
1. Introduction
The Earth's radiation belt is a donut-shaped zone filled with relativistic (∼MeV) electrons, whose flux can fluc-
tuate by several orders of magnitude during disturbed periods (Hajra & Tsurutani, 2018; Reeves et al., 2003; 
Summers et al., 2007). Both geomagnetic activities and solar wind variations can cause significant relativistic 
electron flux changes in the radiation belt. For example, Hua et al. (2022) found that the relativistic electron flux 
depends on substorm injections, and is strongly correlated with the time-integral AL index. Wing et al. (2022) 
suggested that the solar wind ram pressure can modulate the electron flux at L* > 3.5. The loss processes, as 
well as the acceleration processes, are believed to play a fundamental role in controlling the electron dynamics 
in the radiation belt (Bortnik et al., 2006; Gao et al., 2015; Hajra & Tsurutani, 2018; Horne & Thorne, 2003; 
Tsurutani et al., 2016). Relativistic electron precipitation (REP) into the Earth's atmosphere is an important loss 
mechanism, in which the electrons are scattered into the loss cones and are lost by collisions with neutral particles 
(Horne & Thorne, 2003; Summers et al., 2007; Tsurutani & Lakhina, 1997; Tsurutani et al., 2016). However, the 
specific mechanisms of electron scattering are still under debate.

Plasma waves have been widely considered to be responsible for the electron scattering (Horne & Thorne, 2003; 
Summers et al., 2007). Electromagnetic Ion Cyclotron (EMIC) waves are one of the most promising candidates 
(Carson et al., 2013; Miyoshi et al., 2008; Remya et al., 2015). This is a “parasitic interaction” where unstable 
ion distributions generate EMIC waves and the waves then pitch angle scatter the preexisting electrons. Theo-
retical results have shown that EMIC waves can resonantly scatter electrons with energies larger than ∼1 MeV 
near the magnetic equator where the waves are coherent and the magnetic fields are weakest (Remya et al., 2015; 
Tsurutani et al., 2016). Simultaneous detections of EMIC waves and REP events have been reported (Miyoshi 
et al., 2008), providing observational support for this mechanism. Moreover, plasmaspheric hiss waves, which 
are preferentially detected inside the plasmasphere or in the high-density plumes external to the plasmasphere (Li 
et al., 2013; Meredith et al., 2018; Thorne et al., 1973; Tsurutani et al., 2015), can typically pitch angle scatter the 
relativistic electron on the dayside (Agapitov et al., 2020).
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Chorus waves can also cause REP events via cyclotron resonance (Horne et al., 2005; Kang et al., 2022; Lakhina 
et al., 2010; Tsurutani et al., 2013). This mechanism would also be a “parasitic interaction,” where the tempera-
ture anisotropic electrons in 10 s keV excite chorus waves and the waves in turn pitch angle scatter the preexisting 
relativistic electrons (Lakhina et al., 2010; Miyoshi et al., 2020). Such wave-particle interactions can take place 
only at high magnetic latitudes away from the magnetic equator (Horne & Thorne, 2003). Tsurutani et al. (2011) 
have shown that chorus becomes quasi-coherent and even incoherent as the waves propagate away from the 
magnetic equator. If the waves are incoherent where the waves are in cyclotron resonance with relativistic elec-
trons, no REP will be produced (Tsurutani et al., 2011). The observations of precipitating relativistic electrons in 
auroral pulsating patches (Miyoshi et al., 2020; Shumko et al., 2021) is exciting news.

Besides plasma waves, highly curved magnetic field line is another potential candidate, often referred to as “field 
line curvature (FLC) scattering.” This mechanism mainly occurs in the nightside magnetosphere, where field lines 
are stretched (small Bz, with Bz being the equatorial magnetic normal component; Ohtani & Motoba, 2017), thin 
current sheets are present (Sergeev et al., 1983, 2012), and the curvature radius of these lines becomes compa-
rable to the electron's gyroradius (Imhof, 1988; Sergeev & Tsyganenko, 1982). The FLC scattering typically 
takes place poleward of the isotropic boundary (IB) (Sergeev et al., 1983, 2012), which is the boundary between 
isotropic (i.e., trapped fluxes equal precipitation fluxes) and anisotropic fluxes. The stretched field lines on the 
nightside can be reproduced in empirical models (e.g., Tsyganenko & Sitnov, 2007), and have been detected in 
situ (with a curvature radius of ∼0.05 Earth radius) by multi-point Cluster satellites (Zhang et al., 2016).

Many studies have been performed to investigate the global distribution of REP events. Bortnik et al.  (2006) 
proposed that the REP events typically occur at small L-shells (L < 5). By using POES data with a resolution of 
16-s, Shekhar et al. (2017) investigated the L-shell coverage (δL) of REP events. They found that the events in the 
early morning and dusk sectors are more localized in L-shell, with δL < 0.5. On the nightside, the events cover 
a wider L-shell with δL = 1–2.5. Gasque et al. (2021) modified the study of Shekhar et al. (2017) by using the 
POES data with a higher resolution (2-s), and indicated that the REP events typically cover a very small L-shell 
range (δL < 0.2).

Yahnin et al. (2016) investigated the potential drivers of REP events by analyzing the morphology of particle 
fluxes. They categorized REP events into three groups. In the first group, REP occurs just at the IB of rela-
tivistic electrons. Moreover, the IB of electrons with lower energies moves poleward, while that of ∼10 keV 
protons moves equatorward. These events are mainly on the nightside, and can be explained by the FLC scattering 
(Capannolo et al., 2022; Imhof, 1988; Sergeev & Tsyganenko, 1982; Smith et al., 2016). The events in the second 
group occur with the precipitation of lower energy electrons and are detected at almost all MLT regions, and are 
driven by plasmaspheric hiss waves or upper hybrid resonance (UHR) waves. The events in the third group occur 
with the precipitation fluxes of ∼10 keV protons, and are typically in the dusk sector, being considered to be 
caused by EMIC waves.

Carson et  al.  (2013) presented the global distribution of EMIC-driven REP events, defined by simultaneous 
precipitation of ∼1 MeV electrons and ∼10 keV protons, and showed that the high occurrence rates are at L = 4–7 
both in the dusk and night sectors. However, Smith et al. (2016) proposed that some simultaneous precipitation 
of relativistic electrons and energetic protons may be caused by the FLC scattering, which is mistaken for EMIC 
wave scattering. Since the IB of ∼10 keV protons is more equatorward than that of the relativistic electrons, 
∼10 keV protons are also precipitated by highly curved field when REP occurs. Capannolo et al. (2022) further 
supported this idea by showing the coexistence of REP events scattered by EMIC waves and highly curved field 
lines. With 8-year of POES data, they found that there is no significant difference between the preferred regions 
of two kinds of events on the nightside, both with high occurrence rates at L = 4–7. Moreover, when either kind 
of event occurs, the magnetic field becomes more curved than usual. Therefore, the two mechanisms may not be 
distinguished just from positions of where REP events are detected.

The distribution of REP events has been systematically investigated by previous studies (Capannollo et al., 2022; 
Carson et al., 2013; Gasque et al., 2021; Shekhar et  al., 2017; Yahnin et al., 2016). Nevertheless, the spatial 
dependences of REP events on geomagnetic activity and solar wind variations have not been fully understood, 
which plays an important role in determining the drivers of REP events. In this study, we first identify REP 
events during nearly two solar cycles (1998–2017) by using POES satellites data. Then separately investigate the 
dependences of REP events on substorm injections and solar wind ram pressure. The relative distances between 
REP events and the plasmapause have been further studied.
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2. Data and Instruments
The particle's fluxes are selected from five NOAA-POES (NOAA15-NOAA19) and two MetOp (MetOp-01 and 
MetOp-02) satellites, which operate in Sun-synchronous polar orbits at an altitude of ∼800 km. The onboard 
Medium Energy Proton and Electron Detector (MEPED) instrument has two solid-state telescopes (∼0° telescope 
and ∼90° telescope, each with a pitch angle width of ∼±15°) to measure the electron and proton fluxes with a 
time resolution of 2 s (Evans & Greer, 2004), where the ∼0° telescope can detect the precipitating fluxes (marked 
as J0) inside the loss cone at L > 2 (Rodger et al., 2010). The electron telescopes contain three energy channels 
(E1-E3), while the proton telescopes have six channels (P1-P6). The P6 channel is designed to measure the proton 
fluxes with Ek > 6.9 MeV, but it is severely contaminated by the relativistic electrons with Ek > 0.8 MeV (Miyoshi 
et al., 2008). The P5 channel (monitoring the proton fluxes with Ek = 2.5–6.9 MeV) is not contaminated (Yando 
et al., 2011). Therefore, the P6 channel can be used to monitor the relativistic electron fluxes when there is no 
response in the P5 channel.

The solar wind ram pressure (Pd) and geomagnetic indices (AE and SymH) with 1-min time resolution are 
obtained from the OMNI website (https://omniweb.gsfc.nasa.gov), where the Pd is time-shifted to the Earth's bow 
shock nose. The data of monthly average sunspot numbers are obtained from the SILSO website (http://www.
sidc.be/silso/home).

3. Observational Results
3.1. Identification Algorithm

To analyze a large amount of data from seven POES satellites, we utilize an algorithm to identify the REP events 
automatically. Here, the measurements in P5 and P6 channels of the ∼0° telescope are used. The identification 
procedure is listed below:

1.  Using a geometric factor G ∼ 0.01 cm 2 sr (Yando et al., 2011), the particle's flux J0 is estimated from the 
number count per second C by J0 = C/G.

2.  Perform a running average of 30-s (15 data points) to the J0 data of the P6 channel. Any measured flux that 
exceeds the running average by a factor of 3 or more is taken as a potential REP event (A factor of 2.5 is also 
tested, with essentially the same results). To remove the spikes or other noise, the measurements at the previ-
ous and the following time points are required to be greater than 100 cm −2 s −1 sr −1, and the running average at 
this time point is greater than 150 cm −2 s −1 sr −1.

3.  The P5 channel has no response within the time interval of 5-min before and after the selected time point, 
ensuring that the responses in the P6 channel are only due to relativistic electrons.

4.  Any events occurring within the South Atlantic Anomaly region (spaning from −52° to 20° geographic lati-
tude and from −180° to 30° longitude; Rodger et al., 2010), or during the period of solar proton events (using 
the timetable from the NOAA Space Environment Center, https://umbra.nascom.nasa.gov/SEP) are excluded 
from further analysis to avoid contamination.

Two typical REP events (marked by red crosses) at 12:12:36 UT and 12:12:50 UT on 19 March 2015 detected by 
the NOAA-15 satellite are shown in Figure 1a, where the blue line represents the J0 data of the P6 channel, and 
the black line denotes the 30-s average values of J0. At 12:12:36 UT, the measured flux (5,600 cm −2 s −1 sr −1) is 
3.4 times larger than the average value (1,660 cm −2 s −1 sr −1), and the ratio is 3.3 at 12:12:50 UT (with the meas-
ured flux of 5,300 cm −2 s −1 sr −1 and the average value of 1,590 cm −2 s −1 sr −1). During 12:06:00–12:18:00 UT, 
the P5 channel has no response at all (not shown), indicating that the detected P6 channel signal only corresponds 
to the relativistic electrons.

3.2. Statistical Results

During the interval from 1998 to 2017, 90,970 REP events were identified in the range of L = 3–10 using the 
algorithm described above. Figure 1 shows the global distributions of (b) the total dwell time of seven POES 
satellites, (c) the occurrence rate and (d) the median flux of REP events in the L-MLT planes. The magenta circles 
mark the geosynchronous orbits (i.e., L = 6.6). Although each POES satellite is designed to orbit at two preferred 
MLT regions, several satellites have experienced significant drift in MLT (Sandanger et al., 2015). Therefore, 
their MLT coverage is almost uniform except for the reduced coverage around MLT = 12 (Figure 1b). Even so, 
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the bin with the minimum dwell time still has at least 70 hr (126,000 time points), ensuring that the results are 
statistically significant. According to the distribution of occurrence rate (Figure 1c), which is defined as the ratio 
between the total detection time of REP events and the total dwell time of satellites in each bin, the REP events 
preferentially occur in the dusk and midnight (MLT = 17–03) sectors at L = 4–6.5, with an occurrence rate of 
∼10 −3. While, outside the geosynchronous orbit, their occurrence rates are quite low (∼10 −4). The fluxes of 
REP events are further investigated (Figure 1d), where the median value of the REP fluxes in each bin is shown. 
To reduce statistical error, the bins with occurrence rates lower than 10 −4 are discarded. The fluxes of REP 
events remain nearly constant (∼0.8 × 10 −3 cm −2 s −1 sr −1), except in the pre-midnight (MLT = 20–00) sector at 
L = 4–5.5, where the fluxes are somewhat higher (∼1.7 × 10 −3 cm −2 s −1 sr −1).

Figure 2 shows the monthly average values of (a) the number of REP events, (b) the AE index, (c) the SymH 
index, (d) the solar wind ram pressure Pd, and (e) the sunspot number. The correlation coefficients ρ between the 
number of REP events and each index is calculated, where the strongest correlation corresponds to |ρ| = 1, and 
ρ = 0 denotes no correlation. Among all the indices, the number of REP events is highly dependent on the AE 

Figure 1. (a) The electron fluxes in the P6 channel, which are measured by NOAA-15 on 19 March 2015. The blue line denotes the precipitation fluxes, and the black 
line represents their 30-s average values. The two REP events have been marked by red crosses at 12:12:36 UT and 12:12:50 UT, respectively. The global distributions 
of (b) the total dwell time of seven POES satellites, (c) the occurrence rate of REP events, and (d) the median values of REP fluxes in the L-MLT planes, where the 
magenta circle in each panel represent the geosynchronous orbit at L = 6.6.

 21699402, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031566 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [02/11/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

CHEN ET AL.

10.1029/2023JA031566

5 of 10

index with ρ = 0.751, while the correlations with SymH and Pd indices are relatively weaker but still significant 
(with ρ = −0.457 and 0.483, respectively). The correlation with the sunspot number seems to be quite weak with 
ρ = −0.018. It is interesting to find that the REP events are preferentially detected during the declining phase of 
the solar cycle (2003–2009 and 2015–2018), while they are not significantly observed during 2009–2010 and 
2014–2015, corresponding to the solar minimum and the solar maximum, respectively.

During substorms (large AE), the energetic particles are injected into the magnetosphere and are unstable to 
excite plasma waves (e.g., EMIC waves and plasmaspheric hiss waves) (Ma et al., 2022; Tsurutani et al., 2015). 
When the solar wind pressure (Pd) is enhanced, the dayside magnetosphere is compressed, which is also suita-
ble for wave excitation (Chen et al., 2020; Olson & Lee, 1983; Tsurutani et al., 2016). Therefore, both AE and 
Pd indices play an important role in exciting waves, which are responsible for electron scattering and resulting 
precipitation. We further investigate the dependences of REP events on the two indices. Since there is a time 
delay between REP detection and AE or Pd index caused by different locations of data measurement, we perform 

Figure 2. The monthly average values of (a) the number of REP events, (b) the AE index, (c) the SymH index, (d) solar wind 
ram pressure Pd, and (e) sunspot number. In panels (b–e), the correlation coefficients between the number of REP events and 
each index are displayed.
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a time modification to the two indices (i.e., AE* and 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 ). REP events can be produced by EMIC waves excited 

by energetic protons during substorms (Carson et al., 2013; Miyoshi et al., 2008), so the AE index is modified by 
considering the drift time of protons. The protons are assumed to be injected in the range of MLT = 21–01 (Lopez 
et al., 1990), with the drift velocity given by

⃖⃖⃖⃖⃖⃗𝑉𝑉dri =

𝜇𝜇

𝑒𝑒𝑒𝑒

⃖⃗𝑏𝑏 × ∇𝐵𝐵

𝐵𝐵
+

𝑝𝑝
2

‖

𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝

⃖⃗𝑏𝑏 ×

(
⃖⃗𝑏𝑏 ⋅ ∇

)
⃖⃗𝑏𝑏

𝐵𝐵

 (1)

where 𝐴𝐴 ⃖⃗𝑏𝑏 is the unit of the magnetic field, e and mp are the charge and mass of the proton, and μ, γ, and p‖ are the 
magnetic momentum, relativistic factor, and parallel momentum, respectively. At time T0, the satellite is located 
at MLT0 and L0. For simplicity, the dipole magnetic model is used, and the equatorial pitch angle and the kinetic 
energy of the proton are set as αeq = 45° and Ek = 25 keV (Chen et al., 2019). The drift time in a complete drift 
path is TD = 2πr0/Vdri (with r0 = L0RE). Generally, the longest drift time is defined as the drift time from MLT = 01 
to MLT0 with TL = TD × (24 − MLT0 + 1)/24, while the shortest drift time is the drift time from MLT = 21 to 
MLT0 with TS = TD × (24 − MLT0 − 3)/24. The AE* index is defined as the largest AE value in the time interval 
from T0 − TL to T0 − TS. However, if MLT0 is just in the range of 21–01, the AE* represents the largest AE value 
in the interval from T0 − TD to T0. The details can be referred to in Chen et al. (2020). The 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 index is defined 

as the maximum value in the previous 10 min, because it only takes several minutes for the solar wind to move 
from the bow shock nose to L ∼ 6 (Ma et al., 2022). In our study, the dependence of REP events on each index 
is investigated alone, by simultaneously restricting the other index to a low level. These events are classified into 
five categories: low 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 and low AE* (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
≤ 2 nPa and AE* ≤ 150 nT), low 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
≤ 2 nPa ) but moderate AE* 

(150 nT < AE* ≤ 300 nT), low 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
≤ 2 nPa ) but strong AE* (AE* > 300 nT), low AE* (AE* ≤ 150 nT) but 

moderate 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 (𝐴𝐴 2 nPa < 𝑃𝑃

∗

𝑑𝑑
≤ 4 nPa ), and low AE* (AE* ≤ 150 nT) but strong 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
> 4 nPa ). Accordingly, there 

are 2378, 1231, 798, 2663, and 1339 REP events in each category, respectively.

Figure 3 illustrates (a-e) the total dwell time of POES satellites, and (f-j) the occurrence rate of REP events in 
the L-MLT planes (with a bin size of 0.5 L × 1 MLT). The occurrence rate is defined as the ratio between the 
total detection time of REP events and the total dwell time of satellites in the same bin and the same category. As 
shown in Figures 3a–3e, the coverage of satellites is nearly uniform over all MLTs except the noon (MLT = 12) 
and midnight (MLT = 00) sectors. During quiet periods (Figure 3f), the occurrence rates of REP events are quite 
low, but are slightly higher in over MLT = 01–21 at L = 4–5 and in over MLT = 20–03 at L = 6–7. As AE* 
increases while 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 remains low (Figures 3g and 3h), REP events are preferentially detected in the dusk sector 

Figure 3. The distribution of (a–e) the dwell time of satellites, and (f–j) the occurrence rate of REP events in the L-MLT planes. The columns from left to right 
correspond to the periods of (a, f) quiet time (AE* ≤ 150 nT and 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
≤ 2 nPa ), (b, g) low 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
≤ 2 nPa ) but moderate AE* (150 nT < AE* ≤ 300 nT), (c, h) low 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 

(𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
≤ 2 nPa ) but strong AE* (AE* > 300 nT), (d, i) weak injection (AE* ≤ 150 nT) but moderate 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 (𝐴𝐴 2 nPa < 𝑃𝑃

∗

𝑑𝑑
≤ 4 nPa ), (e, j) weak injection (AE* ≤ 150 nT) but 

strong 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 (𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
> 4 nPa ). The magenta circles represent the geosynchronous orbits.
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(MLT = 17–22) at L > 5 with an occurrence rate of ∼1 × 10 −3, which is 
consistent with the drift path of substorm-injected protons. However, under 
the conditions of low AE* but moderate or high 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 (Figures 3i and 3j), the 

occurrence rates of REP events are significantly enhanced (∼8 × 10 −4) in 
the midnight sector (MLT = 23–03) at L > 5. The events also have subtle 
higher occurrence rates (∼3 × 10 −4) at L = 4–5 over all MLTs except the 
pre-midnight sector. Moreover, the occurrence rate of REP events increases 
with both the AE* index and the 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 index. The different favored regions of 

REP events suggest that they probably have different drivers.

There are 1585 and 2741 REP events in the dusk (MLT  =  17–22) and 
midnight (MLT  =  23–03) sectors at L  >  4. Since the plasmapause has a 
significant influence on plasma waves (e.g., EMIC waves and plasmaspheric 
hiss waves), we further investigate the distribution of REP events relative to 
the plasmapause (Lpp) in the two favored regions. Here, the Lpp at different 
MLT is estimated according to the model in O’Brien and Moldwin (2003), 
and ∆Lpp represents the distance between a REP event and the Lpp, with a 
positive (negative) ∆Lpp value representing outside (inside) the plasmapause. 
Figure 4 displays the percentage of REP events as a function of ∆Lpp in the 
(a) dusk and (b) midnight sectors, where the dashed lines mark the position 
of plasmapause. As shown in Figure 4a, the percentage of REP events in the 
dusk sector peaks quite close to the plasmapause, with 34.3% of the events 
inside it and 65.7% outside it. While the REP events in the midnight sector are 
mainly (80.6%) detected outside the plasmapause, with the percentage peak-
ing at ∼1RE away from the plasmapause. Therefore, the relative distances to 
the plasmapause are different between the events in the two sectors.

4. Conclusions and Discussion
Using POES satellites data over nearly two solar cycles (1998–2017), we have statistically studied the distribution 
of REP events. The events are generally detected over MLT = 17–03 at L = 4–6.5, where the intensities are also 
the highest. The spatial dependences of REP events on the AE* and 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 indices have been separately investigated. 

During the periods of low 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 but large AE*, the REP events are mainly in the dusk sector (MLT = 17–22) 

near the plasmapause. While under the conditions of low AE* but large 𝐴𝐴 𝐴𝐴
∗

𝑑𝑑
 , the events are preferentially in the 

midnight sector (MLT = 23–03), and are mainly ∼1RE outside the plasmapause. The occurrence rate of REP 
events increases with both the AE* index and the 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 index. Our study demonstrates the favored regions of REP 

events under different conditions in the Earth's magnetosphere.

The various preferred regions of REP events and their distinct distances to the plasmapause suggest that the events 
may have different drivers. The EMIC waves are one of the dominant drivers and are preferentially observed in 
the dusk sector (Chen et al., 2019, 2020). In our study, we find that the REP events are mainly detected in the 
dusk sector during large AE* (Figures 3g and 3h), which could be driven by substorm related EMIC waves. 
Carson et al. (2013) defined EMIC-driven REP events via the simultaneous precipitation of ∼1 MeV electrons 
and ∼10 keV protons, and found these events are preferentially located in the midnight sector. The REP events 
near the plasmapause in the midnight sectors have been observed in our study (Figures 3i, 3j, and 4b), which 
could also be caused by EMIC waves. However, more (80.6%) events are observed outside the plasmapause (with 
a distance of more than 1RE) in the midnight sector (Figure 4b). These events can be driven by the FLC scat-
tering when the curvature radius of field line is comparable with the gyroradius of ∼MeV electrons (Sergeev & 
Tsyganenko, 1982; Smith et al., 2016). Recently, Capannolo et al. (2022) try to distinguish the two mechanisms 
on the nightside, by proposing that the spatial isolated REP events (i.e., no precipitation before/after the REP 
events) are driven by EMIC waves, while the events exhibiting the energy dependence (where the electrons with 
lower energies are precipitated at outer L-shells) are caused by FLC scattering. However, they found that the 
two kinds of events coexist on the nightside, and may not be easily distinguished just from positions. To identify 
the dominant driver on the nightside, performing test particle simulation in various magnetic field topologies, 
such as those involving wave fields or exhibiting high curvature, is necessary. The simulation can enable us to 

Figure 4. The percentage of REP events as a function of ∆Lpp in the (a) dusk 
sector (MLT = 17–22) and (b) midnight sector (MLT = 23–03), where ∆Lpp 
represents the distance between a REP event and plasmapause. The dashed 
lines at ∆Lpp = 0 mark the position of the plasmapause.
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calculate the pitch angle diffusion coefficient for each of the two mechanisms. We leave it to a future study. 
The FLC scattering may also takes effect in the dust sector during large AE* periods. In these periods, the 
substorm-injected ions drift westward and the partial ring currents are enhanced (Donovan et al., 2003; Lvova 
et al., 2005; Tsyganenko & Sitnov, 2007). Then the magnetic field is more stretched in the dusk sector than in the 
dawn sector (Newell et al., 1998), promoting the FLC scattering.

Besides the above two mechanisms, REP can also be produced by plasmaspheric hiss waves (Agapitov 
et al., 2020), which are basically inside the plasmapause or in the high-density plumes (Meredith et al., 2018; 
Thorne et al., 1973; Tsurutani et al., 2015). In our study, REP events have subtly higher occurrence rates at L < 5, 
even during quiet periods (Figure 3f), which could be driven by plasmaspheric hiss waves.

We further find that the correlation coefficient between the monthly average REP event numbers and the monthly 
average Pd is moderate, which could potentially be attributed to two factors. On one hand, the enhanced solar wind 
pressure can not only induce wave excitation, but also contribute to electron loss by causing magnetopause shadow-
ing (Bortnik et al., 2006; Gao et al., 2015; West et al., 1972). On the other hand, the intensity of REP events is related 
to both the pitch angle scattering rate and the relativistic electron fluxes in the radiation belt. The events have higher 
occurrence rates during the solar cycle declining phases (2003–2009 and 2015–2018). In these phases, the substorm 
injections are quite strong, providing more free energy for the excitation of chorus waves (Hajra & Tsurutani, 2018). 
Therefore, more relativistic electrons are accelerated due to chorus waves (Horne & Thorne, 2003; Horne et al., 2005; 
Hua et al., 2022), and precipitation become more pronounced consequently. Another possible factor is that during 
substorm injection, EMIC waves are also generated locally (Chen et al., 2020). Then anomalous cyclotron resonance 
between EMIC waves and the preexisting relativistic electrons can cause REP events (Tsurutani et al., 2016).

The REP events are rarely observed outside the geosynchronous orbit, which has three possible reasons. First, the 
trapped electron fluxes may be originally low here. Second, the electron losses at larger L-shells might primarily 
escape through the magnetopause shadowing (Bortnik et al., 2006; Gao et al., 2015; West et al., 1972). Lastly, 
the plasma conditions outside the geosynchronous orbit might not be favorable for EMIC waves to drive REP 
(Summers et al., 2007).

The intensity of electron fluxes in the radiation belt strongly depends on the preceding activity. Hua et al. (2022) 
found that the time delay between the relativistic electron fluxes and the time-integral AL index is around 10 days. 
Wing et al. (2022) suggested that the delay between relativistic electron fluxes and the plasma density nsw (or 
velocity Vsw) of solar wind is around 10 hr. Moreover, substorm injection and solar wind pressure can also regu-
late the fluxes of sub-MeV electrons (Salice et al., 2023; Tyssoy et al., 2021). In this study, we use the time delay 
between the wave detection and the index measurement to modify the AE and Pd indices. Generally, the time delay 
of the Pd index is several minutes (Ma et al., 2022), and that of the AE index is several hours (Chen et al., 2020).

The large solar wind pressure can not only cause wave excitation on the dayside due to the compression of 
magnetic fields, but also change the topology of the magnetic field on the nightside (Axford,  1964; Song 
et al., 1999). Axford (1964) suggested that solar wind can drag the field lines on the nightside toward further 
distances via viscous force. Song et al. (1999) further supported this idea by showing a longer magnetotail is 
associated with a higher solar wind density or a faster solar wind velocity, which all correspond to a larger solar 
wind pressure. Therefore, during periods of large 𝐴𝐴 𝐴𝐴

∗

𝑑𝑑
 , the magnetic fields on the nightside become more stretched 

highly curved, which is in favor of the FLC scattering. Moreover, Lvova et al. (2005) found that the IB of 80 keV 
protons shifts earthward during the period of large solar wind pressure, providing indirect evidence that the FLC 
scattering would take effect at relatively smaller L-shells (L ∼ 6). The interplanetary shocks not only cause the 
compression of the dayside magnetosphere, but also trigger midnight sector substorm onsets within minutes of 
their arrival at the dayside magnetopause (Heppner, 1955; Zhou & Tsurutani, 2001). This type of events will be 
high solar wind pressure and low AE events. The delay in the substorm development in AE will preclude these 
events from this study.

Data Availability Statement
All the data from POES satellites are obtained online (https://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.
html). The AE, SymH, and solar wind ram pressure data are from the OMNI website (https://omniweb.gsfc.nasa.
gov), and the sunspot number data are obtained from the SILSO website (http://www.sidc.be/silso/home).
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