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Key Points:

¢ MeV electron dropouts with and without associated precipitation show dependen-
cies on solar cycle and seasons.

« An increase in precipitation occurrence and intensity during MeV dropouts aligns
with the decline in SYM-H and B., and the peak in Pyys,.

* Dropouts with MeV electron precipitation, on average, spread over a wider radial
extent, with occurrences related to SYM-H.
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Abstract

To gain deeper insights into radiation belt loss into the atmosphere, a statistical
study of MeV electron precipitation during radiation belt dropout events is undertaken.
During these events, electron intensities often drop by an order of magnitude or more
within just a few hours. For this study, dropouts are defined as a decrease by at least
a factor of 5 in less than 8 hours. Van Allen probe measurements are employed to iden-
tify dropouts across various parameters, complemented by precipitation data from the
CALorimetric Electron Telescope instrument on the International Space Station. A tem-
poral analysis unveils a notable increase in precipitation occurrence and intensity dur-
ing dropout onset, correlating with the decline of SYM-H, the north-south component
of the interplanetary magnetic field, and the peak of the solar wind dynamic pressure.
Moreover, dropout occurrences show correlations with the solar cycle, exhibiting max-
ima at the spring and autumn equinoxes. This increase during equinoxes reflects the cor-
relation between equinoxes and the SYM-H index, which itself exhibits a correlation with
precipitation during dropouts. Spatial analysis reveals that dropouts with precipitation
penetrate into lower L-star regions, mostly reaching L-star < 4, while most dropouts with-
out precipitation don’t penetrate deeper than L-star 5. This is consistent with the larger
average dimensions of dropouts associated with precipitation. During dropouts, precip-
itation is predominantly observed in the dusk-midnight sector, coinciding with the most
intense precipitation events. The results of this study provide insight into the contribu-
tion of precipitation to radiation belt dropouts by deciphering when and where precip-
itation occurred.

Plain Language Summary

The outer radiation belt encircles Earth, trapping energetic electrons due to the
planet’s magnetic field. Under certain conditions, such as during geomagnetic storms,
there can be a significant loss of these trapped electrons over a short period, known as
a dropout. One reason for this can be particles reentering Earth’s atmosphere, leading
to their removal from the outer radiation belt. This is referred to as precipitation. This
study investigates the role of precipitation for dropouts, focusing on when and where pre-
cipitation occurs during those events. To accomplish this, data from the Van Allen Probe
spacecraft, measuring electron density, and the CALorimetric Electron Telescope instru-
ment aboard the International Space Station, measuring precipitation, are utilized. The
findings reveal a correlation between dropouts, whether aligned with precipitation or not,
and the solar cycle and seasons. Seasonal variations are likely connected to the inten-
sity of disturbances in the magnetosphere, consequently raising the probability of pre-
cipitation. Spatial investigations reveal that dropouts accompanied by precipitation pen-
etrate deeper into lower regions of stably trapped particles. Furthermore, precipitation
predominantly occurs on the dusk and midnight side of Earth, where the strongest pre-
cipitation measurements are also recorded.

1 Introduction

The inner magnetosphere is comprised of torus-like regions encircling Earth, known
as radiation belts, within which charged particles are trapped along Earth’s magnetic
field lines. This domain is divided by the slot region into two components: the inner ra-
diation belt (L ~ 1 — 2) and the outer radiation belt (L ~ 3 — 8) (Van Allen, 1959).
Energetic protons dominate the relatively stable inner radiation belt, while the dynamic
outer radiation belt consists of energetic electrons spanning tens of keV to several MeV.

The unpredictable variability of the outer belt primarily stems from solar activ-
ity and subsequent geomagnetic disturbances. These disturbances drive a complex in-
terplay of competing acceleration and loss mechanisms. Those loss mechanisms include
magnetopause shadowing, outward radial diffusion, and wave-particle interactions, ul-
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timately leading to the precipitation of particles into the Earth’s atmosphere (Millan &
Thorne, 2007; Moya et al., 2017; Turner, Morley, et al., 2012; Shprits et al., 2008; Loto’aniu
et al., 2010; Green & Kivelson, 2004). Some of the most pronounced changes within Earth’s
outer radiation belt manifest as dropouts, which denote substantial depletions of the outer
radiation belt, frequently witnessed during the main phase of geomagnetic storms (Baker

et al., 1994; Xiang et al., 2018). These occurrences are characterized by a drastic reduc-
tion in electron flux across a wide spectrum of energies and spatial domains, occurring
within a span of just a few hours (Friedel et al., 2002; Turner, Morley, et al., 2012).

In the case of dropout events, the combined effects of magnetopause shadowing and
outward radial diffusion have been identified as significant contributors. However, these
processes often fail to fully explain the observed depletion, necessitating the inclusion
of an additional loss mechanism in the form of artificial ”fast scattering” in simulations,
particularly to replicate depletions at lower L shells (L < 4) (Shprits et al., 2006; Turner,
Shprits, et al., 2012). “Fast scattering” encompasses pitch angle scattering of relativis-
tic electrons, leading to Relativistic Electron Precipitation (REP). In high L-star regions,
a combination of magnetopause shadowing, outward radial diffusion and particle scat-
tering is expected to contribute to dropout events, while in low L-star regions, particle
precipitation is suggested to be the primary driver (Xiang et al., 2018).

Pitch angle scattering can occur through two distinct mechanisms, either separately
or in combination (Horne et al., 2009; Capannolo et al., 2022). The first process involves
wave-particle interaction, which entails the exchange of energy and momentum between
electromagnetic waves and charged particles. Different types of waves cause pitch an-
gle scattering across various energy ranges. With a focus on MeV precipitation in this
study, waves that influence precipitation within the MeV range are of particular inter-
est as they could potentially act as drivers. Electro Magnetic Ion Cyclotron (EMIC) waves
have been proposed as generators of REP events in the MeV range, particularly affect-
ing particles with low pitch angles (Millan & Thorne, 2007; Summers & Thorne, 2003;
Xiang et al., 2017, 2018). Scattering attributed to EMIC waves is anticipated to occur
predominantly in the sectors from dawn to dusk (Allen et al., 2015), but is inadequate
to explain the observed loss in the MeV energy range. Therefore, the inclusion of Hiss
and whistler mode chorus waves is necessary (Drozdov et al., 2020).

The second mechanism for pitch angle scattering is current sheet scattering (CSS),
which occurs when the Earth’s magnetic field curvature radius approaches the gyrora-
dius of electrons, violating the first adiabatic invariant. This phenomenon is associated
with increased stretching of magnetic field lines and predominantly occurs in the night-
side magnetosphere where the current sheet thins. Unlike wave-driven REP, which can
be observed within the plasmasphere, CSS-driven REP is preferentially detected outside
of it (Biichner & Zelenyi, 1989; Capannolo et al., 2022).

The relative importance of precipitation compared to other loss mechanisms such
as magnetopause shadowing and outward radial diffusion remains incompletely under-
stood but appears to depend on energy, L-star, and disturbance conditions. Yu et al. (2013)
found for 649 keV electrons that losses for L-star > 5 are predominantly due to mag-
netopause shadowing and outward radial diffusion, whereas for L-star < 5, these mech-
anisms explain only 60% of losses. Reeves et al. (2003) observed significant losses for 1.8-
3.5 MeV electrons at low L-shells, even when the magnetopause was far outwards, sug-
gesting precipitation maybe a prevalent loss mechanism. Additionally, Xiong et al. (2015)
demonstrated through superposed epoch analyses that storms with ’energy-dependent’
responses enhance the likelihood of precipitation as an important loss process. Mean-
while, Gokani et al. (2019) studied precipitation during the 2015 Saint Patrick’s Day storm
and found it contributed less than 0.5% to the total loss of 0.9-6.3 MeV electrons.

While MeV precipitation is commonly suggested as a loss mechanism during fast
depletions, there is still limited direct observational evidence to confirm that MeV elec-
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tron precipitation actually contributes to dropouts (Bruno et al., 2022; Blum et al., 2024).
Furthermore, our understanding of where and when precipitation can occur, as well as
the relative importance of precipitation loss compared to other loss mechanisms such as
outer boundary loss, remains incomplete. The significant importance of understanding
precipitation events lies in the potential consequences of these events. REP events not
only contribute to atmospheric heating but also pose risks to astronaut health during
spacewalks and can lead to spacecraft anomalies (Goldberg et al., 1995; Dachev, 2018).
Furthermore, studying MeV precipitation during dropout events contributes to a broader
understanding of the outlined precipitation drivers.

This statistical study investigates the temporal and spatial occurrence of MeV elec-
tron precipitation during dropout events over a span of four years to enhance the over-
all comprehension of dropout events.

2 Data and Methodology
2.1 Datasets

To identify dropout events, electron fluxes from the Van Allen Probes are analyzed.
The twin Van Allen Probes operated from 2012 to 2019 in a highly elliptical near-equatorial
orbit, with a period of ~9 hours and an apogee of ~5.8 Rg, inside geostationary orbit
(Mauk et al., 2013). This analysis involves utilizing a merged dataset from the Magnetic
Electron Ion Spectrometer (MagEIS) (Blake et al., 2013) and the Relativistic Electron
Proton Telescope (REPT) (Baker et al., 2013) onboard the Van Allen Probes. MagEIS
captured radiation belt electron data from ~200, keV to ~3, MeV, while REPT mea-
sured electrons ranging from ~1.6, MeV to ~19, MeV. To resolve an offset in the over-
lapping channels of the two datasets, a spline fitting technique was employed by Boyd
et al. (2021) to merge the data. This study utilizes the Magnetic Ephemeris data from
the Van Allen Probes, calculated using the Tsyganenko and Sitnov 2004 (TS04) mag-
netic field model.

To identify MeV precipitation events, measurements from the CALorimetric Elec-
tron Telescope (CALET) are employed. Data collection by CALET commenced in Au-
gust 2015 (Torii et al., 2019). The instrument flies onboard the International Space Sta-
tion (ISS), maintaining a low Earth orbit at altitudes ranging from 370 to 460 km and
an inclination of 51.6°. It measures the lower altitude footprints of the outer radiation
belt, which can be mapped to L-shells 3-7 and is sampled multiple times daily across var-
ious magnetic local time (MLT) locations. CALET has a charge detector equipped with
two scintillator arrays, CHDX and CHDY, adept at detecting electrons with energies sur-
passing 1.5 MeV and 3.4 MeV, respectively (Bruno et al., 2022). Rapid electron precip-
itation events measured by CALET are discernible through isolated surges in count rates
(Kataoka et al., 2016, 2020). A catalogue of REP events observed by CALET, identi-
fied through a self-organizing map technique, is employed in this study (Vidal-Luengo
et al., 2024). Specifically, the detected electron enhancements have been subdivided into
two main categories: 1) rapid profiles, characterized by sharp temporal variations that
can last from a few seconds to several minutes; and 2) smooth profiles, exhibiting a grad-
ual increase followed by a decrease in count rates, typically spanning 5-10 minutes. Only
the first event class is taken into account in this analysis, since smooth profiles are typ-
ically due to drift loss cone precipitation, and therefore cannot be precisely associated
with certain dropout events in time and location. The overlapping time period between
CALET and the Van Allen Probes used in this paper’s analysis covers the period from
the beginning of November 2015 to the end of June 2019.

In addition to radiation belt electron data, solar wind data and geomagnetic in-
dices (OMNI) are employed to enhance our comprehension of the background conditions
during dropout and precipitation events.



168 2.2 Methodology

169 To quantitatively assess radiation belt changes, identifying irreversible, non-adiabatic
170 alterations is crucial, signifying genuine enhancements or depletions. The adiabatic in-
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174 are used to reveal particle kinematics within the geomagnetic field (Green & Kivelson,
175 2004; Roederer & Zhang, 2014). The first invariant, denoted as p, represents the mag-
176 netic moment, illustrating the trajectory of particles as they gyrate along magnetic field
177 lines. Here, p, signifies the component of relativistic momentum perpendicular to the
178 magnetic field, my denotes the rest mass of the electron, B stands for the magnitude of
179 the magnetic field, and « represents the pitch angle. The second invariant, convention-
180 ally expressed as K, correlates with bounce motion. J represents the longitudinal invari-
181 ant, while s, and s/ indicate the distances from the particle’s mirror point, where the
182 particle undergoes bouncing. Bs and B,, signify the magnetic field magnitudes at points
183 s and the mirror point, respectively. The third invariant, symbolized as L-star (L*), em-
184 bodies a property of stably trapped particles and conveniently relates inversely propor-
185 tional to the magnetic flux ®. Here, M represents the magnetic moment of Earth’s dipole

186 field, and Rg denotes the radius of the Earth.

187 For this study, the adiabatic invariants are used to compute the PSD from electron
188 flux data measured by the Van Allen Probes, representing particle concentration in the

189 combined space of position and momentum. Utilizing a 4-hour time resolution, the mea-
190 surements are aggregated into 4-hour intervals, and data gaps along the L-star param-

101 eter are interpolated. To identify dropout events, the procedure utilized by Xiang et al.

192 (2018) is employed, where a decrease in PSD exceeding a factor of five within a span of

103 less than eight hours is classified as a dropout event. In this study, the commencement

104 of a dropout is defined as the time step where the PSD first decreases by a factor of at

105 least five, while the end of a dropout is defined as the time step where the PSD is no longer
196 decreasing.

197 A catalog is compiled for the specified data timeframe, detailing the PSD for given
198 K and p values across L-star. An example page of the catalogue is illustrated in Figure

199 1. The white dotted line denotes storms identified by Turner et al. (2019), while diamonds
200 represent all REP events identified from the measurements of CALET, with color indi-

201 cating their intensity in counts. The pink circles in the lower plot highlight identified dropouts.
202 Additionally, the figure is overlaid with the SYM-H index.

203 If multiple dropout events are detected within a 2-day timeframe, they are consid-

204 ered a single event independent of their L-star region. This approach prevents inadver-

205 tent categorization into separate dropout events due to missing data points or variations
206 in loss processes over different timescales. Throughout the investigated timeframe, no

207 instances occurred where different storm events associated with a dropout happened closer
208 together than 2 days, ensuring accurate identification of distinct events. Figure 1 serves

200 as an example where the detected dropouts, indicated by pink circles, are counted as three
210 distinct dropout events. Moreover, the calculation of the last closed drift shell (LCDS)

on helps determine whether magnetopause shadowing, rather than precipitation, was the

212 predominant influencing factor. Pinto et al. (2020), shows that electron outward radial

213 diffusion driven by intense ULF waves, along with magnetopause shadowing, is frequently
214 the main driver for electron losses between the LCDS and the plasmapause location. The
215 minimum plasmapause position is often 1.0-1.5 Earth radii Rg lower than the minimum



216 LCDS. Consequently, ULF wave-driven radial diffusion is less likely to be the primary
217 driver for losses at L-shells below the LCDS and above 1.5 Rg.

218 To calculate all these values, the International Radiation Belt Environment Mod-
210 eling (IRBEM) library is utilized in conjunction with OMNI data, while employing the
220 International Geomagnetic Reference Field IGRF-13 (Alken et al., 2021) and the Tsy-
21 ganenko and Sitnov 2005 (T'S05) models for the description of the internal and exter-
22 nal geomagnetic field components.

223 With dropouts and REP events identified, it becomes feasible to ascertain whether
204 dropouts coincide with precipitation events. For this study, the dropouts are separated
225 into the two categories, based on the presence/ absence of MeV electron precipitation.

226 The dropout events with precipitation are identified by fulfilling two criteria:

227 (1)  Precipitation must be detected in an interval from 12 hours prior to the dropout
28 commencement to 4 hours after its end. This temporal criterion aligns with the

229 established definition of a dropout event, characterized by a rapid decline exceed-
230 ing five units within an 8-hour interval (Xiang et al., 2018). Given the dataset’s

231 temporal resolution of 4 hours, the chosen window ensures full coverage of the 8-
23 hour period before the dropout and at the time of the dropout end.

233 (2)  The recorded precipitation must fall within a specified L-star range relative to the
234 dropout location, set at £0.3, to accommodate potential inaccuracies in L-star cal-
235 culations. While the maximum error in the calculations may exceed £0.3, the value
236 is chosen as a conservative estimate. This decision is based on the observation that
237 the overall number of detected dropouts with precipitation varies by only 4% be-
238 tween 0.3 and +0.6, but showed a 10% increase from 0.1 to £0.3 and a 4% in-
239 crease from +0.6 to £0.7.

240 Events not satisfying these selection requirements are classified as dropouts with-

211 out precipitation.

(O Detected dropout
’ Precipitation measurement
= Detected Storm

Precipitation detection

6

PSD [c/MeV/cm]?
N A O
[095/53UN02]XAHD
y3buasys uoneydald

[Lu] H-WAS

Mar0a4 Mar07 Mar10 Mar13 Mar16 Mar19 Mar22 Mar25 Mar28 Mar31
2017

Figure 1: In the upper panel, the PSD is depicted overlaid with precipitation (diamonds)
measured by CALET, with color indicating the strength of the precipitation in count rate.
Detected storm events by Turner et al. (2019) are denoted by white dotted lines on both
plots. The lower subfigure illustrates the PSD overlaid with dropout events (magenta cir-
cles) and the SYM-H index.
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2.3 Potential sources of uncertainty

Utilizing the Van Allen Probes introduces the challenge of limited time resolution,
which at best is approximately 4 hours. However, due to various factors such as data gaps,
the time resolution can deteriorate, potentially resulting in the omission of dropout events.
Furthermore, the nature of PSD necessitates fixed values for K and p, making it chal-
lenging to capture all dropout events within the MeV energy band of CALET without
conducting multiple iterations across different parameter values. Given that energy varies
with L-star, this approach may result in potential undetected MeV dropouts during cer-
tain times and in specific L-star regions.

In addition to dropout detection, the precipitation measurements lead to poten-
tial uncertainties. As a result of the offset and tilt of the geomagnetic dipole with respect
to the Earth, combined with the ISS orbital constraints, CALET is able to sample the
outer radiation belt at varying L-shell/MLT intervals throughout its orbit (Bruno et al.,
2021). Additionally, the coverage of the L-shell per MLT is not uniform. Moreover, the
CALET measurements are reported in terms of L-shell values, representing drift-shell
distance at magnetic equator, whereas for comparison purposes, L-star values are nec-
essary, indicating regions characterized by stably trapped particles. The L-star calcu-
lation involves magnetic-field line tracing through the ISS position using the IGRF and
the T'S05 models. Subsequently, L-star is computed for the specified set of K values at
the equatorial location. It’s important to note that this methodology assumes that the
particle precipitation is aligned with the magnetic field. The L-star values derived from
both the Van Allen Probe dataset and the CALET dataset are accompanied by poten-
tial errors arising from the modeling of the Earth magnetic filed. Consequently, a thresh-
old of +0.3 for L-star alignment is selected.
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3 Analysis and Discussion

This study focuses on addressing two fundamental inquiries: the temporal occur-
rence and the spatial distribution of precipitation events in conjunction with dropout
occurrences. If not specified otherwise, the adiabatic invariants K = 1.311G/2 and p =
144MeV /G are employed to derive the forthcoming results. These values correspond to
an energy range of 1.4 to 3.6 MeV and an equatorial pitch angle range of 12 to 25 de-
gree, in an L-star range from 3-6. They were chosen due to their association with a rel-
atively high occurrence of MeV dropouts and the possibility of waves being associated
with this dropout, as this particle population can be efficiently scattered by He™- and
O%-band EMIC waves (Xiang et al., 2018). As a result, this study encompasses a total
of 106 events, with 63 instances occurring without precipitation and 43 being accompa-
nied by precipitation. The dimensions of the dropouts are illustrated in Figure 2. The
figure showcases the dimensions of all dropouts, encompassing both those with and with-
out precipitation. The extension of L-star indicates the range over which the dropouts
span. Notably, dropouts with precipitation tend to cover a broader L-star range com-
pared to those without precipitation. To compute the factor of the PSD drop for a sin-
gle dropout, the mean PSD reduction across each L-star bin where a decrease of at least
a factor of five is observed. The values show that the dropout depth tends to be larger
for dropouts with precipitation. While the maximum values of PSD drop for events with
and without precipitation can be very large, such high values are rare occurrences rather
than commonly observed features. The duration of dropouts, measured in hours, is de-
termined by identifying the first and last detection across all L-star bins. Dropouts with
precipitation tend to have longer durations.

—— All Dropouts

------- Dropouts with precipitation

— == Dropouts without precipitation
Mean

s Median

A 51 01 01 b) <)
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i |
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Figure 2: Dimension of dropouts, including the L-star extension, (a) drop in PSD, (b)
and duration of dropout, (¢) split into dropouts with and without precipitation. The di-
mensions are defined by the minimum and maximum values at the beginning and end of
each line. The mean and median values are also reported in cyan and violet, respectively.
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3.1 When - Temporal occurrence of dropout related precipitation

The temporal relationship between the onset of precipitation and dropout detec-
tion, as well as the timing of the SYM-H index drop, the peak in dynamic pressure Pgyn,
and the direction of the interplanetary magnetic field (IMF) B, component, is explored
by evaluating a timeline. Thereby, a superposed epoch study is conducted using all iden-
tified dropout events with precipitation.

Figure 3(a) presents all precipitation measurements during the time of the detected
dropouts and their strength in counts, while Figure 3(b) shows the probability distribu-
tion function (PDF) based on the amount of precipitation in (a) indicating the amount
of precipitation during different times relative to the time of the dropout. Figure 3(c)
shows the mean in the SYM-H index for all events, with dashed lines indicating the up-
per and lower quartiles. The same is done in Figure 3(d) for Py, and Figure 3(e) for
B,. The dropout start is delineated as the moment when the PSD experiences its ini-
tial decline exceeding a factor of five. Conversely, the end of the dropout is identified as
the first instance where there is no further reduction of any magnitude in PSD observed.
Preceding the dropout onset, time is measured absolutely, while the interval between dropout
onset and conclusion is relative and contingent upon the duration of the dropout itself.

e

-12h Dropout start Dropout end +12h x10

e e | .

s :.'. oll .'.'\'. '.: .

PRI L e B S L
SRR L TR I
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L-star [-]

PEF
b
S

[93s/53Un02] XAHD
ybuans uoneydnald

£

0.12

SYM-H [nT] £

a

Pgyn [NPa] ~

e

B, [nT]

Figure 3: Timeline illustrating precipitation occurrence relative to dropout start and end
times, overlaid with averaged maximum SYM-H index, maximum dynamic pressure Pgyy,,
and minimum magnetic field strength B, of all events. Absolute time frames occur before
and after dropout events, with relative time in between. a) Precipitation plotted in L-star
over time, with color indicating precipitation strength measured in the CHDX channel of
CALET in counts. b) Probability distribution of precipitation occurrence over time. c)
Mean SYM-H index for all events with upper and lower quartiles (dashed line). d) Mean
Pyyy for all events with upper and lower quartiles (dashed line). e) Mean B, for all events
with upper and lower quartiles (dashed line).

The drop in the SYM-H index occurs roughly 8.5 hours prior to the onset of dropouts,
along with the peak in Py, and the drop in B,. This is accompanied by heightened pre-
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cipitation, indicating a correlation between the outlined values, and the commencement
of precipitation associated with dropouts. A study by Ni et al. (2016) shows that for elec-
trons with energies greater than 100 keV, the largest depletion occurs during or right

after the peak in Py,,. In this work, the peak in MeV precipitation can be observed roughly

7.5 hours before the dropout is detected, following the peak in Pgy,. While earlier stud-
ies proposed that precipitation of high-energy electrons into the Earth’s atmosphere oc-
cur mainly during the recovery phase of the SYM-H index (Bazilevskaya et al., 2017; Horne
et al., 2009), the used dataset indicates a larger amount of precipitation before the dropout
onset. A study conducted by Mourenas et al. (2016) demonstrated how the combination
of chorus and EMIC waves could induce rapid MeV dropouts, within the observed time-
frame (2-10 hours), at an L-range of 3-6. After the onset of dropouts, there is a rapid
decrease in precipitation amount, attributed to the significant loss of electrons that has
already occurred by the time dropouts are detected. During the time of the dropout, the
minimum in the SYM-H index is reached. As the dropout progresses, precipitation di-
minishes gradually, with precipitation levels nearly absent by the end of the dropout phase.
Regarding the precipitation strength, defined by the amplitude in count rate measure-
ments of CALET, it is highest during the phase of the drop in the minimum SYM-H in-
dex and decreases over time.

Analysis of the dataset from 2015 to 2019 reveals a trend associated with the so-
lar cycle and the seasons, indicating changes in dropout frequency, as well as variations
in the frequency of dropouts with associated precipitation. Figure 4a presents the study
by Mursula et al. (2022), illustrating the annual distribution of storms driven by CMEs
and HSSs/CIRs. This categorization is used to better contextualize the data in Figure
4b, which illustrates the trend of sunspot numbers over time, with overlaid bars indicat-
ing dropout occurrences separated into those without precipitation and those accompa-
nied by precipitation. The data show that with a required alignment between dropouts
and precipitation events of L*+0.3, the decrease in occurrence towards the solar min-
imum is only evident from 2017 to 2018, with fewer dropout events observed in 2016 com-
pared to 2017. However, it’s necessary to note that certain time periods are subject to
small-number statistics. As outlined in Section 2.3, due to specific K and p values and
the energy dependence of electrons relative to L*, some dropouts in different L* regions
might not be detected. Conversely, loosening the criteria risks categorizing dropouts as
those with precipitation, even if the precipitation occurred independently. Nonetheless,
to assess overall trends and gauge sensitivity, an L* alignment requirement of +1 is ad-
ditionally set, as shown by the shaded bars in Figure 4b. The results in Figure 4b show
similar trends for both alignment criteria overall, with larger discrepancies observed in
2016. However, the primary focus in the following analysis is on the stricter binning cri-
teria of £0.3 to eliminate the number of potential false positive dropout categorizations.

—10-
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Figure 4: A comparative analysis of yearly dependency of detected dropouts. a) Num-
ber of different storm types per year as comparison (Mursula et al., 2022) b) Number of
detected dropouts(K = 1.311GY?Rp, p = 144MeV/G) with and without precipitation
alignment (Magenta vs. Blue) within an L-star alignment requirement of +0.3 and +1
including data from the beginning of November 2015 until the end of June 2019, plotted
against the solar cycle sunspot numbers (NOAA, 2024).

The seasonal variation, along with the potential correlation between dropouts with
and without precipitation and the equinoxes, is depicted in Figure 5. Thereby, only the
years with full measurement coverage (2016-2018) are included. Figure 5(a) illustrates
fluctuations in the total number of dropouts, while Figure 5(b) depicts variations in the
percentage of dropouts accompanied by precipitation per month. Both Figure 5(a) and
5(b) reveal peaks around the spring and autumn equinoxes, marked by the Sun’s cross-
ing of the celestial equator.
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Figure 5: A comparative analysis of monthly dependency of detected dropouts

(K = 1311GY?Rp, p = 144MeV/G) within a variability in L-Star of 4£0.3. a) Com-
parison between dropouts with and without precipitation alignment (Magenta vs. Blue)
per month. b) Percentage of dropouts with precipitation per month.
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The observed trend with the solar cycle in Figure 4 is likely attributable to the de-
cline in solar activity leading towards the solar minimum, resulting in fewer geomagnetic
disturbances (Miyoshi & Kataoka, 2011; Samsonov et al., 2019; Mursula et al., 2022).

The annual as well as the semiannual variation is also reported by Vidal-Luengo et al.
(2024) for all MeV precipitation events measured by CALET. However, from 2017 to 2018,
the number of dropouts with precipitation decreases drastically, while the total number

of dropouts remains the same.

The decrease in events with precipitation may be attributed to variations in elec-
tron intensity stemming from changes in geomagnetic activity. Typically 2-3 years be-
fore reaching the solar minimum there is an uptick in high-speed solar wind streams (HSSs)
and a decrease in interplanetary coronal mass ejections (CMEs) (Richardson et al., 2001),
as can be seen in Figure 4a. These streams energize the radiation belt whenever the so-
lar wind velocity exceeds 500 km/s (Baker & Kanekal, 2008). The importance of HSS
events for the energetic particle population in the outer radiation belt, coupled with the
lower occurrence rate in 2016 compared to 2017, could potentially explain why no de-
crease of precipitation-related dropouts can be seen in the data from 2016 compared to
2017, even while approaching solar minimum.

Additionally, HSS-events lead to pronounced seasonal variations, depicted in Fig-
ure 5 and observed during this descending phase from approximately 2015-2018 by Katsavrias
et al. (2021). The seasonal variation in average flux reveals peaks during spring (Febru-
ary to April) and fall (August to October) for electrons within the 2-6 MeV range at 2.5 <
L < 6.5. In contrast, electron flux decreases notably during winter (November to Jan-
uary) and further diminishes in summer (May-June) (Baker & Kanekal, 2008). This vari-
ation is primarily driven by the Russell-McPherron effect (Russell & McPherron, 1973),
which stems from the larger z component of the interplanetary magnetic field near the
equinoxes in GSM coordinates, resulting from the tilt of the dipole axis relative to the
heliographic equatorial plane. Additionally, the equinoctial effect (Cliver et al., 2000, 2002),
representing the varying angle of the Earth’s dipole with respect to the Earth—Sun line
and consequently the solar wind speed, particularly when the angle is at 90° during the
equinoxes, cannot be excluded as a contributing factor (Katsavrias et al., 2021).

The findings of Mursula et al. (2022) corroborate the theory that HSS events are
important for dropout events with precipitation by revealing a significant decrease in mod-
erate HSS events between 2017 and 2018. However, the overall storm frequency, includ-
ing CMEs and weak HSS-events, remains relatively stable during this period. The preva-
lence of MeV dropouts may remain high due to the influence of weaker storms, which,
at the same time, might not be strong enough to induce precipitation. In support of this,
2018 exhibits smaller average dropout dimensions, accompanied by lower average min-
imum SYM-H indices. Solar wind parameters and geomagnetic indices may also exert
additional influence.

The enhanced geomagnetic activity during the equinoxes manifests, among other
things, in a distinct seasonal variation of the DST index (Oh & Yi, 2011). Therefore, the
potential link between precipitation events and increased geomagnetic activity is explored
next by examining their association with storms using the minimum SYM-H index. Thereby,
the DST index and the SYM-H only differentiate in the time resolution of 1 hour and
1 minute, respectively. The minimum SYM-H for each event is determined by identify-
ing the lowest value within the time period of 12 hours preceding the dropout until the
end of the dropout. A minimum SYM-H categorization commonly used to classify storm
intensity is as follows (Loewe & Prolss, 1997): a weak storm is defined as —30nT > SYM-H >
—50nT, a moderate storm as —50nT > SYM-H > —100nT, and a strong storm as
—100nT > SYM-H > —200nT. Figure 6 illustrates the SYM-H dependency of dropouts
with and without precipitation. Applying this definition of storms, it becomes appar-
ent that dropouts do not always occur in relation to a storm. Furthermore, even dropouts
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with precipitation sometimes transpire for SYM-H minimum indices below the thresh-
old defined for a weak storm of —30nT.
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Figure 6: SYM-H index dependency of detected dropouts (K = 1.311 GY/2Ry
’
w = 144MeV/G) with and without precipitation alignment (Magenta vs. Blue) within

a variability in L-Star of £0.3. a) Fraction of dropouts with precipitation indicates to
follow a log normal distribution, while dropouts without precipitation alignment indicate
to follow a normal distribution. b) Cumulative probability indicating the occurrence of all
dropouts without precipitation during more positive SYM-H indices and vice versa.

Figure 6(a) shows that dropouts associated with precipitation exhibit a normal dis-
tribution, while those without precipitation follow a lognormal distribution, as confirmed
by the Kolmogorov-Smirnov Test. Moreover, Figure 6(b) demonstrates that dropouts
consistently coincide with precipitation for SYM-H minimum indices more negative than
-85. Conversely, when the SYM-H minimum index is more positive than -15, precipita-
tion in correlation with dropout events is not observed. The findings suggest that a mag-
netosphere undergoing heightened disturbance is more predisposed to initiating precip-
itation events, potentially due to an amplification in wave occurrence. An earlier study
by Ni et al. (2016) showed additionally that electron flux dropouts become more signif-
icant when the magnitude of SYM-H index decreases largely. Meredith et al. (2011) pro-
posed that belt dropouts during the main phase of HSS driven storms are not caused
by precipitation to the atmosphere. However, this study indicates that any storms can
be at least accompanied by MeV electron precipitation if the disturbance of the mag-
netosphere is strong enough.

When examining the temporal profiles of Py, and B, the differentiation between
dropouts with and without precipitation becomes less distinct, as shown in Figure 7. Sim-
ilar to the determination of the minimum SYM-H, the peak in Pyy, and the minimum
in B, for each event are identified by finding the lowest value within the time period span-
ning 12 hours before the onset of dropout until its end. Dropouts with precipitation tend
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to occur in relation to more positive Py, values and more negative B, values. The for-
mer is likely due to magnetosphere compression and the resulting waves (Onsager et al.,
2002; Yan et al., 2023). A study by Yu et al. (2013) supports the observed trend, as sim-
ilar results indicate that higher values of Pgy, correspond to more significant MeV elec-
tron flux dropouts compared to lower values of Pyyn. The latter is likely due to the fact
that a southward IMF B, results in strong injections from the plasma sheet, providing

a source of free energy for electromagnetic wave excitation, which in turn leads to wave-
particle interaction (Gao et al., 2015).
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Figure 7: B, and Py, dependency of detected dropouts (K = 1.311 G'/?Rp,
w = 144MeV/G) with and without precipitation alignment (Magenta vs. Blue) within

a variability in L-Star of £0.3. a) Fraction of dropouts for a given B, minimum. b) Frac-
tion of dropouts for a given Py, maximum.

Investigating the relationship between dropout events with and without precipi-
tation and the LCDS helps to identify the dropout mechanism, whether solely due to
precipitation or a combination of factors like precipitation, magnetopause shadowing,
and outward radial diffusion. Figure 8 illustrates a direct correlation between the SYM-
H index and the LCDS. Specifically, Figure 8(a) displays the fraction of dropouts with
and without precipitation alongside the corresponding LCDS. It can be seen that for an
LCDS value smaller than 6.5, all detected dropouts were accompanied by precipitation.
This indicates that the likelihood of a dropout being associated with precipitation in-
creases as the LCDS moves inward, and decreases as the LCDS moves outward. Figure
8(b) illustrates the relationship between the SYM-H index and the LCDS, showing a di-
rect correlation between these values. This observation is noteworthy, because events where
the LCDS moves far inward are often attributed solely to magnetopause shadowing and
outward radial diffusion. However, the research indicates that all three mechanisms con-
tribute to dropouts associated with low LCDS values and consequently more negative
SYM-H indices.

—14—



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

a) 0.25 b) 0

I Dropout with precipitation
N Dropout without precipitation
0.2 -50

£ =

5 E

3 =

o 0.15 5 -100

s °

K £

< T

2 0.1 = -150

I =

o n

s

200l « Dropout with precipitation
0.05 200 . « Dropout without precipitation
— Trend curve (with precipitation)
250 — Trend curve (without precipitation)
3 4 5 6 7 8 9 10
Last Close Drift Shell [L-star] Last Close Drift Shell [L-star]

Figure 8: Detected Dropouts (K = 1.311GY?Rp, p = 144MeV/G) with and without
Precipitation Alignment (Magenta vs. Blue) within a Variability in L-Star of £0.3, pre-
sented as: a) Fraction of dropouts per Last Close Drift Shell. b) Dropout distribution per
SYM-H index per Last Close Drift Shell.

3.2 Where - Spatial occurrence of dropout related precipitation

To examine disparities in spatial occurrence between dropouts with and without
precipitation, the study investigates the penetration depth, denoting the minimum L-
star value at which the dropout is detected. Figure 9 illustrates the penetration depth
of dropouts with precipitation (magenta) and without precipitation (blue). The graph

highlights a noticeable distinction between dropouts with and without precipitation. Dropouts

associated with precipitation tend to penetrate into deeper L-star regions, with the high-
est occurance below an L-star value of 4, while dropouts without precipitation tend to
penetrate less deeply, leading to a peak occurrence above an L-star value of 5. This re-
sult suggests two possibilities: firstly, that precipitation plays a pivotal role in dropouts
occurring within low L-star regions, or secondly, that dropouts associated with loss within
these regions coincide with precipitation events. Figure 9 also reveals outliers of dropouts
with precipitation events in higher L-star regions, and vice versa.

While studies have shown that magnetopause shadowing tends to be the predom-
inant loss mechanism at L-star > 4, and EMIC waves can significantly contribute to elec-
tron loss at L-star < 4 (Shprits et al., 2006; Turner, Shprits, et al., 2012; Xiang et al.,
2018), the reverse can also be true (Xiang et al., 2017).

o
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Figure 9: Penetration depth dependency in L-star of detected dropouts (K =
1.311GY?Rp, p =  144MeV/G) with and without precipitation alignment (Magenta
vs. Blue) within a variability in L-Star of £0.3, indicated by plotting the fraction of the
dropouts over L-star.
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Besides the L-star region, the pronounced MLT region of precipitation occurrence
is investigated. Figure 10(a) illustrates the fraction of occurrences of precipitation not
associated with a dropout in purple, while the pink color indicates precipitation corre-
lated with dropouts. Overall, these two datasets align with each other, albeit with a more
pronounced trend observed for precipitation with dropouts occurring in the dusk and
midnight sector.

Precipitation in the dusk sector has frequently been observed in correlation with
a strong southward IMF B,, consistent with the trend depicted in Figure 7(a) (Gao et
al., 2015). EMIC waves are proposed as the primary driver of loss (Horne et al., 2009;
Gao et al., 2015). During the compression of the magnetic field induced by Py, it was
suggested that EMIC waves become excited and manifest around MLT 18 (Yan et al.,
2023). While the trend of higher dynamic pressure leading to dropout events is evident
in Figure 7(b), the dependence is not distinct. Precipitation in the midnight sector has
been previously observed during periods characterized by either strong southward IMF
B, or high dynamic pressure (Gao et al., 2015). It is suggested that precipitation around
the midnight sector may be primarily driven by CSS. Hiss and Chorus waves alone are
unlikely to serve as the primary driver in the dusk and midnight sectors due to their dis-
tribution of occurrence (Borovsky, 2021). Although the occurrence rate of MeV dropouts
does not exhibit a clear dependence on MLT (Hua et al., 2023; Onsager et al., 2002), a
discernible precipitation trend is evident. This suggests that precipitation may primar-
ily influence MeV dropouts around the dusk-midnight sector.

Figure 10(b) shows all precipitation measurements related to a dropout event, with
color indicating the precipitation strength in counts per second plotted along L-star. Most
of the precipitation occurs between L-star of 4 and 5, with the strongest precipitation
events occuring during the periods of dusk and midnight, especially around MLT 19-20,
as also noted by Jordanova et al. (2008).
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Figure 10: a) Analysis of the MLT dependency of precipitation with and without dropout
alignment (K = 1.311GY?Rpg, p = 144 MeV/G), represented by and Purple respec-
tively, within a Variability in L-Star of +0.3. The data is binned into 1-hour MLT regions
and displayed as fractions. b) Visualization of precipitation measurements with dropout
alignment plotted against MLT and L-star, with color indicating precipitation strength
measured by the CHDX channel of CALET.
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492 3.3 Validation

493 All the trends observed in the analysis outlined in Chapter 3.1 and 3.2 are repli-

204 cated using a different set of K and p values, with K being 0.172 G'/2Rg and p being

205 1096 MeV /G, corresponding to a similar energy range of 1.4 to 4.2 MeV and a equato-

296 rial pitch angle range of 35 to 58 degrees. In total, 91 dropouts are found, with 35 of them

207 associated with precipitation. The same trend for B, and Py, depicted in Figure 7 is
208 even more pronounced at these K and p values.

499 Furthermore, it is tested whether precipitation consistently occurs at the same rate
500 or if there is an enhancement around the time of the dropout occurrence. This valida-

s01 tion aims to ensure that the timeline depicted in Figure 3 is not merely a random align-
502 ment of precipitation points. A 10-day time frame is chosen both before and after the

503 onset of dropouts, during which the precipitation is documented, as illustrated in Fig-

504 ure 11(a). Figure 11(b) displays the PDF over time, indicating the precipitation amount.
50 It is evident that a significant increase in precipitation events occurs between 11h and

506 9h before the detection of dropout commencement. This validates that the chosen time
507 period of Figure 3, which is 12 hours, aligns well with the precipitation occurrence ob-
508 served over a longer duration and is not random. Furthermore, a slight decrease in L-

500 star just before the commencement of dropout can be observed in Figure 11(a).

510 To further validate the temporal relationship between dropouts and precipitation
511 events, a low-energy population is selected. This population, characterized by specific

512 values of K = 0.015 GY/?Rg and pu = 50 MeV /G, corresponds to an energy range around
513 117 keV and an equatorial pitch angle around 77 degrees. Precipitation measurements
514 using CALET’s energy channels are not feasible within this range, implying that there
515 should be no correlation between dropouts and precipitation events. All dropout events
516 previously identified within the MeV range have been omitted from consideration due

517 to the potential for precipitation originating from those dropouts. Following the imple-
518 mentation of binning in L-star at £0.3 and subsequent reevaluation, only approximately
519 4% of events are found to correlate with precipitation, indicating the success of the test.

<

N Ao @ Ex
[09s/53un0d] XaHD
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Time before dropout [days] Time after dropout [days]

Figure 11: Timeline illustrating precipitation occurrence relative to dropout start (DS)
and end (DE) times, overlaid with averaged maximum SYM-H, maximum dynamic pres-
sure Pyyp, and minimum magnetic field strength B, of all events. Absolute time frames
occur before and after dropout events, with relative time in between. a) Precipitation
plotted in L-star over time, with color indicating precipitation strength measured in the
CHDX channel of CALET in counts. b) Probability distribution of precipitation occur-
rence over time.
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520 4 Summary and Conclusions

521 The study yields several key conclusions concerning the temporal and spatial oc-
522 currence of MeV electron precipitation in relation to radiation belt dropouts:

523 + Dropouts with MeV precipitation typically exhibit larger dimensions (L-star ex-
524 tension, factor of drop in PSD, and length) compared to those without precipi-

525 tation.

526  Precipitation tends to occur during periods of SYM-H and B, decline, as well as
507 enhancements in Pg,,. These conditions also lead to the largest amplitude of pre-
528 cipitation, predominantly in lower L-star regions.

529 » The total number of dropouts, as well as fraction of dropouts with precipitation,
530 show a correlation with the solar cycle and the seasons, likely attributable to so-
531 lar and geomagnetic activity.

532 ¢ During periods of more negative minimum SYM-H indices, which coincide with

533 the inward movement of LCDS, the likelihood of experiencing dropouts with pre-
534 cipitation significantly increases.

535 + A tendency is observed where lower B, and larger Py, values are more likely to
536 be associated with precipitation during dropouts.

537 e Dropouts accompanied by precipitation tend to penetrate into lower L-star regions.
538 » The occurrence of precipitation associated with dropout events peaks in the dusk-
539 midnight sector, coinciding with an increase in precipitation intensity.

540 Overall, this study provides initial insights into the contribution of precipitation

541 into the atmosphere to radiation belt losses observed during MeV dropout events. Ev-
542 idence is provided showing that precipitation frequently occurs during MeV dropouts,

543 emphasizing its importance as a loss mechanism. These findings support that precipi-

544 tation is needed as an additional mechanism in simulations to capture the full extent of
545 electron loss during MeV dropouts. Additionally, these results demonstrate a distinc-

546 tion between MeV electron dropouts with and without precipitation, highlighting their
547 dependence on solar wind parameters, geomagnetic indices, dropout dimensions, and MLT.
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552 obs/). Additionally, the combined pitch-angle resolved electron flux data from Van Allen

553 Probes A and B are available via https://rbsp-ect.newmexicoconsortium.org/rbsp
554 _ect.php, along with the corresponding Magnetic Ephemeris data (https://rbsp-ect
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