlights the
direction and magnitude of bias in the model predictions. These metrics prove to be reliable tools for evaluating
and comparing the performance of the 1D model in predicting electron fluxes (Morley et al., 2018). For 63 keV
energy in Figure 4g, ζ1d of 41.34% and SSPB1d of −35.57% indicate that half of the forecast errors are smaller
than a factor of 1.41, and the median forecast error underestimates by 35.57%; ζ2d of 29.02% and SSPB2d of
28.06% suggest that half of the forecast errors are smaller than a factor of 1.29, and the median forecast error
overestimates by 28.06%, and so forth. In general, both the 1D‐model‐derived electron flux and 2D‐model‐
derived electron flux closely align with each other and match the electron flux observed by Arase in
Figure 4g. The largest forecast errors for the 1D model n(L) and the 2D model n(L,E) come from the 183 and
1,082 keV energies, with errors of ζ1d = 190.66% and ζ2d = 146.96%, respectively. Despite these high values,
they still indicate that half of the forecast errors are smaller than a factor of 3, which is far less than one order of
magnitude. Notably, even at energies greater than 1 MeV, the 2D model provides predictions that closely
resemble those of the 1D model and match the Arase observations to a satisfactory extent. The magnitude of
Arase/ELFIN discrepancies maximizes at large L, where uncertainties of ELFIN mapping to Arase latitudes are
expected to be larger. Further details about the performance metrics of the 1D and 2D models can be found in
Figure S6a in Supporting Information S1. This agreement between model predictions and observations
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underscores the accuracy and reliability of both the 1D and 2D models in estimating electron pitch‐angle scat-
tering in this region.

Figures 5 and 6 illustrate two additional ELFIN/Arase combined events categorized based on the maximum of the
one‐hour SME index preceding the ELFIN trajectory. In Figure 5, the SME index falls within the range of 100–
300 nT, while in Figure 6, it exceeds 300 nT, indicating highly disturbed geomagnetic conditions. For both events,
we employ the 1D model n(L) and the 2D model n(L, E) to project the electron flux observed at ELFIN‐A altitude
to Arase altitude. The electron spectra derived from the 1D model n(L) and 2D model n(L,E) are displayed in
Figures 5e and 5f, as well as Figures 6e and 6f, respectively. Figures 5g and 6g illustrate the scatter plot com-
parisons between the electron flux measured by Arase and that projected from ELFIN. It is worth noting that the
forecast errors are typically more pronounced in the lowest energy panel of Figures 5g and 6g, where the projected
electron fluxes derived from both the 1D and 2D models tend to be smaller than the observed Arase electron flux.
This discrepancy is attributed to the underestimation of n at 63 keV, as previously discussed. However, despite
this discrepancy, the error does not exceed one order of magnitude. Furthermore, the 2D model, by correcting n to
some extent, yields a flux mapping notably closer to the Arase measurement compared to the 1D model. At
energies below 1 MeV, both the 1D and 2D model‐derived fluxes closely match the observations from Arase,
indicating the efficacy of both modeling approaches in capturing electron dynamics. However, as energy levels

Figure 4. Overview of an ELFIN/Arase combined event categorized for 0 < SME ≤ 100 nT. (a) Electron flux from MEPe and HEP‐L on board Arase on 30 April 2020 at
L = 4 ∼ 7. (b) Trapped electron flux during the ELFIN‐A trajectory, adjusted by the average linear shift of ELFIN L‐shells, occurring roughly 2 hr after the
corresponding Arase event. (c) SuperMAG SME SMU and SML indices of the ELFIN/Arase combined event. (d) Interpolated electron flux of Arase HEP‐L with the same
energy resolution as ELFIN‐A. (e) The predicted Arase electron flux using the one‐dimensional model n(L,E) to project the electron flux observed at ELFIN‐A altitude to
Arase altitude. (f) The predicted Arase electron flux using the two‐dimensional model n(L,E) to project the electron flux observed at ELFIN‐A altitude to Arase altitude.
(g) Comparisons of Arase electron flux and ELFIN‐projected electron flux for 10 energies at L = 4 ∼ 7. In each panel, the solid colored line with triangle symbols
represents the Arase electron flux, while the dashed line with circle symbols and dotted colored line with square symbols represent the ELFIN‐projected electron flux using
one‐dimensional model n(L) and two‐dimensional model n(L,E) respectively. In each panel, we calculate the median symmetric accuracy (ζ) and the symmetric signed
percentage bias (SSPB) for both 1D model n(L) and 2D model n(L,E).
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surpass 1 MeV, the discrepancy between the predicted fluxes and Arase measurements becomes more pro-
nounced in Figure 5g. Further details about the performance metrics of the 1D and 2D models can be found in
Figures S6b and S6c in Supporting Information S1. Note that at L ∼ 4 we do not have sufficient GPS mea-
surements in our GPS/ELFIN flux comparison, and within this L‐shell range our model may not sufficiently
accurately describe energy, L‐shell flux distribution: the model shows a flux decrease to smaller L at all energies
and misses possible effects of ≥1MeV flux enhancements there.

5. Discussion and Conclusions
In this paper, we develop a model of the electron anisotropy coefficient, n, allowing the phase space mapping of
low‐altitude ELFIN measurements of energetic electron fluxes to the equatorial plane. Such mapping technique
should provide a new opportunity for tracing the meso‐scale dynamic variations (transients) of energetic electron
fluxes in the outer radiation belt, for example, plasma sheet injections (e.g., Califf et al., 2022; Lejosne
et al., 2018; Turner, Claudepierre, et al., 2015; Turner et al., 2017), because ELFIN measurements provide an
almost instantaneous snapshot of the entire inner magnetosphere. Our model further develops the idea of radiation
belt monitoring from low altitudes, originally proposed in Allison et al. (2018); Claudepierre and O’Brien (2020)
for POES data. Moreover, the same model, with some modifications accounting for difference in field‐of‐view of
different energetic particle detectors, can be adapted for new CubeSat missions, like CIRBE (Li, 2024; Li
et al., 2024), and the forthcoming REAL (Millan et al., 2021, 2022).

The proposed model of n coefficient is presented in two formats: for any energy of one of ELFIN energy channels
there is a 1D model of n(L,AE), whereas for energies below 1 MeV such 1D models are merged into a 2D model
of n(E, L,AE). Model verification with Arase energetic electron measurements demonstrate that ELFIN spectra,

Figure 5. Overview of an ELFIN/Arase combined event categorized for 100 nT < SME ≤ 300 nT, organized as the same format as Figure 4.
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properly projected to Arase latitudes, can well describe Arase measurements. Note that the proposed model works
only for anisotropic electron fluxes in the outer radiation belt and does not describe isotropic electron populations
in the plasma sheet. Therefore, for further model improvement, it could be useful to determine the inner
(equatorward) boundary of electron isotropic precipitation, the so‐called isotropy boundary (Sergeev et al., 2012;
Wilkins et al., 2023). Such model of isotropy boundary as a function of energy and geomagnetic activity could be
combined with the model of electron anisotropy coefficient, n, to provide more accurate electron flux mapping to
radiation belts and plasma sheet.

Data Availability Statement
ELFIN data is available at http://themis‐data.igpp.ucla.edu/ela/. The v1.10 public release of GPS CXD data is
available at https://data.noaa.gov/onestop/collections/details/3560e232‐7fd0‐4fd9‐aee2‐8b4adcd47ffa. Science
data of the Arase (ERG) satellite were obtained from the Arase Science Center operated by ISAS/JAXA and
ISEE/Nagoya University (https://ergsc.isee.nagoya‐u.ac.jp/index.shtml.en, Miyoshi, Shinohara, and Jun (2018)).
The present study analyzed the HEP L2_v03_01 data (Mitani, Hori, et al., 2018), MEP‐e L2_v01_02 data
(Kasahara, Yokota, Mitani, et al., 2018), MGF L2_v04_04 data (Matsuoka et al., 2018) and Orbit L3_v02 data
(Miyoshi, Shinohara, et al., 2018). Data was retrieved and analyzed using PySPEDAS and SPEDAS, see
Angelopoulos et al. (2019).

Figure 6. Overview of an ELFIN/Arase combined event categorized for SME > 300 nT, organized as the same format as Figure 4.
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