
1. Introduction
Energetic electron (>∼10 s keV) precipitation can be driven by various processes, such as pitch angle scattering 
by plasma waves including whistler-mode chorus waves, hiss waves and electromagnetic ion cyclotron (EMIC) 
waves (e.g., Li & Hudson,  2019; Millan & Thorne,  2007; Ripoll et  al.,  2020; Thorne,  2010), or by specific 
magnetic field geometries, such as current sheet scattering (CSS) (Smith et al., 2016; Yahnin et al., 2016). Chorus 
waves are typically observed with peak intensity at L < 8 on the nightside and L ∼ 7–9 in the prenoon sector 
(Li et al., 2009, 2011; Meredith et al., 2012). Dayside chorus waves are less dependent on geomagnetic activ-
ity and occur over a wider range of magnetic latitudes (±30°) along the magnetic field lines than nightside 
chorus waves (Li et al., 2009; Meredith et al., 2012). Chorus waves can drive energetic electron precipitation to 
produce diffuse aurora (Ma et al., 2020; Thorne et al., 2010), pulsating aurora (Kasahara et al., 2018; Nishimura 
et al., 2010, 2011), and microbursts from a few keV to hundreds of keV energies (Breneman et al., 2017; Chen 
et al., 2021; Nakamura et al., 2000). Whistler-mode hiss waves can extend far within the plasmasphere on the 
day/dusk side (Ripoll et al., 2022) and cause significant long-lasting scattering of electrons (Ma et al., 2021; 
Reeves et al., 2016; Ripoll et al., 2016, 2017, 2019). EMIC waves typically occur during geomagnetic storms or 
substorms (Fraser et al., 2010), as well as during dayside magnetic compressions (Anderson & Hamilton, 1993; 
Usanova et al., 2012). They are known to be more effective in precipitating relativistic electrons compared to 
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whistler-mode waves (Angelopoulos et  al.,  2023; Qin et  al.,  2018,  2020; Summers & Thorne,  2003; Zhang 
et al., 2021). Finally, CSS occurs when the particle gyroradius approaches the curvature radius of the magnetic 
field line as it crosses the plasma sheet (Imhof et al., 1991). In the stretched magnetotail, the curvature radius 
becomes smaller and can scatter electrons (10 s keV to ∼MeV) leading to isotropic pitch angle distributions at 
L > ∼5–6 at low-Earth-orbit (LEO) (e.g., Capannolo et al., 2022; Wilkins et al., 2023).

While the global distribution of >30 keV electron precipitating flux has been studied using POES data (Lam 
et  al.,  2010), these measurements suffer from contamination by ions and penetrating particles (Selesnick 
et  al.,  2020; Yando et  al.,  2011). Although efforts to remove the proton contamination have been made 
(Peck  et al., 2015; Pettit et al., 2021), the correction methods exhibit limited effectiveness when proton contami-
nation is severe (Capannolo et al., 2019). Moreover, POES detects electrons in only two directions, with a narrow 
field-of-view thus capturing only a small fraction of the loss cone. The occurrence rate of relativistic electron 
precipitation (REP) (Blum et al., 2015; Carson et al., 2012; Comess et al., 2013; Gasque et al., 2021; Yahnin 
et al., 2016), as well as the hardness of the electron precipitation flux spectrum has been extensively investigated 
(Comess et al., 2013; Shekhar et al., 2018; Smith et al., 2016). However, no research has been conducted on the 
spectrum of the precipitation ratio, determined by the ratio of precipitating to locally trapped flux. Furthermore, 
the global distribution of the backscattering electrons (e.g., Marshall & Bortnik, 2018; Selesnick et al., 2004) 
has not been thoroughly analyzed yet. This analysis is crucial not only for understanding atmospheric energy 
deposition, but also because backscattered electrons may contribute to the electron precipitation in the conjugate 
hemisphere. This, in turn, further complicates the quantification of precipitation rate (Mourenas et al., 2021).

We address these questions by using electron measurements from the Electron Losses and Fields INvestiga-
tion (ELFIN) CubeSat mission (Angelopoulos et al., 2020), which provides unprecedented resolution in both 
pitch-angle and energy at LEO, enabling us to study the distribution of the precipitation ratio and its energy 
spectrum. Specifically, we analyze the global distribution of both the precipitating flux and the precipitation ratio 
to evaluate the differences in their distribution. In addition, we analyze the full energy spectrum of the electron 
precipitation rate, from which we can infer the underlying precipitation drivers.

2. ELFIN Data Analysis
2.1. Instrumentation
The ELFIN mission (Angelopoulos et al., 2020), which was launched in September 2018, consists of two identi-
cal CubeSats (ELFIN-A, B) orbiting on a polar orbit (∼93° inclination), with an altitude of ∼450 km, an orbital 
period of ∼90 min, and a spin period of ∼3 s. The orbital precession rate is about 0.5° per day, indicating that 
it takes about ∼1 year to span all MLTs. The energetic particle detector for electrons (EPDE) can measure elec-
trons over 0.05–5 MeV in 16 energy channels with an energy resolution of ΔE/E < 40%. EPDE maintains a low 
background with a signal-to-noise ratio of 100:1. It has been designed with dense shielding and coincidence logic 
to minimize side penetration and effectively eliminate proton contamination. The spin axis of each satellite is 
maintained perpendicular to the orbital plane, providing a full pitch-angle resolution of electrons twice per spin. 
The measurements in each spin are subdivided into 16 bins, providing a pitch angle resolution of ∼22.5°.

2.2. Energetic Electron Precipitation Observed by ELFIN
Figure  1 shows two examples of ELFIN electron measurements, each lasting for 3  min. The locally trapped 
(Figures  1a and  1h), downward-going (precipitating, Figures  1b and  1i) and upward-going (backscattered, 
Figures 1d and 1k) electron energy fluxes are averaged differential energy fluxes, which are normalized by solid 
angles. To better quantify the precipitating and the backscattered level, we examine precipitation ratio, deter-
mined by the ratio of averaged precipitating energy flux to averaged trapped energy flux in Figures 1c and 1j 
(Angelopoulos et al., 2023) and the backscattered ratio (ratio of backscattered to trapped flux) in Figures 1e 
and 1l. When calculating the ratios, we remove the data with low trapped electron count which leads to unphysi-
cally high ratios, by requiring a maximum percentage error of 50%. The precipitation ratio is close to the backs-
cattered ratio during weak precipitation. During the time interval marked with an orange bar (above panel d), the 
precipitation primarily occurs above 200 keV, and the precipitation ratio increases with energy. This is a typical 
signature driven by EMIC waves, which is known to be most efficient at high energies above a few hundred 
keV (Angelopoulos et al., 2023; Capannolo et al., 2023). For the second interval (purple bar above panel d), 
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the precipitation only occurs below ∼400 keV and the precipitation ratio decreases with increasing energy. This 
suggests that the precipitation dominates at low energies and could potentially be driven by whistler-mode waves. 
We computed the plasmapause location, which is at L ∼ 4.2 ± 0.5 (AE ∼ 500 nT) (Ripoll et al., 2022). The precip-
itation occurred over L ∼ 3.5–5, right in the plasmapause transition region, where both whistler-mode chorus and 
hiss can exist without clear discrimination. For the third time interval (green bar above panel k), the precipita-
tion ratio is close to ∼1 (isotropic distribution) with an energy dispersion in L shell. This is typically driven by 
CSS (e.g., Imhof et al., 1991; Sergeev & Tsyganenko, 1982; Wilkins et al., 2023). Two additional examples of 
CSS-driven precipitation on the dawnside and duskside are shown in Figure S2 in Supporting Information S1. 
Note that the measurements of trapped and precipitating flux are not strictly simultaneous (within ∼1.5 s), and 
the times with precipitation ratio >1 might be related to extremely fast electron precipitation through non-linear 
Landau trapping by oblique whistler mode waves (Zhang et al., 2022) or due to aliasing. The backscattered ratio 
also increases during the second and third time intervals, while not increasing as the energy increases. This might 
be because the high-energy electrons are not as efficiently scattered back by the atmosphere as the low-energy 
electrons (Selesnick et al., 2004).

3. Statistical Results
To statistically evaluate the global distribution of electron precipitation at 60 keV and ∼1 MeV, as well as the 
energy spectrum of the precipitation ratio, we use ELFIN measurements of energetic electrons (1.5 s half-spin 
data) from March 2020 through October 2022. We sorted the data by various geomagnetic activity levels, which 
were categorized by AE index, and organized the data in bins with a size of 1 L × 2 h MLT over 3 < L < 10. The 

Figure 1. Examples of electron precipitation likely driven by electromagnetic ion cyclotron (orange bar between panel c and d), whistler-mode waves (purple bar) and 
current sheet scattering (green bar). (a, h) Trapped energy flux (averaged energy flux between the loss cone and anti-loss cone); (b, i) downward-going or precipitating 
energy flux (averaged energy flux inside the bounce loss cone); (c, j) downward (precipitation) ratio; (d, k) upward-going electron (mostly electrons backscattered by 
the atmosphere at Electron Losses and Fields INvestigation energy) energy flux; (e, l) upward (backscattered) ratio; pitch angle distribution of electron energy fluxes at 
(f, m) 63–138 keV, and (g, n) >1 MeV. The solid and dashed black lines in panels (f, g, m, n) represent local loss cone and anti-loss cone angles, respectively. The local 
loss cone is determined by comparing the local magnetic field magnitude to the field magnitude at 100-km foot point in the nearest hemisphere. This differs from the 
typical definition, which compares it to the minimum field in either the south or north direction at foot points (e.g., Selesnick et al., 2019).
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L shells are calculated from the T89 magnetic field model (Tsyganenko, 1989). We excluded bins less than 120 
samples (3 min, each sample represents measurement from a single half-spin), and data during solar energetic 
particle events.

3.1. Global Distribution of 63 keV Electron Precipitation at LEO
Figures 2a and 2b show the median value of the energy flux in the global L -MLT coordinates for 63 keV elec-
trons, along with the number of samples per bin shown in the smaller plots at the bottom. Figures 2a and 2b 
indicate that both the trapped and precipitating energy fluxes at 63 keV from midnight to noon (with a peak near 
dawn) depend on AE, and have much stronger intensity during higher geomagnetic activity. On the duskside 
(15 hr < MLT < 21 hr), the trapped energy flux decreases with increasing AE index. The distribution of the 
trapped and precipitating electron energy flux measured by ELFIN is roughly consistent with the POES measure-
ments (Lam et al., 2010; Meredith et al., 2016) during active conditions, both peak around dawn to noon sector. 
Pitch angle scattering of chorus waves from midnight to noon (Li et al., 2011) can move electrons toward the loss 

Figure 2. Global distribution of trapped, precipitating and backscattered electrons at 63 keV energy observed at L shells 
between 3 and 10 categorized by AE index. (a) Median trapped energy flux; (b) median precipitating energy flux; (c) median 
backscattered energy flux; (d) median value of precipitation ratio and (e) the median value of backscattered ratio. The larger 
plots show the energy flux (a–c) and the ratio (d–e). The smaller plots show the corresponding number of samples. The total 
number of samples for panels (a)–(c) is 3,073,342, corresponding to ∼1,280 hr, and the total number of samples for panels 
(d)–(e) is 1,018,998, corresponding to ∼424 hr.
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cone, leading to higher trapped electron flux observed in the dawn sector than the midnight at LEO. During weak 
geomagnetic conditions, it shows that electron precipitation is observed on the dayside from 08 to 18 hr in MLT 
at L > 6, isolated from the nightside electron precipitation (22–04 hr MLT) (Figure 2b, left). The dayside electron 
precipitation is overall similar to POES observations (Lam et al., 2010) and consistent with the distribution of 
dayside chorus waves during quiet times (Li et al., 2009). Figure 2c shows that the backscattered electron energy 
flux also increases with enhanced geomagnetic activity. During weak precipitation, the backscattered energy flux 
is comparable to precipitation energy flux. However, in the region with intense precipitation, only 10%–20% 
precipitating electrons are backscattered, probably because as the precipitation ratio increases, more electrons are 
deep in the loss cone and tend to be backscattered less.
Figure 2d shows that the precipitation ratio depends strongly on AE from midnight through dawn to noon. Inter-
estingly, the highest precipitation ratio occurs near midnight, despite the highest energy flux being near the dawn 
sector. In addition, the precipitation ratio increases as L shell increases. The 63 keV electrons over 6 < L < 10 
can be precipitated by both chorus waves and CSS. However, as the nightside chorus waves are located mostly 
within L ∼ 8 (Li et al., 2011; Meredith et al., 2012), the precipitation over 8 < L < 10 is likely driven by CSS. 
Furthermore, the region of high precipitation ratio moves closer to Earth as the geomagnetic activity increases, 
which is consistent with the preferential region of chorus generation (Li et al., 2011; Meredith et al., 2012) and 
the more stretched magnetic field lines during active times. It is also consistent with the trend of dropouts moving 
toward lower L-shells as activity increases (Pierrard et al., 2020). Electron precipitation distribution also varies 
with longitude, due to the formation of a drift loss cone associated with the South Atlantic Anomaly. However, 
this longitudinal dependence normally decreases with higher diffusion rates (Selesnick et al., 2020). Thus, the 
region with high precipitation ratios primarily reflects the L-MLT effect driven by the underlying scattering 
mechanisms, rather than SAA-related longitude variation. Moreover, since not all MLTs are covered in the same 
mission time period, the MLT distributions can be biased by the occurrence of storm activity over the course of 
the mission and by the solar cycle.

3.2. Global Distribution of 1 MeV Electron Precipitation at LEO
The 75th percentile of the statistical distribution of 1 MeV electrons is presented in Figure 3 (instead of the 
median values) to highlight the potential precipitation features more clearly. Figure 3a indicates that trapped 
MeV electrons are mostly confined within L ∼ 8, peaking at L ∼ 4–6. The trapped fluxes of 1 MeV electrons 
are essentially independent of MLT, due to their shorter gradient-curvature drift time. Both the trapped flux 
(Figure 3a) and precipitating flux (Figure 3b) tend to increase during higher AE, while the backscattered energy 
flux (Figure 3c) is less dependent on geomagnetic activity. This result could be influenced by the low count 
rates of backscattered electrons in the higher energy bins. It is noteworthy that due to ELFIN's low altitude, 
MeV electrons are less frequently detected compared to other MeV electron measurements at LEO, such as the 
ESA Proba V satellite at ∼800 km (Pierrard et al., 2020, 2021) or CARMEN missions at ∼1,336 km (Ginisty 
et al., 2023a, 2023b).
MeV electron precipitation ratio increases with increasing AE index and remains higher on the nightside than on 
the dayside at L > 6 (Figure 3d). Unlike the precipitating flux, which peaks over 4 < L < 6, the precipitation ratio 
peaks over 6 < L < 9. This suggests that although MeV precipitation events occur less frequently at 6 < L < 9, 
the precipitation efficiency can be higher. Interestingly, the precipitation ratio noticeably increases near the dusk 
sector during AE > 300 nT, which may be related to the enhanced precipitation due to EMIC waves (Capannolo 
et al., 2023), though a further investigation is required to verify this correlation. Around midnight, MeV electrons 
can be precipitated by CSS, EMIC or other waves (e.g., whistler-mode chorus or hiss). Recent ELFIN statistics 
from >800 CSS events (Wilkins et al., 2023) confirm their peak occurrence at around 22 MLT and extend with 
>50% probability over 20–03 MLT, with >80% of events occurring at L ∼ 6–9. Capannolo et al. (2022) showed 
that EMIC wave-driven REP events occur mainly at L < 7 around midnight. Therefore, the peak precipitation 
ratio near midnight at L > 7 in our study is likely driven by CSS or other waves. Little MeV precipitation is 
observed on the dayside, even though this region is favorable for EMIC wave generation (Saikin et al., 2015; 
Usanova et al., 2012). One potential reason is the relatively low ratio between the plasma frequency and electron 
cyclotron frequency in this region, which leads to the higher resonance energy, typically above several MeV. The 
backscattered ratio of MeV electrons is consistently low during all geomagnetic conditions (Figure 3e). This is 
because the higher energy electrons penetrate to lower altitudes in the atmosphere and thus have a lower chance 
of being backscattered (Marshall & Bortnik, 2018; Selesnick et al., 2004).
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3.3. Energy Spectrum of Energetic Electron Precipitation Ratio at LEO
To better understand the scattering process, we further analyze the energy spectrum of the precipitation ratios 
at various L shells in four specific MLT ranges: dawnside (03–09 MLT), noon (09–15 MLT), duskside (15–21 
MLT), and midnight (21–03 MLT). The statistical dependence on AE index is further discussed in Figures S2–S4 
and Text S2 in Supporting Information S1.

The median precipitation ratio (Figure  4a–4d) steeply decreases with increasing energy from 60  keV to 
∼200–300 keV, with a precipitation ratio of ∼0.1 at 60 keV and only 0.01 at 200–300 keV. This feature is consist-
ent with chorus-driven precipitation (e.g., Ma et al., 2020; Ni et al., 2011; Shen et al., 2023), indicating significant 
contributions from both dayside and nightside chorus waves. In contrast, for energies above ∼200–300 keV, the 
median precipitation ratio quickly drops down to 0 for all MLT sectors at L > 6. This suggests that the statistical 
data are dominated by the times with no precipitation, with higher energy electron precipitation occurring less 
frequently compared to lower energies.

Since statistical results may be dominated by the times with no precipitation, various quantiles, including 75% 
(Figures 4e–4h), 90% (Figures 4i–4l), and mean values (Figures 4m–4p), are examined to enable a more effec-
tive identification of the characteristics associated with periods of precipitation occurrence. In contrast, the 90th 

Figure 3. Same as Figure 2, except for 75th percentile value for 1 MeV electrons. Total number of samples for panels (a)–
(c) is 3,073,342, corresponding to ∼1,280 hr, and total number of samples for panels (d)–(e) is 516,509, corresponding to 
∼215 hr.
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percentile (75th percentile shown as a transition) and mean precipitation ratio decrease with energy at low ener-
gies, then increase again as energy increases at L > ∼6 on the dawnside, duskside and midnight. Interestingly, 
the reversal points (black diamonds, which are estimated at the points where precipitation ratios begin to increase 
as energy increases) show energy dispersion in L shell, with higher energies at lower L shells. This feature is 
consistent with precipitation due to CSS. In the slot region at 3 < L < 4, the energy range with maximum precip-
itation ratio (above magenta stars) aligns with resonant energies driven by hiss-driven precipitation, which also 
shows dispersion along L shells, with higher resonant energy at lower L shells, as shown in Figure 2 in both Ripoll 
et al. (2019) and Ma et al. (2016). Notably, the hardest spectrum of the precipitation ratio (with energy above the 
black diamonds) is observed on the duskside. This feature is consistent with that shown in Comess et al. (2013) 
where the hardest spectrum of precipitation is found over 15–02 hr in MLT using SAMPEX data. It is likely due 
to REP driven by EMIC waves, which preferentially occurs near the dusk sector (e.g., Capannolo et al., 2023; 
Millan & Thorne, 2007; Summers & Thorne, 2003).

Figure 4. Energy spectrum of the statistical median (a–d), 75th percentile (e–h), 90th percentile (i–l) and mean (m–p) values of the precipitation ratio on the dawnside, 
noon, duskside and midnight. Panels (q–t) represent the number of samples. The black diamonds and magenta asterisks in panels (i–l) represent the reversal energy 
points where the precipitation ratios begin to increase as energy increases. The line plot of this figure is shown in Figures S5 in Supporting Information S1.
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4. Summary and Conclusions
We present the global distribution and energy spectrum of electron measurements at LEO during different 
geomagnetic conditions using ELFIN data. Our survey focuses on 60 keV and 1 MeV electrons and provides 
accurate measurements of trapped, precipitating, and backscattered electron fluxes. Moreover, our study shows 
statistical results from the full energy spectrum of the precipitation ratio. We summarize the key findings as 
follows.

1.  The trapped, precipitating, and backscattered electron flux at ∼63 keV and their associated precipitation and 
backscattered ratios tend to increase with increasing geomagnetic activity. The distribution of the precipitation 
ratio of ∼63 keV electrons peaks at high L shells (L > 6) at midnight during active conditions, in contrast to 
the distribution of precipitating energy flux, which peaks from the dawn to noon sector. This distribution of 
precipitation ratio at ∼63 keV differs from that of chorus waves, the intensities of which are mainly confined 
to L < 8 on the nightside (Li et al., 2011). This suggests that the ∼63 keV electron precipitation is likely due to 
a combined effect of both chorus waves and CSS, with CSS being mostly responsible for the high precipitation 
ratios at L > 8. However, the relative contribution of these two mechanisms at other locations requires further 
quantification. During weak precipitation, the backscattered energy flux is comparable to or slightly lower 
than precipitation energy flux. However, during intense precipitation, only 10%–20% precipitating electrons 
are backscattered.

2.  During weak geomagnetic conditions, ∼63  keV electron precipitation is predominantly observed on the 
dayside at L > 6, which is consistent with the higher occurrence of quiet-time chorus waves on the dayside 
than the nightside (Li et al., 2009).

3.  The 1 MeV trapped electron distributions are mostly confined to L < 8 and almost independent of MLT. Both 
the trapped and precipitating electron fluxes increase with increasing geomagnetic activity, while backscat-
tered fluxes are almost independent of geomagnetic activity. The precipitation ratio is higher on the night-
side  than on the dayside, which is likely due to the combined effect of EMIC waves, CSS, or pitch angle 
scattering by other waves. Interestingly, the precipitation ratio increases near the dusk sector during active 
geomagnetic conditions, which may be related to the enhanced MeV electron precipitation driven by EMIC 
waves. Moreover, little weak MeV precipitation is observed on the dayside at high L shells, even though this 
region is favorable for EMIC wave generation (Usanova et al., 2012).

4.  The energy spectrum of the precipitation ratio shows that MeV electron precipitation occurs much less 
frequently than electron precipitation with energies below ∼1 MeV. Interestingly, the energy spectrum of 
the precipitation ratio shows reversal points indicating energy dispersion in L shells in both the slot region at 
3 < L < 4 and L > ∼6, a feature consistent with the precipitation driven by hiss waves and CSS, respectively. 
Notably, the hardest spectrum of the precipitation ratio (with energy above the black diamonds in Figure 4) is 
observed on the duskside, likely driven by EMIC waves.

The high pitch angle and energy resolution, together with the high-quality measurements with minimal back-
ground and contamination from ELFIN, contribute to accurately quantifying electron precipitation in a broad 
region of the Earth's magnetosphere and provide insights into the underlying physical mechanisms of precipitat-
ing electrons from the magnetosphere into the upper atmosphere.

Data Availability Statement
ELFIN EPDE data are used for electron energy flux measurement (Angelopoulos et al., 2018). Data used for the 
statistical figures are available from Qin et al. (2023).
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