JGR Space Physics

RESEARCH ARTICLE
10.1029/2021JA029261

Special Section:

Geospace multi-point observa-
tions in Van Allen Probes and
Arase era

Key Points:

« Linkage between flux dropouts
and dayside escape is investigated
using observations along with global
magnetohydrodynamics and test
particle simulations

« A nonstorm event enables study
of subsequent losses that might
occur after initial compression and
relaxation of the magnetopause
boundary

« Observations and simulations
help characterize loss by bounding
parameters such as rate, duration,
and distribution across the
magnetopause

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

1. I. Cohen,
ian.cohen@jhuapl.edu

Citation:

Cohen, I. I, Turner, D. L., Michael, A.
T., Sorathia, K. A., & Ukhorskiy, A. Y.
(2021). Investigating the link between
outer radiation belt losses and energetic
electron escape at the magnetopause:

A case study using multi-mission
observations and simulations. Journal
of Geophysical Research: Space Physics,
126, €2021JA029261. https://doi.
0rg/10.1029/2021JA029261

Received 24 FEB 2021
Accepted 14 MAY 2021

© 2021. Johns Hopkins University.
Journal of Geophysical Research:
Space Physics published by Wiley
Periodicals LLC on behalf of American
Geophysical Union.

This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited,

the use is non-commercial and no
modifications or adaptations are made.

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

ik

Investigating the Link Between Outer Radiation
Belt Losses and Energetic Electron Escape at the
Magnetopause: A Case Study Using Multi-Mission
Observations and Simulations
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, D. L. Turner' ©, A. T. Michael

'The Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA

Abstract Radiation belt flux dropout events are sudden and often significant reductions in high-
energy electrons from Earth's outer radiation belts. These losses are theorized to be due to interactions
with the dayside magnetopause and possibly connected to observations of escaping magnetospheric
particles. This study focuses on radiation belt losses during a moderate-strength, nonstorm dropout event
on November 21, 2016. The potential loss mechanisms and the linkage to dayside escape are investigated
using combined energetic electron observations throughout the dayside magnetosphere from the
Magnetospheric Multiscale and Van Allen Probes spacecraft along with global magnetohydrodynamic
and test particle simulations. In particular, this nonstorm-time event simplifies the magnetospheric
conditions and removes ambiguity in the interpretation of results, allowing focus on subsequent losses
from enhanced outward radial transport that can occur after initial compression and relaxation of the
magnetopause boundary. The evolution of measured phase space density profiles suggest a total loss of
approximately 60% of the initial radiation belt content during the event. Together the in situ observations
and high-resolution simulations help to characterize the loss by bounding the following parameters:

(a) the duration of the loss, (b) the relative distribution of losses and surface area of the magnetopause
over which loss occurs, and (c) the escaping flux (i.e., loss) rate across the magnetopause. In particular,
this study is able to estimate the surface area of loss to less than 2.9 x 10° Rg” and the duration of loss to
greater than 6 h, while also demonstrating the magnetic local time-dependence of the escaping flux and
energy spectrum.

Plain Language Summary Earth's radiation belt is full of very high-energy electrons that
orbit stably around Earth. However, for decades we have known that these radiation belts are highly
variable, with flux levels rapidly increasing and decreasing. Understanding how and why this happens
is fundamental to understanding the near-Earth space environment into which we are putting more and
more technology and infrastructure. One type of sudden radiation belt loss is known as a “flux dropout
event”—it is believed that during these events electrons from the radiation belts are lost because they
interact with the sunward boundary of Earth's magnetic field and escape the system. Using combined
satellite measurements from multiple orbiting missions as well as state-of-the-art global simulations of
near-Earth space, we are able to provide novel insight into the processes that lead to these flux dropout
events and how, where, and when the electrons escape near-Earth space.

1. Introduction

Greater than tens of kiloelectronvolts energetic particles are regularly observed beyond the magnetopause
at significantly higher intensities than expected from the solar wind and magnetosheath. However, the
debate as to whether these particles (both electrons and ions) are of magnetospheric or solar origin began
with the earliest in situ observations and has continued in the literature for several decades (e.g., review
by Cohen et al., 2017, and references therein). The root of this debate focuses on whether these energetic
particles originate from the solar wind and are accelerated near the bow shock (e.g., shock-drift or diffu-
sive shock acceleration) or if they are magnetospheric particles that have escaped beyond the magneto-
pause (e.g., through either magnetic reconnection or escape due to finite gyroradius effects). The origin of
these particles has wide implication for both heliophysics and planetary science, as similar observations
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have also been made at the bow shock and upstream of other magnetized (e.g., Krimigis, 1992; Krimigis
et al., 1985, 1988, 2009; Zwickl et al., 1981) and unmagnetized (e.g., Bagenal et al., 2016; Russell, Ray-
mond, et al., 2016; Yamauchi et al., 2011) planetary bodies. If they are of magnetospheric origin, such par-
ticles also have relevance to astrophysics and the “injection problem” of cosmic ray acceleration (e.g., Zank
et al., 2001), since those particles would represent stellar plasma that has been processed and accelerated in
a planetary magnetosphere before escaping back into interplanetary space.

However, the improved magnetic local time (MLT) coverage and high energy, angular, compositional, and
temporal resolution of the observations from the Energetic Particle Detector investigation (Blake et al., 2016;
Mauk, Blake, et al., 2016) aboard the Magnetospheric Multiscale (MMS) mission (Burch et al., 2016) have
opened a new chapter in the study of energetic particle dynamics at the magnetopause boundary. The un-
expected regularity of this mono-hemispheric escape (i.e., “streaming”) of energetic electrons, particularly
in the dayside, dusk sector, motivated the statistical analysis of MMS energetic electron escape observations
by Cohen et al. (2017). That study presented a database of 238 energetic (40 keV) electron streaming events
in MMS/EIS observations during Phase 1a (September 1, 2015-March 8, 2016) identified by a clearly aniso-
tropic (£90°) pitch angle distribution; these signatures were concluded to result from electrons streaming/
escaping along recently reconnected magnetic field lines. In addition to the unexpected frequency of occur-
rence of energetic electron escape across all MLT at the dayside magnetopause, two additional results from
the statistical analysis of Cohen et al. (2017) are specifically noteworthy. First, statistically significant pitch
angle asymmetries were observed in these escape events up to ~200 keV. The authors presented a simplistic
calculation assuming conservation of the first adiabatic invariant (u) and suggested that these ~200 keV
electrons at the magnetopause could correspond to the loss of relativistic electrons from the outer radiation
belt. Second, although the results of the study most strongly supported loss via reconnection, the authors
acknowledged that other loss mechanisms could not be ruled out due to the difficulty of isolating correlated
parameters (such as IMF orientation and geomagnetic indices; e.g., Russell & McPherron, 1973) to identify
a chain of causality.

As suggested by Cohen et al. (2017), these escaping energetic electrons may play a significant role in ad-
dressing another long-standing debate in the literature, this one regarding radiation belt dynamics. Outer
radiation belt flux “dropout” events are drastic decreases in relativistic electron flux over broad ranges of
energy, pitch angle, and radial distance in only a few hours, which have a rich history in the literature and
are known to occur commonly (e.g., Turner, Morley, et al., 2012, and references therein). Although original-
ly attributed to simple adiabatic effects during the main phase of storms (Dessler & Karplus, 1961; Roeder-
er, 1970), more recent observations strongly suggest that these dropouts are driven by true losses from the
system (e.g., H.-J. Kim & Chan, 1997; Li et al., 1997; Morley et al., 2010). Recent work has shown that pro-
ducing distributions of electron phase space density (PSD) in adiabatic invariant coordinates removes most
ambiguity due to adiabatic effects. However, this method still reveals outer belt dropouts, providing strong
evidence for actual loss (e.g., Turner et al., 2013).

Currently, it is believed that losses during dropouts are attributable to two mechanisms (e.g., Xiang
et al., 2017, 2018), both of which can act in the presence of adiabatic motion: (a) rapid scattering into the
atmospheric loss cones (i.e., either the drift or bounce loss cone), in particular by electromagnetic ion cy-
clotron (EMIC) waves (Aseev et al., 2017; Usanova et al., 2014), and (b) magnetopause shadowing and sub-
sequent enhanced outward radial transport (Turner & Ukhorskiy, 2020, and references therein). However,
it remains unclear which are the dominant processes in storm- and nonstorm-time events (e.g., Katsavrias
et al., 2015; Morley et al., 2010; Su et al., 2016). Rapid losses to the atmosphere are believed to occur due to
wave-particle interactions between relativistic electrons and waves, such as EMIC waves (e.g., Summers &
Thorne, 2003).

Magnetopause shadowing describes the loss of trapped particles on drift trajectories that intersect the mag-
netopause following sudden compressions of the magnetosphere (e.g., K. C. Kim et al., 2008). Losses at low-
er L-shells than those that directly interact with the magnetopause can occur as electrons are driven toward
the magnetopause boundary by outward radial transport resulting from perturbations to the PSD radial
distribution by ultralow frequency wave activity that violates the third adiabatic invariant (e.g., Loto'aniu
et al., 2010; Miyoshi et al., 2006; Shprits et al., 2006; Turner, Angelopoulos, et al., 2012). Rapid deceleration
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due to nonlinear wave-particle interactions (e.g., Tao et al., 2012) could also contribute to dropouts, but has
yet to be thoroughly investigated.

Turner et al. (2014) presented a case study of a significant flux dropout event. Using observations from mul-
tiple spacecraft (THEMIS, Van Allen Probes, GOES), the authors confirmed that losses outside of L > 4 were
dominated by magnetopause shadowing and outward radial transport, but suggested influence of another
loss process for multi-MeV electrons at lower L-shells (L* < 4). Building upon this idea presented by Turner,
Morley, et al. (2012) and Turner, Shprits, et al. (2012) (based on Shprits et al., 2006), the authors presented
a scenario where magnetopause shadowing followed by outward radial diffusion creates a flux dropout
event throughout most of the outer belt. First, a solar wind pressure pulse the moves the magnetopause
inward, resulting in magnetopause shadowing. As the pressure pulse passes, the magnetopause responds
to the lower pressure solar wind and moves back outward, with losses from the magnetopause generally
shadowing above geostationary orbit except for the largest of magnetopause compressions; this generates
a very sharp PSD gradient and enables subsequent enhanced outward radial diffusion. This outward radial
transport pushes electrons from the outer radiation belt, which results in further losses to the magnetopause
and irreversible flux reductions throughout much of the rest of the belt, because electrons lose energy as
they move outward and such transport is an irreversible process.

Previous observational (e.g., Cohen et al., 2016, 2017; Mauk et al., 2019) and modeling studies (e.g., K. C.
Kim & Lee, 2014; Mauk, Cohen, et al., 2016; Sorathia et al., 2017, 2018) have shown evidence of magneto-
spheric loss via interactions with the magnetopause boundary. In particular, the recent simulation results
from Sorathia et al. (2018) looked at the initial direct loss of energetic electrons from the outer radiation belt
when their drift trajectories intersect the compressed magnetopause during a geomagnetic storm. Comple-
mentary to that, the study presented here further investigates the potential link between outer radiation belt
flux dropout events and energetic electrons that are observed to escape beyond the magnetopause during
a nonstorm dropout event. In particular, using energetic electron measurements from MMS and the Van
Allen Probes (Mauk et al., 2013) along with global magnetohydrodynamics (MHD) and test particle simula-
tions, from the Grid Agnostic MHD with Extended Research Applications (GAMERA) (Sorathia et al., 2020;
Zhang et al., 2019) and Conservative Hamiltonian Integrator for Magnetospheric Particles (CHIMP) (Sor-
athia et al., 2017, 2018, 2019) frameworks, respectively, specifically for a nonstorm event allows this study
to investigate the subsequent loss of energetic electrons from the inner magnetosphere via the process of
enhanced outward radial diffusion in the wake of a magnetospheric compression as proposed by Turner,
Morley, et al. (2012) and Turner, Shprits, et al. (2012).

2. Observations

Between November 20 and 24, 2016, both Van Allen Probes were in the near-midnight MLT sector, when
they observed an outer radiation belt flux dropout event. Figure 1 shows the configuration of the six (two
Van Allen Probes and four MMS) spacecraft used in this study and their orbit tracks for the preceding 24 h.
As shown in Figure 2, the dropout began late in the day on 21 November and continued well into 23 No-
vember, with the most significant reductions in intensity occurring late in the day on 21 November. Note
(a) that the slower decay of the lowest energy electrons (Figure 2a) earlier in the period are independent
of the sudden dropout affecting the electrons at all energies starting on the 21st, and (b) that the MeV elec-
trons (Figure 2d) do not return to their pre-dropout intensities in the days following the dropout. At the
same time, the MMS spacecraft were in the magnetosheath in the afternoon sector on the inbound leg of
their orbit. The slower decay at lower energies is likely associated with wave-particle interactions scattering
electrons into the atmospheric loss cone; loss timescales for those processes are on the order of several days.

Figure 3 shows an overview of the OMNI solar wind and MMS observations for this event, spanning approx-
imately two orbits (apogee to apogee) from 12:00 UT on November 20, 2016 to 12:00 UT on November 22,
2016. MMS begins near apogee in the magnetosheath on 20 November; the spacecraft then move Earthward
and encounter the magnetopause at approximately 17:30 UT at a distance of ~10.5 Rg. During the outbound
leg of the orbit on 21 November, MMS flies along field lines that map to very high magnetic latitudes (and L
values), as indicated by the much stronger (>100 nT) field measured within the magnetosphere (compared
to ~50 nT field observed at the same L values after the magnetopause crossing on the inbound orbit on the
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Figure 1. Plot showing the 24-h orbital tracks for the Magnetospheric Multiscale and Van Allen Probes spacecraft
during the November 21, 2016 dropout event studied here overlaid on a 2D slice of the SM X-Y plane of the magnetic
field at 18:00 UT from the Grid Agnostic MHD with Extended Research Applications magnetohydrodynamics
simulation used in this study.

previous day). On this outbound leg, MMS encounters the magnetopause and exits the magnetosphere at
~07:10 UT at a distance of ~9.0 Rg. The aforementioned flux dropout event that is the focus of this study
occurs while MMS is in the magnetosheath, likely driven by the solar wind dynamic pressure pulse seen in
the OMNI data (Figure 3a, black line) around 12:00 UT. On the inbound leg of the second orbit (afternoon
of 21 November), MMS again crossed the magnetopause and entered the magnetosphere around 19:20 UT
at a distance of ~9.4 Rz. However, a surprisingly weak population of magnetospheric energetic particles is
observed into ~8 R where an apparent dispersive injection and subsequent drift echo are encountered at
~21:15 UT. It is believed that this magnetospheric region of low-intensity energetic electron background is
the result of the relaxation of the magnetopause boundary following its compression by the solar wind—
that is, magnetospheric flux tubes largely empty of the energetic electrons processed and energized by the
magnetosphere. On the outbound orbit on 22 November, MMS again flies along field lines that map to very
high magnetic latitudes.

Together, observations from Van Allen Probes/MagEIS (Blake et al., 2013) and MMS/FEEPS (Blake
et al., 2016) provide nearly continuous profiles of energetic electron PSD throughout the inner magne-
tosphere. Analyses from favorable conjunctions between MMS and Van Allen Probes have demonstrated
that the these instruments are well cross-calibrated, as supported by the results presented here. The loss of
energetic electrons from the magnetosphere during this flux dropout event is investigated by analyzing dis-
tributions of electron PSD versus L* (which is similar to L, but inversely proportional to the third adiabatic
invariant and thus also invariant) following a well-proven approach used by multiple previous studies (e.g.,
Boyd et al., 2018; Chen et al., 2005; Green & Kivelson, 2004; Katsavrias et al., 2019; Turner, Angelopoulos,
et al., 2012; Turner et al., 2013; Zhao et al., 2018). It should be noted that detailed error analyses for PSD
calculations from THEMIS and Van Allen Probes were conducted by Turner, Angelopoulos, et al. (2012),
Turner, Shprits, et al. (2012), and Morley et al. (2013), respectively, both of which found that the resulting
errr was very small (<6%). This is consistent with the excellent agreement between the PSD values calculat-
ed from the Van Allen Probes and MMS observations when the spacecraft crossed each other in L* and from
each subsequent spacecraft passage during undisturbed geomagnetic conditions.
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Figure 2. The evolution of electron intensities as observed by the Van Allen Probes/MagEIS instrument (Blake
et al., 2013) at four energies sorted by L-shell show a moderate, nonstorm flux dropout event spanning November
20-23, 2016.

Figure 4 shows examples of such PSD versus L* distributions calculated for two different fixed 4 values and
a fixed K value of <0.1 G'?Rg, which corresponds to only electrons with equatorial pitch angles ~90° + 30°.
For the Van Allen Probes data, K is calculated by averaging over only equatorial pitch-angles (restricting
K < 0.1 G"*Ry) using the Tsyganenko and Sitnov (2005) global magnetic field model. MMS PSD is calculated
by averaging over local pitch-angles ranging from 90° + 15° when the spacecraft are at low magnetic lati-
tudes to approximate low-K electrons. Observations at L* < 5.5 come from Van Allen Probes while those >
5.5 come from MMS. It should be noted that the gap in continuity between the Van Allen Probes and MMS
measurements at L*~6 for the higher-u value is a result of the relatively low upper energy (~600 keV) limit
for the FEEPS instruments. These  values were selected to showcase the different responses of electrons
with lower (<350 MeV/G) and higher (=350 MeV/G) u values. In general, the losses resulting from the flux
dropout events are observed only at higher u values.

By looking at how these profiles change over time (as indicated by color in the plots), the evolution of the
magnetospheric populations can be examined. On the 20 November orbit prior to the dropout event (blue),
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Figure 3. Overview plot of OMNI (King & Papitashvili, 2005) solar wind data (a) and geomagnetic indices (b) along with in situ magnetic field (c), energetic
electrons (d), and lower-energy electrons (e) from Magnetospheric Multiscale obtained by the FGM (Russell, Anderson, et al., 2016); FEEPS (Blake et al., 2016),
and FPI (Pollock et al., 2016) instruments, respectively. At the top, the data are broken down by orbit legs using the same color bar used to show the temporal

evolution of the phase space density profiles in Figure 4.

the inbound MMS spacecraft encountered the magnetopause at just inside 11 Rg, which corresponds to the
sudden dropoff in # = 220 MeV/G PSD distributions (4a) and denoted by the vertical dashed lines marked
with “MP-1.” The magnetopause cutoff is not as apparent in the higher, # = 750 MeV/G PSD distribution
(4b), which falls off much more gradually with distance. During this 20 November orbit, MMS observed a
relatively robust population of energetic particles within the magnetosphere for all # values shown. Notice
that the PSD profiles do not include MMS observations (i.e., L > 5.5) from either of the outbound legs the
spacecraft's mapping to very high magnetic latitudes, as previously discussed; at such high latitudes, MMS
does not observe electrons at the values of x# and K considered here. Though FEEPS does observe energetic
electrons during this period, the very high magnetic field (latitude) from those orbits observed at these
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Figure 4. Evolution of calculated phase space density electron profiles versus radial distance for near-equatorially-mirroring (K < 0.1 G**Ry) particles as
measured jointly by Van Allen Probes at L* < 5.5 (circles) and Magnetospheric Multiscale (MMS) at L-shell 5.5 (x's) for two different values of the first
adiabatic invariant («). The color bar corresponds to the passage of time throughout the event. The vertical dashed lines (MP-1, -2) denote the locations of the

MMS magnetopause crossings.
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L-shells results in very different 4 values. However, it can be seen from Van Allen Probes data during this
time that the PSD profiles at L* < 5.5 change only slightly in this time, which is consistent with the loss
seen in simulations conducted for a subset of this period to be discussed in later sections. The magneto-
pause crossing on the inbound orbit on 21 November is apparent at ~9.4 R in the 220 MeV/G distribution
as denoted by the vertical dashed lines marked with “MP-2”; note that the magnetopause is not nearly as
apparent at 750 MeV/G. Instead, both 21 November inbound distributions are dominated by the abrupt
PSD gradient arising from the injection observed at ~8 Rg. It must be noted that the dynamic injection of
energetic electrons from the tail also fills the “empty” dayside flux tubes resulting from the relaxation of the
magnetosphere and partially replenishes, and cannot be distinguished separately from, electron losses from
enhanced outward radial transport at the L-shells affected by the injection.

The flux dropout event, which is most evident in Van Allen Probes data in the 750 MeV/G distribution (Fig-
ure 4b), affects L > 4.6 and occurs between ~12:00 UT on 21 November and ~12:00 UT on 22 November.
Unfortunately, the lack of outer magnetospheric (L > 5.5) PSD observations from MMS for the outbound
leg of the orbit on 22 November inhibits our ability to calculate the total magnetospheric loss with certainty.
However, the limited observations from Van Allen Probes in the inner magnetosphere can be used to esti-
mate the loss by fitting the PSD profiles as shown in Figure 5. Here, the fit for the pre-dropout PSD profile,
including both Van Allen Probes and MMS observations, is shown in cyan and the fit for the post-dropout
partical PSD profile, from Van Allen Probes only, is in magenta. Comparing these fits using (PSDyefore —
PSDo,fter)/PSDpefore Shows that approximately 61% of the pre-dropout electrons (total PSD loss of 0.12 e/
cm’-MeV? at 4 = 750 MeV/G) are lost from the magnetosphere. Note that (a) the vast majority of the losses
(these are logarithmic y-axes) occurred between 4.6 < L < 7 (Figure 5b), and (b) this event demonstrates
relatively weak loss, as simulations of storm-time events by Sorathia et al. (2018) and an independent Van
Allen Probes/MMS PSD analysis from another flux dropout event on December 14, 2015 (not shown) both
resulted in >90% loss of the outer belt. As previously mentioned, it is exactly for this reason and that the
magnetopause compression was not severe that this event is ideal to enable investigation of secondary
losses due to enhanced outward radial transport. Figure 5b shows how the percent PSD difference (A%psp)
versus L-shell for # = 750 MeV/G electrons. As can be seen, the 750 MeV/G electrons in the inner magne-
tosphere (L < 4.6) actually see enhancements (A%psp > 0) after the dropout event, whereas higher (>4.6)
L-shells see reductions in PSD (A%psp < 0). That pattern is entirely consistent with losses due to outward
radial transport following magnetopause shadowing (e.g., Turner & Ukhorskiy, 2020).
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3. Simulations

The methodology and techniques used to model the evolution of the radiation belts in this study are de-
scribed in detail by Sorathia et al. (2017, 2018); however, a brief summary is provided here. First, a global,
high-resolution MHD simulation is used to produce self-consistent, time-varying electromagnetic fields
of the magnetosphere. The outer radiation belt is then modeled as an ensemble of test particles, chosen to
match observations before the period of interest. The particle trajectories are traced through the electromag-
netic fields generated by the MHD simulation to determine the dynamic evolution of the radiation belts.

The global magnetosphere model used in this study couples the newly developed GAMERA MHD model
(Sorathia et al., 2020; Zhang et al., 2019), and its integrated ionospheric model, RE-developed Magneto-
sphere-Ionosphere Coupler/Solver (ReMIX), with the Rice Convection Mode (RCM; Toffoletto et al., 2003).
GAMERA is the reinvention of the high-heritage Lyon-Fedder-Mobarry (LFM) model (Lyon et al., 2004).
GAMERA preserves the core numerical philosophy of its predecessor, which has been used extensively to
study critical mesoscale structures in the magnetosphere (Cramer et al., 2017; Merkin et al., 2019; Wilt-
berger et al., 2015). ReMIX is a rewrite of the MIX code (Merkin & Lyon, 2010) that solves the ionospheric
Ohm's law given a source of field-aligned currents from the MHD simulation and ionospheric conductance
computed using a quasi-empirical model including both solar irradiance and precipitation contributions
(Fedder & Lyon, 1995). In the GAMERA-RCM coupled model, the diffuse electron precipitation is calcu-
lated directly from the RCM (Lin et al., 2021). The RCM provides the density and pressure in the inner
magnetosphere, where energy-dependent particle drifts dominate over plasma flows, similar to Pembroke
et al. (2012).

GAMERA utilizes a warped spherical grid with higher resolution on the dayside. In this study, the grid has
192 x 192 X 256 cells in the radial, polar, and azimuthal directions, corresponding to the highest resolution
LFM grid. ReMIX is coupled with GAMERA every 5 s and has a uniform grid with 0.5° resolution in both
latitude and longitude and the low latitude boundary set to 45° magnetic latitude. The RCM is initialized
with 115 energy channels and 180 x 181 cells in latitude and longitude, respectively. The RCM is dynamical-
ly coupled with GAMERA. The coupling frequency depends on the geomagnetic activity level, that is, quiet
times correspond to a low coupling frequency. The GAMERA-RCM model is driven solar wind data taken
from the OMNI database at 1 min resolution and linearly interpolated through any data gaps. To model the
dropout event, the global MHD simulation is started at 21:00 UT on November 20, 2016 and preconditioned
the magnetosphere for 19 h before the period of interest between 16 UT and 18:30 UT on November 21,
2016. The three-dimensional electromagnetic fields and plasma solution generated by the simulation are
saved at a cadence of 15 s and are used to evolve the test particles during the event.

The test particle trajectories are solved using the CHIMP code (Sorathia et al., 2017, 2018, 2019). CHIMP is a
3D flexible particle integrator, fully integrated to work with the complex geometries used by GAMERA. The
modeled outer radiation belt consists of 400 thousand test particles initialized in the magnetic equatorial
plane, distributed between L = 3 Rz and L = 9 Rg. The L-shell, pitch-angle, and energy of each test particle
are randomly chosen between the specified bounds. The initial radiation belt electrons have energies select-
ed between 50 and 1,500 keV. The range in L-shell and energy allows for modeling of all potential magneto-
spheric sources for the 75 keV electrons observed by MMS in the magnetosheath. Only the initial radiation
belt was simulated. Electrons that are injected into the inner magnetosphere through mesoscale processes,
as is done by Sorathia et al. (2018), are neglected in this study. The trajectories of the electrons are computed
using the guiding center formalism (see Appendix A1 of Sorathia et al., 2018) and are evolved through the
global electromagnetic fields between 16:00 and 18:30 UT on November 21, 2016. The test-particle diagnos-
tics are saved at a cadence of 0.2 s to capture the MLT and latitudinal loss profile for those electrons that are
lost through the dayside magnetopause.

Finally, test particles are given a weight to be able to directly compare the simulation results to observations.
The particle weight relates the number of real electrons each test-particle represents and is calculated to
match the observed PSD before the event. The pre-event PSD is derived by combining Van Allen Probes
and MMS data taken over half an orbit near midnight on November 20, 2016, analogous to the blue curves
in Figure 4. A phase space grid as a function of energy and L-shell is created, with 74 x 45 cells in each
dimension, respectively, spanning energies from 50 keV to 1.5 MeV and L-shell coverage from 3 Rg to 11
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Rg. PSD is averaged over the measurements in each bin. MMS reaches an instrument sensitivity limit near
500 keV. PSD is extrapolated to higher energies assuming a power law for a fixed L-shell. The data are fur-
ther scaled by a factor of 0.3 for this event to ensure good agreement between MMS and Van Allen Probes
near geosynchronous orbit due to the use of local pitch angles for MMS. MMS data are utilized outside of
geosynchronous orbit to sample the full coverage of pitch-angles, therefore a bivariate spline function is
used to interpolate between the range of L-shells where no data are present. To determine the pitch-angle
dependence of the PSD, Van Allen Probes data at the peak of the radiation belt flux are fit with the function-
al form sin” (a), where n is found to be 0.8 for 500 keV electrons at L = 4.7 Rg.

In order to determine when an electron is lost through the magnetopause, the local field line that the test
particle is on is traced to determine the magnetic topology. The field line is defined to be closed, if both ends
map to the ionosphere, open, with one end mapping to the ionosphere and the other to the outer boundary,
or IMF, with both end mapping to the outer boundary, as done in Sorathia et al. (2017). The field line trac-
ing is performed at a cadence of 0.2 s. Typical bounce periods for 75 keV electrons near the magnetopause
around L-shells of 9 Rg are on the order of 2-4 s, enabling moderate latitudinal resolution. In this study, the
test particle is considered to be lost through the magnetopause when the field topology transitions from an
open field to the IMF, where they are then advected with the plasma and exit the simulation domain at the
outer boundary. Figure 6 shows an overview of the simulation results, presenting four snapshots along the
SM-X/-Y plane of the global MHD and test particle simulations throughout the 2.5-h run. Contours show
the residual magnetic field, with the dipole component removed, in the GAMERA simulation, with red cor-
responding to where the dipole field is compressed. The blue line represents the location where the vertical,
B, component, of the magnetic field is zero. The locations of the test particles are projected down to the
equatorial plane, along field lines, and are shown relative to the residual magnetic field from GAMERA. The
size of the test particle corresponds to the particle’s weight, set to match the observed PSD distribution from
RBSP and MMS before the event, shown by the blue curve in Figure 4b. The first panel shows the initialized
radiation belt at the beginning of the test particle simulation, while subsequent panels show intermediary
times throughout the simulation. Once a test particle resides on open magnetic field lines in the magne-
tosheath, it is quickly transported out of the simulation domain. Loss can be seen at the nose as well as in
the flanks of the magnetosphere as the test particles approach, and cross, the magnetopause.

4. Analysis: Bounding Loss Parameters

The Van Allen Probes/MMS combined observations determined that this flux dropout was much less in-
tense than those seen during storm times (e.g., Sorathia et al., 2018) with a total loss of ~61% of the outer
radiation belt electrons. Unfortunately, definitive determination of how and where these electrons are lost
would require distribution of many more spacecraft across the entirety of the dayside magnetopause. How-
ever, the study presented here benefits from in situ MMS measurements of the dayside loss (i.e., an average
escaping flux rate of 2.7/cm*-s-sr-keV in the 70 keV channel) and these observations and those from Van
Allen Probes together with the simulations presented here can be used to bound the loss characteristics. If
it is assumed that some total content of outer radiation belt electrons are lost, then the nature of the loss has
three free parameters: (a) the surface area of the magnetopause over which loss occurs, (b) the duration of
the loss, and (c) the escaping flux (i.e., loss) rate across the magnetopause the escaping flux (i.e., loss) rate
across the magnetopause.

4.1. Area and Distribution of Dayside Magnetopause Loss

As previously alluded to, the MMS escape observations for this event can be used as a fiducial to scale the
simulation results. Though outer magnetospheric coverage of the PSD profiles is sparse for this event, MMS
did observe active electron escape, using the same identification criteria defined by Cohen et al. (2017), im-
mediately upstream of the magnetopause on the inbound orbit from ~18:10 to ~19:15 UT on 21 November.
This localized observation provides groundtruth that can be used alongside two-dimensional estimation
of escape across the dayside magnetopause obtained from the global MHD and test particle simulations
described in Section 3. Figure 7 shows a map of the magnetic latitude (MLAT) versus magnetic longitude
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Figure 6. Four instantaneous slices of the SM-X/-Y plane showing global MHD and weighted test particle simulations performed for this study, including the
initial (a) and final (d) conditions as well as intermediary phases showing losses during large-scale structures along the magnetospheric flanks. The blue line
represents the location where the vertical, B; component, of the magnetic field is zero. The locations of the test particles are projected down to the equatorial
plane, along field lines, and are shown relative to the residual magnetic field from Grid Agnostic MHD with Extended Research Applications. The size of the
test particle corresponds to the particle's weight, set to match the observed phase space density distribution from RBSP and Magnetospheric Multiscale before

the event, shown by the blue curve in Figure 4b.

(MLON)/MLT of the escaping flux of test particle electrons within the energy range covered by the 70 keV
FEEPS channel (i.e., 63-79 keV) scaled to the flux observed in situ by MMS at MLON of 54° (MLT of 15.6 h)
and MLAT of —4.8° (bin outlined with green box).

The flux, in units of 1/cm*-s-sr-keV, is calculated by first counting the number of test particles in a given bin
and multiplying them by their PSD weighting and the electron rest mass (m,,c2 = 511 keV/c?) to calculate
the total number of “real” electrons represented by the test particles. The total number of “real” electrons
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Figure 7. Latitude-longitude map of the simulated escaping flux scaled to the in situ 70 keV flux level measured by
Magnetospheric Multiscale during the event (green box).

in each bin is then divided by ( pMP>d.Q x 27 x dt x dE, where < pMP> is the average radial distance at which
the electrons in the given bin encountered the magnetopause in cm, d® is the solid angle of a MLAT/MLON
bin, 2z addressed the half-sphere nature of outward flow (i.e., from the magnetosphere) of the escaping
electrons, dt is the duration of the escape (i.e., the simulation time span) in seconds, and dE is the width
of the target energy channel in keV. This figure is similar to that presented by Sorathia et al. (2017), which
showed the probability density of “escape” (i.e., last open-closed boundary crossing) for different species for
a different storm-time event.

The total particle loss in each of the 15°-MLON (1-hr-MLT) by 7.5°-MLAT bins was determined by applying
the weight of each representative test particle (e.g., Sorathia et al., 2018) to accurately capture the physical
number of electrons represented. This total number of electrons in each bin was normalized to the number
of representative simulated electrons in the MLT-MLAT bin (overlaid in green in Figure 7) where the MMS
observation was made and this was then scaled to the measured escaping flux rate in the 70 keV FEEPS
channel. It is of particular note that the near-equatorial region where the MMS measurement was made
does not capture the region of most intense escape flux—that is, midlatitudes in the northern hemisphere
near noon MLT. it is suspected that these regions of the most intense loss correspond to the most likely
area for reconnection occurrence based on the IMF conditions for this event (i.e., negative B, r and
southward B, ;,r). The additional dual-peaked structure of increased loss at approximately +40° MLAT
just dawnward of the subsolar point is likely associated with the bifurcation of the electron drift paths in the
dayside magnetosphere (e.g., Ukhorskiy et al., 2011). It must be noted that in comparing the MMS observa-
tions to the mapped simulation losses (Figure 7), magnetic mapping or tracing of the individual field lines
was not performed; therefore it is only a rough assumption that the escaping fluxes seen in the MMS in situ
observations can be correctly contributed to the corresponding MLAT/MLON bin in the simulation results.

A simplified assumption sets a reasonable upper bound on the surface area of the dayside loss as the en-
tirety of the dayside magnetopause at a distance of ~9.4 Ry (where the inbound MMS last encountered it
on 21 November)—this of course does not account for additional losses that may occur along the nightside
flanks, via plasmoid escape downtail, or due to precipitation into the atmosphere. However, if this is day-
side loss is assumed to be over a half-sphere approximation of the magnetopause, which is simplest but
likely an overestimation because it includes the area of the cusp, then the upper bound for the area of loss
is 2r? = 2.3 x 10" km? = 3.6 x 10° REZ. However, the simulation results in Figure 7 show that almost all
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Figure 8. Evolution of the percentage of test particle electrons remaining from the radiation belt over the duration of
the 2.5-h simulation.

of the escape is limited to +70° latitude, which allows refinement of the upper bound of the surface area of
loss to r’sin0d6 dp = 1.8 x 10'° km?* = 2.9 x 10° Ry’

4.2. Loss Duration

The Van Allen Probes observations (Figure 4) already showed that the loss occurs in less than 24 h be-
tween 12:00 UT on 21 November and 12:00 UT on 22 November, which sets an upper bound on the loss
duration. For the simulations, this study employed a shorter 2.5-h period from 16:00 to 18:30 UT on 21
November, a period soon after the passage of the solar wind pressure pulse that overlaps with MMS ob-
servations of active electron escape, to focus computational resources on resolving boundary dynamics
and the four-dimensional phase space of the electron test particles. The results from this shortened sim-
ulation period produce only ~5%-10% loss of the initial electron radiation belt to the magnetopause with
~4%-5% loss to the atmosphere and significant variation in the loss over time (Figure 8); however, it must
be emphasized that the simulation does not capture (a) the initial losses to the magnetopause from the
magnetospheric compression, (b) additional losses from times outside of the simulation period, nor (c)
nor any enhanced losses resulting from the injection of particles from tail into the magnetopause, both
of which are captured in the calculation of the total percentage lost from the combined PSD profiles. In
particular, losses arising from the possible dynamic injection of electrons previously discussed was not
included in the simulations, therefore the amount of loss in this dropout event was actually more signif-
icant than calculated in this study. In any case, this shortened simulation period set a lower limit on the
duration of the loss, providing evidence suggesting that the losses likely occur over at least 6 h (assuming
10% loss per hour). Note that the duration of the loss during this nonstorm-time event is expectedly much
more prolonged compared to the less than 2 h found previously for storm-time dropout events (Turner
et al., 2014; Ukhorskiy et al., 2015).

4.3. Escaping Flux Rate and Spectrum

The map of scaled escape fluxes from simulations presented in Figure 7 can also be used to estimate the
escaping flux (i.e., loss) rate from the magnetosphere. Figure 7 shows the escaping flux in each bin over the
2.5-h simulation window. Integration of the total 70 keV flux captured by the simulation can be converted
into a total PSD loss of 0.04 ¢*/cm®-MeV”. This is approximately one-third of the previously noted total PSD
found to be lost during the dropout event from the combined Van Allen Probes and MMS observations.
However, as noted in the previous section, the simulations only account for a 2.5-h subset of the event and
so it can easily be assumed that the full observed PSD content loss (0.12 ¢*/cm*-MeV?) could easily be ac-
counted for in under 8 h, well within the 24 upper bound in which the observations showed the total loss to
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The simulation results can also be used to investigate the energy-de-
pendence of escape across the magnetopause, expanding the localized
insight provided by the in situ MMS observations. Figure 9 shows a
comparison of the average escaping flux spectrum observed by FEEPS
(black dashed line) versus the simulated average escaping flux spectra
across all MLATs for 1-h bins of MLT (colored solid lines), as well as
the average simulated spectrum over the entire magnetopause (gray
dashed line). The simulation spectra are scaled by a factor of 165 such
that the intensity of the average simulation spectrum across the en-
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Figure 9. Average escaping flux spectrum measured by Magnetospheric gray dashed line) is attributed to contamination attributed to minimum

Multiscale (black dashed line) along with the simulated average escaping
flux spectra across all magnetic latitudes for 1-h bins of magnetic local
time (colored solid lines); also plotted is the average simulated spectrum

ionizing radiation from background cosmic rays that exceeds the escap-
ing magnetospheric intensities. Note that the simulation tends to yield

over the entire dayside magnetopause (gray dashed line). harder (i.e., higher intensities at higher energies) spectra than that ob-

served by FEEPS, which is likely due to the fact that the simulations

capture (a) much more intense escape early on in the simulation than
at the end (see Figure 8) when the run overlaps with the FEEPS observations and (b) a much broader
range of MLATSs which includes the regions of highest loss near mid-latitudes (see Figure 3). Yet again,
this underscores that the localized in situ FEEPS observations capture only an instantaneous, and likely
nonrepresentative, snapshot of the “typical” dayside escape rates.

5. Conclusions

The case study presented here, of an event on November 21, 2016, provides a unique opportunity to bound
the magnetopause loss due enhanced outward radial transport during a nonstorm-time radiation belt flux
dropout event using in situ measurements from the Van Allen Probes and MMS combined with global MHD
and test particle simulations. The total loss from the magnetosphere determined by changes in observed
PSD profiles is consistent with extrapolation of the losses generated in a shorter-duration simulation. The
simulations also demonstrate that enhanced outward radial transport can drive sustained subsequent losses
from the inner magnetosphere after initial losses to the magnetopause from solar wind compression. Fur-
thermore, the simulations provide additional evidence of the prevalence of electron loss in the dayside dusk
sector, which is unexpected considering the typical theory of magnetic drift shadowing of electrons from
the afternoon MLT sector. Together, the in situ observation and simulations are able to characterize the loss
parameters by setting bounds on variables such as the loss duration, area and distribution of loss across the
magnetopause, and the escaping flux rate.

In particular, this study's use of multi-spacecraft measurements from MMS and Van Allen Probes to
initialize test particles and subsequent use of model results to contextualize the later spacecraft meas-
urements both enables better study of the links between radiation belt flux dropout events and magne-
tospheric escape as well as demonstrates an advanced symbiosis between in situ observational data and
modeled data. Future studies may leverage this approach to compare these dayside magnetopause losses
to those into the atmosphere, as well as the variation in radiation belt losses between storm- and non-
storm-time events, and the potential correlation of dropout and escaping flux intensities with solar wind
and geomagnetic parameters.
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