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1. Introduction
Earth's outer Van Allen radiation belt is a highly dynamic environment, dictated by acceleration, loss, and trans-
port of extremely energetic electrons (reviewed in Friedel et al., 2002). Electron variability over multiple orders 
of magnitude can take place over timescales ranging from a few hours to several days and weeks, associated with 
periods of geomagnetic disturbance such as storms (e.g., Borovsky & Denton, 2009; Reeves et al., 2003) and 
substorms (e.g., Forsyth et al., 2016). Enhancements in the high energy (≳300 keV)) electron population can 
result from localized processes on timescales of a few hours, such as interaction with very-low frequency chorus 
waves generated as a result of lower energy (≈100 eV–100 keV) particle injections into the outer radiation belt 
(e.g., Horne & Thorne, 1998; Thorne, 2010). Locally accelerated electrons subsequently undergo azimuthal drift 
and both inward and outward radial diffusion, reducing the local peak in energization. Inward radial diffusion 
therefore contributes to the enhancement of larger areas of the outer radiation belt, though typically over larger 
timescales (e.g., Lejosne & Kollmann, 2020; Loto'aniu et al., 2006; Mann et al., 2016; Olifer et al., 2019). Many 
of the outwardly diffusing particles become vulnerable to loss to the outer magnetosphere, as the dayside magnet-
opause can become compressed during times of increased geomagnetic activity and quickly reducing the electron 
population at a large range of energies. Electrons can also be lost by pitch angle scattering by a variety of wave 
modes including plasmaspheric hiss (e.g., Meredith et al., 2007), electromagnetic ion cyclotron (EMIC) waves 
(e.g., Ross et al., 2020), and chorus waves (e.g., Reidy et al., 2021; Thorne et al., 2013), resulting in their precipi-
tation into the atmosphere. Ultralow frequency (ULF) waves can contribute to this precipitation of electrons over 
a larger area via direct modulation of the bounce loss cone (BLC; Brito et al., 2015; Rae et al., 2018). Further loss 
processes are comprehensively reviewed in Millan and Thorne (2007).

While whistler-mode chorus waves play a dual role in outer radiation belt electron dynamics (Bortnik & 
Thorne, 2007), contributing to both acceleration and loss, plasmaspheric hiss and EMIC waves are primarily loss 
mechanisms. Chorus waves are thought to play an important part in the generation of plasmaspheric hiss (Bortnik 
et al., 2008), a structureless, broadband whistler-mode wave confined inside the plasmasphere, predominantly on 
the dayside (Meredith, Horne, Clilverd, et al., 2006; Meredith et al., 2018; Thorne et al., 1973). Plasmaspheric 
hiss waves contribute to electron loss during geomagnetic storms (e.g., Lam et al., 2007; Summers et al., 2007) 
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and can explain the quiet time decay of outer radiation belt electrons (e.g., Meredith, Horne, Glauert, et al., 2006). 
Hiss waves are also thought to be responsible for the formation of the slot region (Breneman et al., 2015; Mere-
dith et al., 2007; Smith et al., 1974; Tsurutani et al., 1975).

EMIC waves, which occur at lower frequencies (0.1–5.0 Hz) than that of whistler-mode chorus and hiss waves 
can also be effective at scattering pitch angles of energetic electrons. EMIC waves are generated from proton 
distribution anisotropies (T⊥ > T∥) related to overlapping cold and hot ion populations (such as at the duskside 
plasmapause; Kozyra et al., 1984; Lyons & Thorne, 1972; Thorne, 2010). EMIC wave activity is enhanced during 
storm time (e.g., Halford et al., 2010; Wang et al., 2019) and periods of heightened geomagnetic activity, typi-
cally being most intense in the post-noon through dusk region at L > 4.0, though they have been observed near 
dawn (Halford et al., 2016; Meredith et al., 2014; Usanova et al., 2012; Zhang et al., 2016). EMIC waves have 
been observed as possible causes of relativistic (MeV) electron pitch angle scattering (e.g., Bortnik et al., 2006; 
Sigsbee et al., 2020) and subsequent precipitation into the atmosphere (e.g., Qin et al., 2018; Rodger et al., 2015). 
More recent studies provide evidence of sub-MeV EMIC precipitation (Blum et al., 2015; Clilverd et al., 2015; 
Hendry et  al., 2017, 2021, 2019), suggesting that EMIC scattering is not exclusive to MeV energies, but act 
over a larger range. However, there are studies providing evidence that EMIC activity can be enhanced with-
out subsequent precipitation (e.g., Engebretson et al., 2015; Usanova et al., 2014). There have also been recent 
suggestions that the combined effect of simultaneously occurring EMIC and whistler-mode chorus waves could 
effectively scatter electrons into the loss cone when occurring on the same particle drift path (Lee & Kim, 2020). 
The combined behavior of EMIC waves, whistler-mode chorus, hiss, and other geomagnetic waves in relation to 
geomagnetic activity is far from fully understood, nor is their precise link to acceleration, scattering, and subse-
quent precipitation of relativistic and near-relativistic electrons.

Studies have attempted to shed light on the net variation of electrons during storm time in relation to the above 
mentioned waves. Reeves et al. (2003) analyzed the response of the radiation belts to 276 moderate and intense 
geomagnetic storms, finding a mix of responses. Just 53% of storms resulted in an overall increase in radiation 
belt flux of MeV electrons. The response of the other events was a mix between a reduction in fluxes and very 
little change at all. Other studies have though, categorized storms as either geoeffective or non-geoeffective based 
on the response of the radiation belts. Meredith et al. (2003, 2002) categorize storms in terms of IMF BZ and 
substorm activity respectively, linking positive IMF Bz to a reduced recovery of electron fluxes during the recov-
ery phase, particularly for electrons >1 MeV, which could be attributed to a lack of substorm activity. Miyoshi 
and Kataoka  (2008) investigate the geoeffectiveness of stream interaction regions in relation to the radiation 
belts, as opposed to other driving mechanisms such as coronal mass ejections and found that while solar wind 
speed plays a significant role in flux enhancement, it is not sufficient by itself. Murphy et al. (2018) statistically 
examine the repeatability of storms in adiabatic invariant coordinates (μ, K, and L*), categorizing the dynamics 
into an initial phase dominated by loss, followed by a second phase dominated by acceleration after the time of 
minimum Sym-H.

The relative makeup of the different acceleration and loss processes in and following a given event or set of 
events, has proven to be very complex and varied in nature. Multiple simultaneous measurements are required to 
see the entire picture of an event, which often is only available by chance and therefore such observations are only 
sporadically available, though some studies have taken advantage of these occurrences (e.g., Crew et al., 2016; 
Halford et al., 2015; Hendry et al., 2019). Halford et al. (2015) for example, were able to observe particle and 
magnetic field variations in space following the January 2014 storm using Van Allen Probes A and B, as well as 
GOES 13 and 15. All were within a few MLT and L of each other. The resulting electron precipitation was also 
measured from the upper atmosphere using the Balloon Array for Radiation belt Relativistic Electron Losses 
mission. Many studies have taken advantage of low-altitude spacecraft and their ability to measure precipitating 
flux, and compared these with wave measurements or statistics (Carson et al., 2013; Hardman et al., 2015; Lam 
et al., 2010), or with ground-based instruments capable of observing the atmospheric effects of electron precip-
itation (Dietrich et al., 2010; Rodger, Carson, et al., 2010; Rodger, Clilverd, Green, & Lam, 2010). Low-altitude 
spacecraft from the NOAA Polar Operational Environmental Satellite (POES) mission has some limited capa-
bility to observe both precipitating fluxes and trapped fluxes simultaneously, though a meaningful comparison 
is only possible through statistical means (e.g., Meredith et al., 2011), and there are limited analyses for particles 
>1 MeV. The POES Medium Energy Proton and Electron Detector instrument also only measures a small frac-
tion of the atmospheric loss cone due to the small angular field of view compared to the relatively large local 
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loss cone. Reidy et al. (2021) showed the potential to reconstruct the loss cone using the measured flux data and 
equations from Kennel and Petschek (1966) and comparing to the modeled fluxes calculated using BAS-RBM 
diffusion coefficients (Glauert et al., 2014).

In this study, we address the lack of available comparisons between trapped and precipitating electrons, particu-
larly at energies close to and above 1 MeV by statistically comparing trapped and BLC fluxes. We use 12 yr data 
set from the Proton/Electron Telescope (PET; Cook et al., 1993) aboard the Solar Anomalous Magnetospheric 
Particle Explorer (SAMPEX) mission (Baker et al., 1993) to statistically analyze variations in energetic elec-
tron flux during geomagnetic storms. We present a superposed epoch analysis (SEA) to statistically compare 
measurements of precipitating and trapped electrons >0.63 MeV by means of the ratio of precipitating flux to 
trapped flux in order to examine the relative variation between the two. In Section 4, we parameterize all 12 yr 
of flux measurements by the AE index to provide an insight into the L-MLT variation of trapped and BLC fluxes 
during differing levels of geomagnetic activity. Section 5 provides an in-depth discussion of the results, including 
detailed comparison with previously studied wave statistics, potentially the cause of enhanced loss.

2. Instrumentation and Data
The data sets used in this study are derived from the PET, one of the four scientific instruments on NASA's 
SAMPEX mission. SAMPEX was a low-altitude small explorer spacecraft operating at altitudes in the region 
of 400–700 km, beginning closer to 700 km and slowly descending throughout the mission. SAMPEX's orbital 
period was approximately 90 min, inclined at 82°. Twelve-years of 6 s data from 1992 to 2004 are used from PET's 
low energy electron channel, originally described as measuring 1.5–6.0 MeV electron flux (Cook et al., 1993). 
However, Selesnick (2015) showed that PET is susceptible to contamination from high energy protons and elec-
trons with energies as low as 0.63 MeV when passing through the highly intense outer radiation belt. Proton 
contamination is not a concern for our analysis because we do not consider the inner belt, but lower energy 
electron contamination must be considered. We, therefore, consider it likely that PET was measuring particles 
>0.63 MeV and we refer to the data as such.

The SAMPEX spacecraft orbit provided measurements of relativistic electron flux inside the BLC and drift loss 
cone (DLC), the range of pitch angles in which a particle is likely to be lost to the atmosphere inside a few bounce 
periods or inside one drift period, respectively. PET's wide-angle (58°) field of view has the advantage of seeing 
a much larger portion of the loss cone than that seen from the POES satellites. PET also regularly viewed pitch 
angles large enough to capture a significant number of trapped electrons. SAMPEX's longevity provides us with 
enough data (12 yr) to be able to statistically compare the trapped electron population to that which is lost and 
ultimately precipitated into the atmosphere.

In order to compare BLC flux to trapped flux, we must determine with reasonable confidence which of the 
populations PET was observing at any given time. Using IGRF magnetic field values local to SAMPEX, we 
approximate the spacecraft's location within the field relative to the stable trapping region for electrons, as well as 
calculating the size of the BLC and DLC. We then use spacecraft attitude data to determine the percentage of the 
58° field of view that was covering pitch angles either in the BLC, or pitch angles outside the DLC and therefore 
trapped. Note that we do not consider particles with pitch angles greater than the BLC that are also smaller than 
the DLC.

Figure 1 shows the processing explained above. Figure 1a shows the percentage of PET's 58° field of view that 
was seeing flux in the BLC, while Figure 1b shows this for trapped flux, plotted against geographical location. 
The data shows the mean percentage in each 1° × 1° geodetic coordinate bin for the year of 1998 to give a 
demonstration of the populations that were being observed by PET. Coverage of the BLC, shown in Figure 1a, is 
relatively extensive, as would be expected from a low-altitude spacecraft. Generally, PET always captured part of 
the BLC, with upwards of 70%–80% of the field of view inside the BLC in much of the Northern and Southern 
Hemispheres. In the northern Atlantic and Europe region of the map, PET's field of view is 100% inside the BLC, 
meaning that these particles are the only ones entering the detector and are isolated from other populations. This 
region is where the spacecraft is magnetically conjugate to the South Atlantic Anomaly (SAA) region, so the 
particles which PET observes here should precipitate within a few bounce motions (typically a few milliseconds). 
Due to the 90 min orbit and the rotation of the Earth, SAMPEX passed through this region multiple times per day, 
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providing enough data to isolate and form the BLC only data set. It is noted that while the pitch angle distribution 
of MeV particles inside the BLC is unlikely to be isotropic, we assume that due to the large field of view provided 
by PET, enough of the distribution is covered to be representative of the average BLC.

Figure 1b shows the percentage of PET's field of view which is observing trapped flux. It is immediately clear 
that trapped flux measurements are almost exclusively taking place in the SAA region and much less common 
than measurements of flux in the BLC or DLC. It is also apparent that there are no regions in which PET observed 
only trapped particles. In the SAA region, the trapped flux commonly makes up around or above 60% of the field 
of view and may exceed 80% in some cases. To produce the trapped flux data, we assume that trapped flux is at 
least an order of magnitude more intense than flux in the BLC or DLC and that therefore the BLC or DLC fluxes 
are negligible when being observed at the same time as trapped. Multiplying the observed flux by the inverse 
of the fraction of the field of view observing trapped flux provides the final trapped flux value. For example, 
if the coverage was 50% trapped, we would multiply that measurement by 2 in order to “fill” the detector to 
100%, assuming the other 50% containing non-trapped particles were negligible. Eighty percent coverage would 
be multiplied by 1.25 and so on. Should the trapped flux coverage reach levels as low as 10% for example, the 
assumption that it is at least an order of magnitude more intense is brought into question, as the share of trapped 
to non-trapped flux would be 10%–90%. We, therefore, set a limit of 30% trapped flux in the detector (or a 
correction factor of 𝐴𝐴 3.33̇ ) as a reasonable minimum coverage for the mentioned assumption to be true, though 
as Figure 1b shows, the great majority of observations in this region contain ≥60% trapped flux. Even without 
the assumption of negligible non-trapped flux, this would only result in a small overestimate of the trapped flux, 
which is inconsequential in our interpretation of the results, as we draw conclusions from the statistical trends 
rather than absolute values. The features shown in Figure 1 are in agreement with previous studies which have 
attempted to determine the different populations observed by low altitude spacecraft (e.g., Dietrich et al., 2010; 
Rodger, Carson, et al., 2010; Rodger, Clilverd, et al., 2010; Rodger et al., 2013; Selesnick, 2015), including the 
HILT instrument (Klecker et al., 1993) aboard SAMPEX.

Figure 1. World maps in geodetic coordinates, showing the percentage of the 58° field of view of Proton Electron Telescope 
(PET) that was seeing (a) flux in the bounce loss cone and (b) trapped flux. Latitude-longitude bins are 1° × 1° in size, each 
containing the mean percentage for the year 1998. The dashed lines show L = 2, L = 4, and L = 6 as labeled.
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3. Superposed Epoch Analysis
In this section, we present a statistical analysis of >0.63 MeV electron dynamics throughout 168 storms within our 
1992–2004 period of SAMPEX/PET observations. Using the algorithm described in Walach and Grocott (2019) 
for the Sym-H index, we define three epoch times per storm; the start of the storm (start of the initial phase), the 
epoch time tepoch (beginning of the recovery phase), and the end of the storm. The end of the storm for this anal-
ysis is considered to be the end of the recovery phase, plus 50% additional time per storm in order to capture the 
continuing behavior of the electron fluxes beyond the algorithm's definition. We group together initial and main 
phases between the start of the storm and tepoch in order to increase data coverage. It is also important to consider 
that throughout the 168 storms, there is significant variation in the length of each phase. We, therefore, normalize 
the time between the start of the initial phase and the start of the recovery phase and the time between the start 
and end of the recovery phase separately (e.g., Halford et al., 2010; Hutchinson et al., 2011; Murphy et al., 2018; 
Yokoyama, 1997) such that data from all respective phases are combined. We effectively “stretch” or “compress” 
each storm so that all are the same length with an initial and main phase lasting 24 “hr” along the normalized 
timeline and a recovery phase lasting 120 “hr”. We align each of the three epochs such that the storm begins at 
−24 hr and ends at +120 hr, 0 hr (tepoch) being the time of the start of the recovery phase. We then bin fluxes by 
L-shell and time and calculate the mean of the log10(flux). Note that when referring to time (in hours) in this 
analysis from now on, we are referring to the normalized time as described and not “real” time.

Figure 2 shows the results of the SEA of the 168 geomagnetic storms, binned in 6 hr intervals relative to tepoch 
along the normalized time axis and 0.5 L-shell for L = 2.0–5.5, for all 0–24 hr in MLT. This L-shell range was 
chosen to both remove the effects of proton contamination below L = 2.0 and remove regions of low trapped 
flux coverage outside L = 5.5, which would distort the result. The vertical dashed lines show the tepoch time and 
the variable dashed lines show the mean plasmapause location for the labeled MLT range, calculated using the 
O’Brien and Moldwin (2003) model. The top and second panels show >0.63 MeV trapped flux and BLC flux 
respectively. Both show broadly what is expected during a geomagnetic storm; a period of loss during the main 
phase (6–12 hr before tepoch) shown by the reduction in BLC and trapped fluxes at most L-shell, followed by a 
period of enhancement during the recovery phase shown by the recovery of flux to approximately equal to (or 
higher than) pre-storm levels during this time. This is also in agreement with Murphy et al. (2018) who show a 
net loss phase in total radiation belt electron content, followed by an acceleration phase resulting in a net increase.

The third panel in Figure 2 shows the ratio of BLC flux to trapped flux. If we consider that the active loss 
processes at a given time act to scatter a proportion of the trapped flux into the BLC, then this proportion should 
remain constant as long as there is no change in the loss processes. That is the variation in the BLC flux should 
directly track the variation of the trapped flux. However, if the loss processes vary, the proportion of the trapped 
flux which enters the BLC should change, and thus so should the ratio of BLC to trapped flux, which we refer to 
as r. An increase in r would therefore indicate an enhancement in the loss processes acting upon the population. 
Likewise, a decrease in r would indicate a reduction in those loss processes. The fourth panel down shows the 
change in r relative to the first time bin of the storm (−24 to −18 hr), which we refer to as Δr. Red indicates that r 
is higher than the initial level (enhanced loss processes), and blue indicates that r is lower than at the initial level 
(reduced loss processes). The bottom panel shows the SEA of the Sym-H index (blue) and the AE index (orange), 
both 6 hr binned in normalized time.

The variation in r shown by the third panel down in Figure 2 indicates how the effect of loss processes tend to 
vary throughout a storm. r remains below 0.1 for large parts of the storm (the BLC flux is small in compari-
son the trapped flux), but around tepoch increases to a peak of around 0.25 at the higher L-shells, indicating an 
enhancement in loss processes. r is consistently closer to 1 inside L = 3.0 due to the comparatively low fluxes in 
both the BLC and the trapped population. As both populations tend toward the noise floor of the instrument, the 
ratio of BLC to trapped flux tends toward 1; however, this still shows the well-known slow but relatively constant 
loss effect of plasmaspheric hiss (e.g., Meredith, Horne, Glauert, et al., 2006). In the fourth panel down, the 
temporal variation across the storm is shown more clearly. Outside the plasmapause, Δr increases (loss processes 
are enhanced) by around two orders of magnitude during the initial and main phase (−24 hr to tepoch) through 
to 0–6 hr post-tepoch, where it reaches a peak. Δr then gradually reduces throughout the recovery phase back to 
approximately initial levels. The plasmapause (and therefore the mentioned variations in Δr) moves inwards from 
outside L = 4.0 to around L = 3.0 during the latter period of the initial and main phase, and gradually increases 
in extent again throughout the recovery phase to around L = 4.0. Inside the plasmapause, the changes are much 
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smaller; however, we do observe an increase in Δr immediately after tepoch of less than an order of magnitude, 
followed by a similar sized decrease for the remainder of the storm. The Sym-H and AE indices remain consistent 
with what is to be expected during a storm, with activity maximizing in magnitude around tepoch and reducing 
throughout the recovery phase.

Figure 3 shows the same analysis as in Figure 2 but separated into MLT quadrants in Δr to examine storms in 
more spatial detail. From the first to fourth panel, 0–6, 6–12, 12–18, and 18–24 hr in MLT are shown respec-
tively. Note that the plasmapause is now averaged over the corresponding MLT quadrant, rather than all MLT. 
The bottom panel shows the superposed Sym-H and AE indices identically to before. Figure 3 highlights notable 
differences between how Δr varies in the different MLT sectors. In the 0–6 and 6–12 MLT sectors (dawnside), 
Δr varies in a similar way to that observed in Figure 2, where Δr increases by around two orders of magnitude 
outside the plasmapause, peaking in the 0–6 hr bin and reduces for the remainder of the recovery phase. Inside 
the dawnside plasmapause, we observe a more pronounced reduction in Δr than in Figure 2.

Variations in Δr are different on the duskside to that of the dawnside. Both duskside MLT quadrants (12–18 and 
18–24 MLT) still show an increase in Δr, peaking around tepoch, but reduces to smaller, less consistent variation 

Figure 2. Superposed epoch analysis (SEA) results of 168 storms along a normalized time axis binned by 6 hr and 0.5 
L-shell, for 0–24 hr in MLT. The vertical dashed line shows the epoch time, tepoch, and the varying dashed lines represent 
the mean model plasmapause location, calculated from the O’Brien and Moldwin (2003) model. The top four panels show 
>0.63 MeV trapped electron flux, >0.63 MeV bounce loss cone (BLC) electron flux (measured in cm −2 s −1 sr −1), the ratio of 
BLC to trapped flux, and the variation in the ratio from the initial level of r (Δr). The bottom panel shows the SEA for both 
Sym-H (blue) and AE (orange).



Journal of Geophysical Research: Space Physics

WALTON ET AL.

10.1029/2021JA030069

7 of 15

early on in the recovery phase. The peaks in Δr are also smaller than on the dawnside, reaching closer to a single 
order of magnitude increase rather than two. Duskside variations do not appear to have any relationship to the 
plasmapause, which could indicate a process that acts irrespective of the location of the plasmapause, but alter-
natively, could be a feature of the plasmapause model. The O’Brien and Moldwin (2003) model plasmapause 
does not take into account the maximum effect of duskside plasmasphere distortion and cold plasma such as that 
resulting from plasmaspheric drainage plumes, which could influence the dynamics of duskside electrons (e.g., 
Goldstein et al., 2004; Usanova et al., 2013).

We have analyzed the changing dynamics of >0.63 MeV electrons in the outer radiation belt throughout geomag-
netic storms. Statistically comparing flux in the BLC to trapped flux by calculating the ratio has provided an 
insight into the relative variation of the two populations and therefore the changing proportion of flux which 
ultimately becomes lost to the atmosphere. We have shown that on the dawnside magnetosphere between 
L = 2.0–5.5, Δr is consistently enhanced throughout the storm outside the plasmapause, peaking around tepoch 
(minimum Sym-H) and reducing throughout the recovery phase to similar levels as the beginning of the storm. 
Inside the plasmapause, there is a slight reduction in Δr. The duskside enhancements are less clear, but still show 
increased Δr around tepoch.

Figure 3. Superposed epoch analysis (SEA) Δr quantity calculated as in Figure 2, separated into MLT quadrants. The 
vertical dashed line shows the epoch time, tepoch, and the varying dashed lines represent the mean plasmapause location, 
calculated from the (O’Brien & Moldwin, 2003) model. The first, second, third, and fourth panels show 0–6, 6–12, 12–18, 
and 18–24 hr in MLT respectively. The bottom panel shows the SEA for both Sym-H (blue) and AE (orange).
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4. Relative Variations as a Function of L, MLT, and AE
So far, we have analyzed relative variations of trapped and BLC >0.63 MeV electron flux during storm time, 
and separated this into MLT quadrants. In this section, we consider trapped and BLC fluxes as a function of L, 
MLT, and geomagnetic activity, plotting all flux data from 1992 to 2004. We use the AE index to parameterize 
measurements by geomagnetic activity, regardless of storm activity.

Figure 4 shows >0.63 MeV electron fluxes as a function of L-shell and MLT. All data from 1992 to 2004 are 
binned in 0.5 L intervals in the L range of 2.0–5.5 and 24 hr of MLT in 1 hr intervals in MLT and the means of the 
log10 values are calculated. The areas inside L = 2.0 are shaded gray due to the possibility of proton contamination 
from the inner radiation belt. Plots (a–c) show trapped flux, plots (d–f) show flux in the BLC and plots (g–i) show 
the ratio of the mean BLC flux to the mean trapped flux, r. Plots (a, d, and g) show data for AE < 100 nT (low 
activity), plots (b, e, and h) show data for 100 ≤ AE < 500 nT (moderate activity) and plots (c, f, and i) show data 
for AE ≥ 500 nT (high activity).

The plots of trapped flux, regardless of AE, clearly show the high-intensity region of the outer radiation belt, 
peaking between fluxes of 10 3 and 10 4 cm −2 s −1 sr −1 at L = 4.0. With increasing AE, we observe little change in 
the core of the outer belt (L = 3.0–5.0), but there is a reduction in trapped flux in the outermost region (L > 5.0), 

Figure 4. >0.63 MeV L-shell vs. MLT plots from L = 2.0–5.5 of; (a–c) trapped flux, (d–f) bounce loss cone (BLC) flux and (g–i) the ratio of BLC flux to trapped 
flux, r. Data is parameterized by the AE index as; (a, d, g) AE < 100 nT, (b, e, h) 100 ≤ AE < 500 nT and (c, f, i) AE ≥500 nT. The areas inside L = 2.0 are shaded 
gray due to possible proton contamination.



Journal of Geophysical Research: Space Physics

WALTON ET AL.

10.1029/2021JA030069

9 of 15

particularly on the nightside (bottom). In the BLC, variation with AE is more obvious (noting that the color scale 
is narrower). Low activity BLC fluxes mostly do not reach intensities above 10 1 cm −2 s −1 sr −1 other than around 
14–22 MLT through dusk and L = 3.0–5.0 which becomes more intense with increasing AE. Also with increasing 
AE, a second region emerges between 3 and 11 MLT through dawn and at L = 3.0–5.0, most prominent during 
periods of high activity. In the plots of r, we are able to analyze how the above mentioned variations in trapped 
and BLC flux vary in relation to each other. At all levels of activity, r is comparatively high (≈10 −1), resulting 
from the low fluxes observed in both trapped and BLC populations in the slot region, but still shows the increased 
loss as may be expected from the presence of plasmaspheric hiss. During low activity, this is the only prominent 
region, but with increasing AE, multiple features emerge; at L > 5.0 on the nightside, r increases by around one 
order of magnitude from low to high activity. This is resulting from the reduction in trapped flux in the same 
region as mentioned, where there is no change in BLC flux, indicating the enhancement of one or more loss 
processes. The second prominent increase in r is around 14–21 MLT through dusk and L > 3.0, resulting from 
the increasing BLC flux where there is no change in trapped flux. The loss processes appear to have enhanced the 
most, by around a half to one full order of magnitude in r, in the outer region (L > 5.0). Finally, we also observe 
increasing r outside of around L = 2.5–3.0 in all other regions, seen most clearly in the pre-noon sector (6–12 
MLT) due to the lack of other prominent features. We observe a very low r (10 −2) during periods of low AE activ-
ity, but this increases by more than half an order of magnitude during periods of high activity, corresponding to 
the dawnside increase in BLC flux, where it is clear there is no similar increase in the trapped population.

In this section, we have statistically compared BLC and trapped flux as a function of L-shell and MLT. Variations 
in r clearly show that there are a multitude of loss processes that come into effect with increasing AE, affecting 
different regions of the outer radiation belt. The results of this analysis could be linked to similar processes driv-
ing the variations in the storm SEA, particularly at the higher levels of activity. The two analyses differ during 
moderate activity, as the sustained dawnside loss in the SEA is not captured in the L-MLT maps. This could 
suggest an effect that is restricted to only storm times and not produced by substorm activity, or that parameter-
izing by AE hides some of the activity.

5. Discussion
Understanding the complex dynamics of the outer radiation belt is essential in order to build models capable of 
making accurate predictions of behavior. Particle dynamics and the processes which influence those particles are 
integral to this and directly comparing different acceleration and loss processes can be difficult with current data 
availability. We have attempted to identify enhancements in atmospheric loss processes by examining changes in 
the ratio of flux in the BLC to trapped flux, r, and the change in r compared to the beginning of the storm, Δr.

In the first part of our analysis, we statistically analyze the dynamics of storm time >0.63 MeV electrons via 
a SEA. 168 storms were used, generated via the algorithm described in Walach and Grocott (2019) and super-
posed onto a normalized timeline using three epochs (start, minimum Sym-H, and end), where the mean of both 
BLC and trapped fluxes binned by L-shell and normalized “time” were calculated. This approach addresses the 
problem whereby differing lengths of storms averaged about a single, fixed epoch can mask physical features in 
the data. For 0–24 hr MLT (Figure 2), Δr increases by ≈2 orders of magnitude during the initial and main phase 
(pre-tepoch) through to the +0–6 hr period, reaching a peak here. This is followed by a reduction of Δr back to 
initial levels across the recovery phase. It is clear in the top panel showing the reduction in trapped flux at most 
L-shell that statistically, loss processes are dominant during this period. Following tepoch + 6 hr, trapped flux 
increases again as the enhancement of Δr reduces, signaling a reduction in the loss processes and a phase domi-
nated by acceleration mechanisms. The analysis in Murphy et al. (2018), using a similar SEA technique, arrives 
at similar conclusions. Though the mentioned study resolves for non-adiabatic changes (which we cannot do with 
SAMPEX/PET), the implications on electron flux at > 0.63 MeV energies and at a range of L-shells are shown 
here. It is also important to emphasize that our analysis is an average of many storms, which would hide effects 
specific to a particular type of storm. As found by Reeves et al. (2003), storms may result in a net loss of electrons, 
a net increase, or close to no change at all.

Figure 2 shows a clear distinction between the relative behaviors of electrons outside and inside the mean plas-
mapause location. Walton et al. (2021) has shown that trapped flux varies coherently but differently inside and 
outside the plasmapause. However, the study also shows that trapped flux coherence may be unrelated to the 
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plasmapause during storm times, but here the distinction between flux inside and outside the plasmapause 
remains clear when comparing that of the BLC and trapped populations. The consistently high relative loss 
inside the plasmapause is indicative of plasmaspheric hiss waves. Hiss waves are thought to be responsible for 
the formation of the slot region due to their consistent, slow loss effects on energetic electrons (e.g., Meredith 
et al., 2007; Smith et al., 1974; Tsurutani et al., 1975).

Figure 3 shows Δr throughout a storm as before, but separated into four MLT sectors. The trend in the dawn 
sectors (0–6 and 0–12 MLT) is similar to that of the 0–24 hr analysis, but more visibly pronounced. Relative 
loss outside the plasmapause rapidly increases during the pre-tepoch phase and peaks in the 0–6 hr following tepoch. 
Relative loss then gradually decreases during the recovery phase, showing the acceleration-dominated phase of 
the storm. Δr in duskside sectors (12–18 and 18–24) still show increased Δr around pre-tepoch +6 hr, but declines 
again very early in the recovery phase and becomes small and inconsistent. This suggests, unsurprisingly, that 
many of the processes influencing outer belt electrons around dawn are less active on the duskside. The plas-
mapause seems to be less influential on >0.63 MeV electrons around dusk, but could be a consequence of the 
O’Brien and Moldwin (2003) model, which does not take into account the maximum effect of duskside plasmas-
phere distortion and plasmaspheric drainage plumes. Whistler-mode chorus waves are thought to be prominent 
drivers of dawnside electron precipitation, in part due to relativistic (or near-relativistic) electron microbursts 
(e.g., Dietrich et al., 2010; Douma et al., 2017; Imhof et al., 1992), which occur frequently but on small times-
cales (<1 s). O’Brien et al. (2003) statistically analyzed the occurrence of these microbursts during geomagnetic 
events, showing that microbursts tend to occur most prominently in the pre-dawn and morning sectors (0–6 and 
6–12 hr in MLT respectively), increasing rapidly before the epoch time (minimum Dst) and gradually reducing 
throughout the recovery phase. Around the epoch time, large occurrence rates reach L-shells down to around 
L = 3–4, in line with our results, suggesting that microbursts could be a significant contributor to the enhanced 
loss processes shown by our analysis.

Drivers of the enhanced loss processes are unlikely to be a result of a singular phenomenon. The increase in r up 
until tepoch is observed in all four MLT quadrants, but following tepoch, r remains elevated throughout much of the 
recovery phase on the dawnside, differently to the duskside in which r reduces again very early in the recovery 
phase. This suggests that the mechanism responsible for the initial loss is applicable in all MLT. A candidate for 
such is magnetopause shadowing. The initial compression of the magnetopause causes the loss of particles on the 
dayside, but within minutes, azimuthal particle drift can cause the entire outer region of the outer radiation belt to 
be lost. Empirical models (e.g., Shue et al., 1997, 1998) show that the dayside magnetopause can reach L-shells 
as close as L = 8.5 during geomagnetic activity, though recent studies of magnetopause crossings have shown 
that the magnetopause can be present much closer to Earth (e.g., Staples et al., 2020). In any case, L = 8.5 is far 
outside the range of this analysis, but the resulting outward radial diffusion due to the steep gradient in phase 
space density can cause the loss of electrons from the regions being analyzed here. The processes mentioned 
resulting from magnetopause shadowing only refer to the changes in the trapped flux. As stated previously, 
we expect that if there is a reduction in the trapped flux there should also be a proportionate reduction in the 
BLC flux and hence, no change in r. The observation that r increases during these times shows that the BLC 
flux decreases less than the trapped, signaling the presence of heightened atmospheric loss processes as well as 
magnetopause loss and transport of trapped electrons.

Figures 4g–4i show high r (10 −1, or 10% BLC to trapped ratio) inside L = 3, however, both trapped and BLC 
fluxes are low. Outside L = 3.0, r is highly variable in space and with activity level, with several features emerg-
ing with increasing AE. At L > 5 and around 21–5 MLT through midnight, r increases by around one order of 
magnitude from low to high activity (from around 10 −2 to 10 −1), resulting from the decrease in trapped flux in the 
same region, but importantly, not in the BLC flux. Reductions in trapped flux in this region has been shown in 
other studies (e.g., Ni et al., 2016) to be a sign of magnetopause shadowing on the dayside and drift shell splitting 
at equatorial latitudes. However, at SAMPEX altitudes, even the largest pitch angles (i.e., 90°) map to very low 
equatorial pitch angles and are unlikely to be affected by magnetopause shadowing or drift shell splitting. This 
suggests that loss in this region is enhanced, driven by increased scattering of pitch angles. It is conceivable that 
whistler-mode chorus activity driven by substorm injections, which can subsequently cause the loss of electrons 
to the atmosphere (e.g., Jaynes et  al.,  2015), could account for this loss, as this would not necessarily affect 
>600 keV trapped flux. Injections cannot be directly inferred from this analysis, however, and should be studied 
further.
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We also observe increasing r around 13–22 MLT and between L = 3.0–5.0 as a result of the increased BLC flux 
and lack of an increase in the trapped flux. This region is still faintly visible in the low activity, remaining around 
r = 10 −2, but increases by between half and a full order of magnitude during periods of high activity. At L > 5.0, 
r is at its maximum of 10 −1. The increased r in these regions is similar to Meredith et al. (2018). Figure 4 where 
plasmaspheric hiss is confined, also parameterized by AE in a similar way. We may be observing the effects of 
plasmaspheric hiss in our analysis. In the Meredith et al.  (2018) study, they also observe high plasmaspheric 
hiss  power below L = 3.0 on the dayside, the effects of which are not observed here due to the generally low BLC 
and trapped fluxes in this region.

Figure 4 also shows that r increases by around half an order of magnitude in the high activity where L > 2.5–3.0 
in the pre-noon sector (6–12 MLT) and partially in the 0–6 sector, from around 4 MLT. This is also shown to 
a greater extent in the BLC flux, but the other prominent features may be hiding this in the r plot. This may be 
further evidence for whistler-mode chorus wave-induced precipitation as also observed in the SEA. Past studies 
have shown comparisons between observed BLC flux at low altitude and chorus but at lower energies using the 
POES mission >30 keV observations (e.g., Lam et al., 2010), while others (e.g., Meredith et al., 2011) have done 
so for several 100's of keV electrons. These studies show a link between increased dawnside precipitation and 
whistler-mode chorus activity. Meredith et al. (2013) presented a comprehensive whistler-mode chorus intensity 
database with detailed structure in L, MLT, latitude, and frequency. The lower-band chorus intensity >30° in lati-
tude could be responsible for the apparent increases in the loss processes we observe here. The analysis of more 
active times in Meredith et al. (2020), Figures 2i and 2l both show high-intensity chorus across the dawn sectors, 
most intense during the pre-noon (6–12 hr MLT) sector. The lower bound of their highest intensities is around 
L = 4, though some less intense chorus can be seen as low at L = 3. The analysis in Meredith et al. (2020) is a 
further indication that chorus could be a main contributor to the features seen in our analysis.

Enhancements in loss and relative loss, shown in Figure 4 persist beyond the already discussed regions of whis-
tler-mode chorus and plasmaspheric hiss, so other candidates for >0.63  MeV electron precipitation must be 
considered. Typically, EMIC waves are considered effective at scattering pitch angles into the loss cone for 
electrons of several hundreds keV (e.g., Hendry et al., 2017). These are typically associated with the post-noon 
sector (12–18 hr in MLT) but at L-shells around and above geosynchronous (L ≈ 6.6; Usanova et al., 2012), which 
is outside of our analysis ranges. However, some studies (e.g., Halford et al., 2016; Jun et al., 2021; Meredith 
et al., 2014) have shown that EMIC waves can be observed at L-shells as low as L = 3–6 during storm conditions, 
which is in line with some regions of increased r in Figure 4i. Our analysis may therefore be showing signatures 
of EMIC waves during periods of high AE. While EMIC waves are most prominent during the main phase of 
storms, where we see the highest AE in Figures 2 and 3, Halford et al. (2010, 2016) show that they can persist 
throughout the recovery phase, which could be contributing to the sustained increased r in our SEA analyses.

Direct scattering via ULF waves could also be a possible contributor to the enhanced relative loss in our analysis. 
Loss cone modulation (Brito et al., 2015; Rae et al., 2018) is thought to be effective at scattering electrons into the 
BLC on the dayside and nightside magnetosphere following a compression of the magnetopause. Our analysis in 
Figure 4 shows increasing relative loss with activity at outer L-shells (L > 4.5) on the dayside most prominently, 
but also on the nightside. This could, however, also be a signature of whistler-mode chorus. ULF waves can also 
contribute to electron loss via modulation of plasmaspheric hiss (Breneman et al., 2015), which could also be 
a contributor here, as well as the possibility of combinations of other waves (Lee & Kim, 2020), though these 
effects in comparison to the effects already described are likely to be very small and not visible in this analysis.

6. Conclusions
We have statistically analyzed how >0.63 MeV electron flux in the BLC varies in relation to trapped flux, in 
order to find where the proportion of flux entering the BLC changes throughout a storm and during periods of 
high activity. We find:

1.  Loss processes influencing >0.63 MeV electrons are enhanced outside the plasmapause during storm main 
phase

2.  Enhanced loss processes are sustained throughout the recovery phase on the dawnside but diminish early in 
storm recovery phases across dusk
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3.  Analysis as a function of L-shell, MLT, and AE hints at a number of wave-modes that could be responsible for 
this, including whistler-mode chorus for dawnside losses and plasmaspheric hiss through dusk

These results provide further insight into the dynamics of the radiation belts during geomagnetic storms and other 
periods of high activity. We see an increase in the ratio of BLC flux to trapped flux where previous studies have 
shown enhancements in particular wave modes, suggesting a link between the two. These results enable us to 
partially separate observations of loss to the atmosphere from other loss mechanisms by comparing the change in 
the trapped flux to the change in the flux entering the precipitating flux. We have been able to show that although 
the BLC flux drops during storms, the processes of causing atmospheric loss is enhanced.

Data Availability Statement
Data from the SAMPEX PET instrument can freely be accessed at: http://www.srl.caltech.edu/sampex/Data-
Center/data.html. Sym-H data used in the analysis and AE data used to generate the model plasmapause can be 
found via OMNIWeb: https://spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/.
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