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Abstract Main phase flux dropouts often promote depletion of the outer electron radiation belt. The
quantification of the contributions of various loss mechanisms to MeV electron dropouts has not yet been
elucidated in detailed case studies for moderate geomagnetic storms. This work focuses on quantifying radial
diffusion to study relativistic electron flux losses observed by Van Allen Probes during two moderate storms

in 2017. The events are identified as Case 1 (27 March), with losses deep in L, and Case 2 (21 November),

with less deep losses. Event-specific radial diffusion coefficients (D,,) were calculated from global
magnetohydrodynamic (MHD) fields simulated by the SWMF/BATS-R-US. The MHD-D,, was used as an
input to radial diffusion simulations of both events for relativistic electrons. For the outer boundary conditions
defined at L* = 6, electron fluxes measured by GOES-15 at geosynchronous orbit were converted to phase
space densities (PSDs) and then calibrated against the Van Allen Probe A measurements. Using these calibrated
PSD of GOES-15 at the outer boundary and event-specific MHD-D, ,
with radial diffusion simulation for Case 2, but not for the deep dropout in Case 1 down to L* < 4.5. Scaling

the main phase dropout is well captured

MHD-D,, based on validations of the MHD waves against in situ wave observations improves the simulation
results of Case 1, but still does not fully resolve its deep dropout. However, analyzing the uncertainty of
simulated PSD imposed by the uncertainty in the scaled MHD-D
could still account for the losses at L* < 4.5.

1> it was found that outward radial diffusion

1. Introduction

The Earth's outer radiation belt hosts geomagnetically trapped relativistic and ultra-relativistic electrons of highly
dynamic fluxes located mainly at L = 3-7. These populations of penetrating particles are hazardous to spacecraft
electronic systems in space (e.g., Baker et al., 2018). It is well established that flux variability in the outer belt
arises from the significant loss and acceleration of these electrons usually associated with active geomagnetic
conditions. These dynamic mechanisms may lead to the occurrence of a flux dropout or flux enhancement, or
even no flux changes in case of a balance between loss and acceleration processes (Reeves et al., 2003).

The sudden depletion or even extinction of radiation belts affecting several energy levels and L shells defines
a flux dropout (Olifer et al., 2018; Ozeke et al., 2017; Turner, Morley, et al., 2012; Xiang et al., 2017, 2018).
They often occur during the main phase of storms (e.g., Turner et al., 2019) and, if related to actual ongoing
electron losses rather than just adiabatic effects, can mainly result from sudden losses to magnetopause. This
happens through an enhanced compression of this boundary in conjunction with outward radial diffusion and
deceleration of electrons (e.g., Alves et al., 2016; Hudson et al., 2014; Loto’Aniu et al., 2010; Turner, Shprits,
etal.,2012; Tu et al., 2019). Flux dropouts can also result from electron precipitation into the atmosphere induced
by wave-particle resonant interactions with several high-frequency plasma waves (Pham et al., 2017; Schulz
& Lanzerotti, 1974; Thorne, 2010; Tu et al., 2010). The main phase dropout may be followed by a flux recov-
ery of MeV electrons as a result of inward radial diffusion or local acceleration acting on seed populations
due to whistler-mode chorus wave interactions during substorms (Green & Kivelson, 2004; Jaynes et al., 2015;
Summers et al., 1998; Tu et al., 2014).

Radial diffusion is thus a key mechanism for driving flux dropouts and recovery of radiation belt electrons. It is
mediated mainly by ultra-low frequency (ULF) waves in the Pc5 range (~2-7 mHz; Jacobs et al. [1964]) prop-
agating eastward as the drift motion of electrons around an L shell (Elkington, 2006). Once the electrons' third
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adiabatic invariant is violated through this resonant and stochastic interaction, they become free to move inward
(outward) across L shells, which increases (decreases) the electron energy due to the conservation of the first
invariant. Outward radial diffusion in conjunction with magnetopause shadowing has been invoked to explain
electron dropouts near the magnetopause down to the Global Positioning System (GPS) orbit at L* > 4 (Olifer
etal., 2018), where L* is the Roederer's L (quantity inversely proportional to the third invariant; Roederer [1970]).
But L* ~ 4 is also the altitude that wave-induced precipitation of MeV and multi-MeV electrons are likely to be
enhanced during magnetic storms and result in rapid localized electron dropouts, especially for the multi-MeV
regime, due to interactions with electromagnetic ion cyclotron (EMIC) waves (e.g., Shprits et al., 2017; Summers
et al., 1998). Previous numerical simulations based on 1D (Ozeke, Mann, Turner, et al., 2014) and 3D (Drozdov
et al., 2015) radiation belt diffusion codes were generally able to capture dropouts of ~MeV electrons over storm
time and across L shells. These works simulated mainly the major loss effects from magnetopause shadowing
and outward radial diffusion, together with gradual loss effects such as driven by whistler-mode chorus and hiss
waves (e.g., Orlova et al., 2014; Shprits et al., 2007). For instance, Ozeke, Mann, Turner, et al. (2014) simulated
a long-term interval of the quiet year of 2008, while Drozdov et al. (2015) simulated a one-year period over
2012-2013 related to a solar maximum. However, the relative contribution of magnetopause shadowing and
EMIC wave scattering during individual dropout events has not yet been resolved.

The interval of high solar activity marks a period of intensified occurrence of interplanetary coronal mass ejec-
tions (ICME:s) in the solar wind, whereas in the interval of low solar activity there is a rise in the formation of
corotating interaction regions (CIRs) throughout the heliosphere (for an overview, refer to Richardson [2018]).
ICMEs and CIRs are known to be the main drivers of geomagnetic storms (e.g., Tsurutani et al. (2006)). The
effectiveness of each of these solar wind structures for generating flux variations in the outer radiation belt has
been studied widely (e.g., McPherron et al., 2009; Morley et al., 2010; C. Yuan & Zong, 2013); C.-J. Yuan
et al., 2015; Turner et al., 2019). It is still challenging to simulate the responses of the outer radiation belt to the
geomagnetic conditions imposed by ICMEs and CIRs in case studies. In this context, case studies simulating
electron dropouts under moderate geomagnetic storms are still scarce in the literature, with some attempts using
magnetohydrodynamic (MHD)-test particle runs (Hudson et al., 2012, 2021). Also, Yu et al. (2013) inserted
superposed epoch conditions from 67 high-speed stream minor storms into a radial diffusion code to model
relativistic electron flux dropouts, which were compared with GPS observations spanning 4 < L* < 7. The simu-
lations reproduced well magnetopause shadowing and outward diffusive loss at high L shells but were limited in
reproducing dropouts at inner L regions. This limited result for low L was mainly attributed to the lack of atmos-
pheric loss in the simulations.

Conversely, the general role of fast outward radial diffusion in relativistic electron dropouts has been well charac-
terized numerically in more intense storm-time periods related to ICMEs (Alves et al., 2016; Hudson et al., 2014;
Z. Li et al., 2014; Ozeke et al., 2017; Shprits et al., 2006). A fundamental difference between stronger storms,
when compared to weaker events, is that the magnetopause shadowing can dominate the sudden deep losses into
the outer belt if the last closed drift shell (LCDS) reaches values as low as L* = 4. Subsequently, the greater
effect of this mechanism induces very rapid outward diffusion of electrons, which can completely deplete the
belt. This was the case for the June 2015 superstorm simulated by Tu et al. (2019). Using a radial diffusion code,
these authors were able to capture well the dominant magnetopause shadowing responses observed by Van Allen
Probes on MeV and multi-MeV electron fluxes during that storm. Another example is the dropout event follow-
ing the March 2013 intense storm with minimum LCDS ~5 (see Olifer et al. [2018]), also resolved with radial
diffusion simulation for several MeV energies without considering EMIC waves (Ozeke et al., 2020). However,
the role of outward radial diffusion in radiation belt dropout during less intense CIR storms has not yet been well
quantified in event studies.

On the other hand, the radial diffusion coefficient (D,;) of an electron with a certain drift frequency depends
mainly on the power spectrum and azimuthal mode structure of the ULF waves (Falthammar, 1965; Tu
et al.,, 2012). In order to quantify electron radial diffusion rates over storm time, several methods have been
established. They include the statistical representations for D,; based on the Kp index and long-term satellite,
and ground-based ULF wave measurements (Ali et al., 2016; Brautigam & Albert, 2000; Liu et al., 2016; Ozeke,
Mann, Murphy, et al., 2014). More recently, event-specific estimates of D, coefficients were derived using similar
databases and making assumptions for the azimuthal mode numbers (Mann et al., 2016; Olifer et al., 2019; Ozeke
et al., 2020; Sandhu et al., 2021), or physically resolving them (Barani et al., 2019). Additionally, more robust
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Figure 1. Overview of radiation belt electron fluxes observed by Van Allen Probes and upstream solar wind conditions and geomagnetic activity from OMNIWeb,
during 26-28 March 2017 (case study 1) and 20-22 November 2017 (case study 2). (From top to bottom) Temporal and radial distribution of electron fluxes at

1.8 MeV and 90° local pitch angle; solar wind flow velocity overplotted with density (black and green curves, respectively); dynamic pressure; B_ component of the
interplanetary magnetic field (IMF); geomagnetic index SYM-H with indication and timing of the storm phases, and the AE index. In panels b2— d2 gaps in the OMNI
data have been filled in with cleaned DSCOVR observations shown in blue. Red vertical lines delimit the interval of magnetohydrodynamic simulations.

ways of quantifying D,, can be achieved using global MHD simulations (Fei et al., 2006; Huang et al., 2010; Tu
et al,, 2012; Z. Li et al., 2017; L.-F. Li et al., 2020). Many previous studies of storm-time D,, based on MHD
simulations have focused on describing the mode structure associated with the derived radial diffusion coeffi-
cients (Fei et al., 2006; Z. Li et al., 2016; L.-F. Li et al., 2020; Tu et al., 2012). These studies indicated an advan-
tage of the MHD approach over the others previously mentioned since D,, rates are consistently obtained from
global electric and magnetic fields in a large spectrum of mode numbers, m. Large-scale waves have m — 0, and
small-scale waves conversely have m — o. In this way, simulated ULF waves at different azimuthal scales, while
satisfying the drift resonance condition, can be taken into account in the D,, estimation from MHD.

Furthermore, previous works such as Tu et al. (2019) have also shown that the simulated magnetopause shad-
owing loss is very sensitive to the radial diffusion rate used so physically quantified D, is critical to simulate
radiation belt electron dropouts. Thus, we are motivated in this work to develop event-specific D,, to model radi-
ation belt electron dropouts in case studies of CIR storms, and quantify mainly the contribution of magnetopause
shadowing and outward radial diffusion mechanisms to these losses. We use a global MHD model to compute the
event-specific D,, and evaluate the impact of two moderate storms (—100 nT < Dst < =50 nT) driven by CIRs in
2017 on a relativistic electron population. The main goal is to elucidate, from the perspective of the storm-time
behavior of the event-specific diffusion rates, why similar CIR events generated a stronger and deeper flux drop-
out during the 27 March 2017 event in comparison to the 21 November 2017 event. Radial diffusion simulations
employing diffusion coefficients from MHD are carried out for the two case studies, with detailed information
about the events and the radial diffusion analysis and simulation methods used given next.

2. Events Overview

The main objective of this study is to analyze two CIR-driven storms in 2017 that promoted different dropout
dynamics in the outer radiation belt. The proposed approach for investigating both dropout events is based on
global MHD simulations of the magnetosphere in conjunction with radial diffusion modeling of the trapped rela-
tivistic electron populations. Figure 1 shows an overview of the solar wind conditions and geomagnetic activity
during a 3-day interval of observations of radiation belt electron fluxes by NASA Van Allen Probes (formerly
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Radiation Belt Storm Probes (RBSP)) on March 26-28, 2017 (left panels) and on November 20-22, 2017 (right
panels). Following in this text, each interval will be identified as case study 1 and case study 2, respectively.
In panels al and a2, the 1.8 MeV electron fluxes at 90° local pitch angle were measured by the Relativistic
Electron-Proton Telescope (REPT) detectors (Baker et al., 2013), onboard the Van Allen Probes (RBSP-A and
RBSP-B), are given as a function of time and the Mcllwain L (Mcllwain, 1961). Panels b1—f1 and b2—f2 sequen-
tially display the solar wind parameters and geomagnetic indices obtained from OMNIWeb as follows: the solar
wind speed in black overplotted with the proton bulk density in green, dynamic pressure, interplanetary magnetic
field (IMF) B, component and geomagnetic indices SYM-H and AE. Specifically, panels b2—d2 have the OMNI
data for Case 2 filled in with cleaned L1-point observations by DSCOVR, which are shown in blue in the OMNI
data gaps. DSCOVR data were also taken from OMNIWeb (https://omniweb.gsfc.nasa.gov/ftpbrowser/dscovr_
merged.html). The vertical red lines on all panels depict the period chosen for the MHD simulations.

It can be seen in Figure 1 (panels al—f1) that the flux dropout of Case 1, starting at ~4 UT on 27 March, was
concurrent with the passing of a compression region in the solar wind, associated with intense dynamic pressure
of >10 nPa (see panel c1). Meanwhile, a moderate storm took place along with the enhanced substorm activity,
as shown in panels el—f1. It is noted that this fast-flux dropout reached the entire outer belt, as deep as L ~ 4,
and recovered around 18 UT on 27 March. In Case 2 (panels a2—f2), the flux dropout observations start at ~6
UT on 21 November. It occurred following a compression region with slightly less enhanced values in the solar
wind parameters (e.g., the dynamic pressure peak was <10 nPa as seen in panel c2). It can be noted that the flux
dropout of Case 2 is very mild (i.e., representing a flux decay < one order of magnitude around L = 6 against
the 1-2 orders of flux decay for Case 1), and hence ~1 R, less deep compared to that of Case 1. In addition, the
electron fluxes do not recover to values higher than those of prestorm, as observed in Case 1. Furthermore, lower
levels of geomagnetic activity are identified in panels e2—f2 for this case (e.g., SYM-H minimum of —60 nT for
Case 2 vs. —86 nT for Case 1), although the magnetic storm developed is also moderate.

The time intervals selected for the MHD simulations of the case studies, marked by the red vertical lines in
Figure 1, cover the complete passage of the CIRs through the magnetosphere, which is when a significant
compression of the dayside magnetopause is expected (e.g., Morley et al. (2010)). In addition, the period follow-
ing the passage of the CIRs, which concerns the high-speed streams' driving in the magnetosphere, was also
taken into account in the MHD simulations. In terms of storm phases, these intervals have been entirely defined
from the initial storm phase to the early recovery phase. Such phases identified in panels el and e2 were defined
following the instructions in Tsurutani et al. (2006), which are appropriate for the case of CIR storms (see
Figure 10 of this former paper). Most importantly, these definitions for the initial and main phases facilitate the
analysis of the SYM-H in Case 2, which peaks twice for positive disturbed values before entering the main phase
of the storm. The magnetic storms ended on 3 April for Case 1 and on 24 November for Case 2.

2.1. MHD Simulations

The Space Weather Modeling Framework/Block-Adaptive Tree Solar-Wind Roe-Type Upwind Scheme
(SWMEF/BATS-R-US) global MHD model (Téth et al., 2005, 2011), coupled with the Comprehensive
Inner-Magnetosphere Ionosphere (CIMI) model (Fok et al., 2014), constitutes the numerical approach used here to
study the global interaction of the two CIRs with the Earth's magnetosphere. Runs based on these coupled models
of version v20180525 were carried out upon request at the Community Coordinated Modeling Center (CCMC;
https://ccmc.gsfc.nasa.gov/). In a similar approach, Alves et al. (2017) used SWMF/BATS-R-US to investigate
the activity of ULF wave propagation modes in the magnetosphere under two different solar wind transients, also
focusing on the description of the outer belt electron dynamics. The reader is referred to this previous article and
Téth et al. (2011) for a complete overview of the global magnetosphere (GM), inner magnetosphere (IM), and
ionospheric electrodynamics (IE) modules available in SWMF, as well as their coupling throughout the extension
of the modeled magnetosphere from —250 R, (Earth radii) to 33 R, along the Sun-Earth line.

Solar wind data provided by the ACE and DSCOVR satellites were used to derive the outer boundary conditions
of the simulation domain in cases 1 (the 27 March 2017 dropout) and 2 (the 21 November 2017 dropout). The
inner boundary was set at 2.5 R, and a fine grid resolution of 0.25 R, was set to fill a domain closest to Earth,
defined as =32 < x < 24, =24 <y < 24, and —-20 < z < 20 R, in both runs. Coordinates and output fields are
given in the geocentric solar magnetospheric (GSM) system. In an attempt to acquire more realistic MHD fields
for the D,, calculations, the simulated global magnetic fields were configured to present a dipole tilt in the X—Z
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plane of 12.96° for Case 1 and —29.66° for Case 2, which have been updated over time. The output data obtained
in the runs have a 1-min cadence so that the output frequencies range up to 8.33 mHz, which allows analyzing the
global activity of ULF waves in the Pc5 band. This class of ULF waves is well known to be responsible for the
radially diffusive loss and acceleration of electrons in the outer belt (e.g., Elkington [2006]; Shprits et al. [2008]).
The total duration of the MHD simulations was 38 hr for Case 1 and 39 hr for Case 2.

3. ULF Wave Radial Diffusion Analysis

Gradual changes in phase space density (PSD) of radiation belt electrons driven by radial diffusion are related to
the magnitude of their radial diffusion rates (D,,), which can be represented by:

(@)
YR

ey

LL

where D,, represents the mean squared displacement of the radiation belt particles over a timescale ¢ much
greater than their drift period (e.g., Tu et al. (2012)), being commonly given in units of [day~!]. Assuming
equatorially-mirroring relativistic electrons, the contribution from ULF wave resonance modes to D), is quanti-
fied as (Fei et al., 2006):

L6
Df, = > Pl (ma), @
8BLR}, 4
274
B _ u L 2 pB
LL — 8e2}/2BéR;‘5 ;m Pm (ma)d)v (3)

Dy, =Df, + D%, 4)

where DE and D?, are the resulting electric and magnetic radial diffusion coefficients, respectively, whose
sum gives the total D,, as shown in Equation 4. They are proportional to the sum of the power spectral densities
(PE (mwy) and PE (mw,) terms) of the ULF waves in the azimuthal electric field and the compressional magnetic
field components, taken at frequencies @ that satisfy the following drift-resonance condition:

® = mwq, &)

where w is the wave frequency, m is the associated azimuthal mode number, and @, is the bounce-averaged drift
frequency of the electrons. In Equations 2 and 3, L represents the adopted model for drift shell (e.g., dipole L), B,
is the equatorial strength of the Earth's magnetic field at the surface, e is the electron charge, and y is the Lorentz
relativistic factor. A random correlation between electric and magnetic disturbances is assumed in this formalism
(Lejosne & Kollmann, 2020).

For this calculation it is also essential to know the drift frequency at a given L on the equator, which for 90° pitch
angle electrons and a given first invariant u is expressed as:

—3u

0y = ————
ey(LRE)

(6)
in which a pure dipole magnetic field has been assumed (Ozeke, Mann, Murphy, et al., 2014).

3.1. D,; Coefficients From Global MHD Fields

We followed the method discussed in detail by Tu et al. (2012) to obtain the D,, coefficients using MHD-derived
electric and magnetic fields. In this approach, the £, and B, fields along circular orbits at the solar magnetic (SM)
equator were initially derived. These circular orbits represent the electrons drift orbits in which D,, rates were
calculated, assuming the geomagnetic field as a dipole. Both field components are relevant to ULF wave fluctua-
tions that account for the radial diffusion of radiation belt electrons, as defined in Equations 2—4.

Throughout the simulation process, the MHD fields were interpolated to a polar grid of 48 uniform azimuthal
locations ¢, along the circular drift orbits. These circular orbits were placed at radial distances r = 3-9 R, with
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a 0.1 R grid separation. Along with the interpolation step, coordinate transformations from SM to GSM were
performed since BATS-R-US inputs/outputs must be in GSM. Subsequently, the GSM fields were transformed
back to SM, as follows. The input locations of the circular orbits, defined as (x = rcos¢, y = rsin¢, and z = 0) in
the SM-equatorial plane, were changed to GSM coordinates (x’, y’, and z’), with the field components also inter-
polated in GSM. Subsequently, the GSM fields were transformed into SM fields corresponding to the previous
coordinates (x = rcos ¢, y = rsin¢ and z = 0) at the SM equator. To finalize the process, the SM (Cartesian) elec-
tromagnetic fields were transformed into cylindrical coordinates, so that the field components of interest, defined
as E " (r, ¢, t) and B_(r, ¢, 1), could be derived. For these 2D interpolation steps and coordinate transformations,
the CCMC Kameleon software with libraries written in Python was used (publicly available at https://ccmc.gsfc.
nasa.gov/Kameleon/).

Then an FFT was computed along the azimuthal angle (¢ - equal to zero at noon magnetic local time) to solve for
the instant mode structure of ULF fluctuations at each r value, in the form:

Ey(r,,1) = z ES  (r,1)cos mg + 2 E! | (r,0)sinmg, 7
m=1 m=1

B.(r,,t) = ) BL,(r,0)cosmp+ Y BL,(r,0)sin me. 8)
m=1 m=1

where indices a and b indicate the real and imaginary counterparts of the FFT signals, respectively.

Over the m-resolved fluctuations, another FFT was performed in the time domain for fixed r, so that the final wave
components were fully determined in terms of mode numbers m and the frequency spectrum. In this second FFT,
the complex signals were previously multiplied by a Hanning window with a time length of 2 hr, which implies
a lower band frequency of about 0.14 mHz. These 2-hr windows were sliding forward in time with an overlap-
ping rate of 15 min. Given the 1-min cadence of the input data, the power spectral densities taken at resonance
frequencies and harmonics (f, = mw /2r) were obtained whenever such frequencies were within 0.14-8.33 mHz.
Finally, the total power spectral densities found in £, and B, fluctuations by considering the resolved m numbers
were included in Equations 2—4, and maps of D, = Df, + D}, were derived.

D,, calculations were performed for circular orbits at the SM equator so that the radial distances r from the
MHD simulations are equivalent to the dipole L shell. Furthermore, dividing the polar grid into 48 uniform slices
resulted in mode numbers up to m = 24. However, the D,, results to be shown next were derived for m = 1-9
because this work is centered on the ULF resonant interaction with high-energy electrons. Using this coverage of
m values, we expect to obtain all dominant contributions to D;, from the modeled ULF waves, which correspond
tom < 4 (e.g., Fei et al. (2006); Z. Li et al. (2016)).

3.2. Radial Diffusion Simulations

To model radiation belt radial diffusion during the two case studies from a realistic initial condition together with
dynamic outer boundary conditions, the 1D diffusion equation (Schulz & Lanzerotti, 1974) was numerically
solved:

%zL*2(3<DLLaf>_£’ )
ot oL* \ L*2 oL~ T

where f{L*, t) represents the phase space density distributions at fixed p (first) and K (second) adiabatic invariant
values, L* is the Roederer's L, D, (L*, 1) stands for the input radial diffusion coefficients where the approxima-
tion L shell = L* will be assumed hereafter and f/r accounts for the loss terms added to the diffusion model for
investigation of dropouts.

In all 1D simulations, we have considered:

e The outer boundary defined at L* = 6, along with a time-dependent condition from calibrated PSD values of
GOES-15 relative to RBSP-A's PSD observations;
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e Initial condition imposed using the first PSD profile available at each selected event, acquired with combined
measurements from the Van Allen Probes and GOES-15;

e A static inner boundary condition defined at L* = 3, which was also obtained from the PSD profile of the
initial condition;

¢ The plasmapause location model of O’Brien and Moldwin (2003) built on the Dst index running minima as a
constraint for electron loss inside the plasmapause;

e Empirical electron lifetimes due to plasmaspheric hiss waves set up inside the plasmapause. The model used
is from Orlova et al. (2014) and is parameterized by the Kp index;

e The last closed drift shell (LCDS) was calculated with the time-dependent TS04 magnetosphere model
(Tsyganenko & Sitnov, 2005) as the constraint for magnetopause shadowing losses; electron lifetimes on the
order of its drift period were set beyond this boundary.

Unlike previous work that included the effects of whistler-mode chorus loss in radial diffusion simulations of
electron distributions over longer periods (e.g., Mann et al., 2016; Ozeke et al., 2020; Ozeke, Mann, Turner,
et al., 2014; Tu et al., 2009), in our simulations we neglected such effects. This was done to focus the analysis
of dropout events mainly on the dominant effects from magnetopause shadowing and outward radial diffusion
loss, attributed to the global ULF waves simulated with BATS-R-US. Conversely, gradual loss by plasmaspheric
hiss waves inside the plasmapause was added in our simulations since it may be important for 1D simulations to
reduce the PSD overestimations produced by the inapplicability of some D,, model results within L* ~ 3.5 (e.g.,
Ozeke, Mann, Murphy, et al. [2014]; Tu et al. [2019]). Although not shown in this paper, RBSP-A and RBSP-B
observations of ELF hiss waves (0.1-1 kHz) during the two case studies showed enhanced wave activity for
magnetic power spectral densities of 1073 [nT?/Hz] during the passage of the CIRs and afterward.

3.2.1. Outer Boundary Conditions From Calibrated PSD Observations of GOES-15

PSD observations obtained by the US Geostationary Operational Environmental Satellite GOES-15 in geosyn-
chronous orbit (r = 6.6 R;) were used to build data-driven outer boundary conditions for the 1D diffusion simu-
lations. The magnetic ephemerides of the GOES spacecraft are not available and so we used the IRBEM-LIB
(Boscher et al., 2012) library in MATLAB®. The time-dependent TS04 model implemented in the library was
used for shell tracing and computation of K and L* invariants of the events, at local pitch angles from 30° to 90°
with a 10° step.

In turn, PSD data of GOES-15 were converted from differential electron fluxes measured by the Magnetospheric
Electron Detector (MAGED). Since the goal is to simulate the dropouts observed by Van Allen Probes, these
PSD data from GOES-15 at fixed y and K invariants were calibrated with those from RBSP-A, as we have found
that Probe A normally executed apogees in L* regions as large as L* = 6. The electron PSD data from RBSP-A
or RBSP-B used in this work were converted using MagEIS (Blake et al., 2013) and REPT flux measurements.
For context, each Van Allen Probe operated in a highly elliptical orbit (1.1 X 5.8 R;) around 10° away from
the geographic equator over the course of 2012-2019. As explained in the Supporting Information, calibration
factors to correct GOES-15 PSD data against RBSP-A data were later obtained throughout March 2017 for two
u regimes, namely 700 and 1318 MeV/G, with the second invariant set to K = 0.08 R,G'? in both cases. The
resulting calibration factors were 1.33 for u = 700 MeV/G and 5.50 for p = 1318 MeV/G.

Matching factors between calibrated PSD estimates from GOES-15 and PSD estimates from RBSP-A were calcu-
lated for several conjunctions in L* throughout March 2017, considering AL* < 0.3 R,.. These matching factors
are defined as the ratio of the highest to lowest phase space density, both measured at a conjunction site (Reeves
etal., 2013). According to the results of Figure S1 (see supporting information), calibrated PSD data of GOES-15
at y = 700 MeV/G is the most accurate with PSD measurements by RBSP-A. Thus, we chose to run all 1D diffu-
sion simulations only for 4 = 700 MeV/G, using the calibrated PSD data from GOES-15 in this lower y regime
for the outer boundary conditions.

Also, Figure S2 of the supplementary information shows concurrent PSD observations at 4 = 700 MeV/G and
K = 0.08 R,G"2 from RBSP-A, RBSP-B, and GOES-15 during (a) case study 1 and (b) case study 2, for cali-
brated PSD data in geosynchronous orbit. Gaps in the GOES-15 PSD data refer to gaps in L* associated with
main phase incursions of the last closed drift shell, as will be identified later in Figure 2. It can be seen in
Figure S2 that the several instances of L*-conjunctions between GOES-15 and the Van Allen Probes indicate
that the calibrated PSD estimates from GOES-15 well correspond to RBSP-A/RBSP-B observations (e.g., the
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Figure 2. Comparisons of the time evolution of the magnetopause location (R,,,) simulated with magnetohydrodynamic and the last closed drift shell (LCDS) modeled
with TS04 to assess the extent of the losses by magnetopause shadowing during the flux dropouts of Case 1 (left) and Case 2 (right). The Van Allen Probes (REPT)
electron fluxes at 1.8 MeV and 90° pitch angle shown for both cases below the R,,, and LCDS results are sorted by UT time and L* derived with the TS04 model.

conjunction with RBSP-A just after 12 UT on 26 March at L* ~ 6, and in the panel below on 20 November also
just after 12 UT). Furthermore, the timing and intensity of PSD variations observed by the three spacecraft are in
good agreement across L* shells.

To build the dynamic outer boundary conditions in each 1D simulation, we assumed that the calibrated PSD data
from GOES-15 were obtained at L* = 6. In fact, the results of L* in Figure S2 of Supporting Information S1
show that the L* values calculated with the TS04 model in geosynchronous orbit decrease with storm time, going
from L* ~ 6 to L* ~ 5 in Case 1 (panel a), and to L* ~ 5.5 in Case 2 (panel b). It should be noted that the same
assumption for the outer boundary condition was also made in previous works (e.g., Z. Li et al., 2014).

4. Results
4.1. Magnetopause Shadowing

Figure 2 shows comparisons of the time evolution of the magnetopause standoff distance (R,,,) simulated by
BATS-R-US (in red) and of the last closed drift shell modeled with TS04 (in black) for the case studies. To
calculate the R, curve using global MHD simulations, we inspected the instantaneous location of the maximum
peak in the total current density profile along the SM x-axis, which was then taken as the distance from the
magnetopause nose to the center of the Earth (similar to Medeiros et al. [2019]). The figure also shows 5-min
averaged electron fluxes at 1.8 MeV and 90° pitch angle in the outer belt as a function of L*, calculated with the

TS04 model.

It can be seen from the results of R,,, that in both cases the dayside magnetopause was compressed to ~8 R,
along the storm-time intervals, according to the MHD simulations. This indicates that no important distinction
can be made, in terms of the extent of magnetopause losses for the two dropouts analyzed. On the other hand,
LCDs analysis clearly shows that Case 1 was more affected by LCDS incursions into low L* shells and, conse-
quently, by magnetopause shadowing. Specifically, LCDS is observed to go down to L* ~ 5.5 in Case 1, while
not going beyond L* = 6 in Case 2. In addition, the observations of strong flux dropout in Case 1 on 27 March
are seen concurrently with the LCDS inward incursions, while in Case 2 the observations of the mild flux dropout
spanning L* > 4.5 through 21 November (after 6 UT) are seen following such LCDS incursions. In summary,
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Figure 3. Maps of event-specific radial diffusion coefficients from magnetohydrodynamic computed for 4 = 700 MeV/G, as a function of the UT time and dipole L

shell. Dl‘_’ , and Df | represent the radial diffusion rates from the electron drift-resonance with ULF waves in the simulated SM-B_ and SM-E,, fields. D’L”'L‘” corresponds to
the total diffusion rates given by the sum of Df , and Df ;- The pink dashed lines in these maps depict the storm main phase interval. Panels d1 and d2 contain the solar
wind dynamic pressure curves with the indication of each storm phase interval. The intervals for analysis shown for both events start from beginning of the initial phase

up to the early recovery phase.

these LCDS results demonstrate that magnetopause shadowing could be more operative during Case 1 and play
a greater role for its flux dropout.

4.2. Event-Specific D,, Coefficients

Figure 3 shows storm-time radial diffusion coefficient maps for the two case studies derived from the global MHD
fields using Equations 2—4. The different panels present the magnetic and electric counterparts of D,,[MHD],
its total rates, and the dynamic pressure of the solar wind. These D,, results were obtained for 1 = 700 MeV/G,
which corresponds to 1 MeV electrons at L ~ 4.7 in a geomagnetic dipole and assuming K = 0 R,G'"? for the
second invariant. The various maps show results from D, up to L = 8, as it was shown in Figure 2 that the magne-
topause is compressed to these altitudes over storm time.

Itis observed that D, rates increase largely with L and that D¥, is the dominant component of D, ;, as already been
widely reported in the literature (e.g., Huang et al., 2010; Z. Li et al., 2016; Ozeke, Mann, Murphy, et al., 2014; Tu
et al. [2012]). Furthermore, comparing panels al and a2 of Figure 3, it can be seen that D?, is higher for Case 1
through storm time in L > 5 than for Case 2. As for the D¥ , panels bl and b2 indicate that this comparison is not
so straightforward, despite the Df, from Case 1 reaching intensities from over 10/day at L > 7 to 1/day at L = 5
in the late initial phase of the storm. Also, the high intensity (1/day) diffusion rates from D%, are more sustained
in Case 1 than in Case 2 throughout the intervals shown, with the latter also weakening drastically during the
recovery phase.

Similar results are also found for total D,,[MHD]. Figure 3 (panel c1) shows that, in Case 1, the total D,,[MHD]
peaks twice down to L = 5 in response to pressure pulses inside the CIRs, as can be seen in panel d1 after 0 UT
on 27 March. Also in Figure 3 (panel c1), high-intensity diffusion rates outside L = 6 are sustained until the early
recovery phase. Panel c2 shows that a less intense D, , peak is induced down to L = 5.5 for Case 2 by the dynamic
pressure pulse at ~18 UT on 20 November. And again, the high-intensity diffusion rates observed outside L = 6
weaken during the recovery phase. All these observations for storm-time D,, from the global MHD simulations
agree, for example, with earlier observational work by Sandhu et al. (2021). Using the Van Allen Probes database,
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Figure 4. Superposed epoch comparisons of simulated and empirical D, results from Case 1 (D, ,[MHD] and D, ,[LIU]) with corresponding results from Case

2 (D, ,[MHD] and D, ,[LIU]) at (a) dipole L = 5 and (b) dipole L = 4. The x-axis of each panel refers to epoch time in units of hours, where the zero epoch time

(Ep = 0 hr) was defined by the start of the main phase of the events. Panel (c): direct ratios obtained for D,, ,[MHD]/D,, ,[MHD] at L = 4 (red curve) and L = 5 (blue
curve), and obtained for D, ,[LIU}/D,, ,[LIU] which is constant with L (green curve). Panel (d): time evolution of MagEIS electron fluxes at 0.9 MeV for 90° pitch
angles, using both Van Allen Probes throughout case studies 1 and 2 (blue lines). The result of the last closed drift shell in Case 1 is overplotted in gray. Panel (e): time
evolution of Kp indices driving the Liu et al.’s empirical radial diffusion rate estimates during case studies 1 and 2. The UT time information corresponding to each case

study during the 31-hr interval analyzed is also indicated below panel (e).

these authors also showed that the total radial diffusion coefficients enhance mostly from the late initial to the
main storm phase, in association with enhancements in the magnetic and electric components of D,,. Further-
more, they showed that D, , rates tend to decrease toward the end of the storm. However, we observed for Case
2 that the D,, weakening took place already within the early recovery phase. Moreover, our results indicate that
solar wind driving, through the dynamic pressure pulses identified for cases 1 and 2, exerts an important role in
generating D, enhancements in low L shells during storm time.

4.3. D,, Comparisons

Figure 4 displays superposed epoch analysis of D,,[MHD] for fixed L shells. The graphs show the behavior
of event-specific diffusion rates in the region where flux dropouts were probed by RBSP-A and RBSP-B (i.e.,
L < 6). A comparison of this behavior between the two case studies is also presented, with the Epoch time zero
defined by the main phase start in both cases. The main phase started at 4 UT on 27 March for Case 1 and at 0
UT on 21 November for Case 2. The figure also contains comparisons with empirical radial diffusion coefficients
calculated with the model of Liu et al. (2016), defined as:

DfL[LIU] =1.115- 1076 . 10(0.281><Kp) . L8A184 . ”70.608. (10)
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This model for D}, derives Kp-based electric radial diffusion coefficients and was obtained from 7-year
(2008 — 2014) measurements of quasi-azimuthal electric field power spectral densities by THEMIS-D (Time
History of Events and Macroscale Interactions during Substorms). Unlike D,,[MHD] which includes Df |, contri-
bution and uses mode numbers m < 9, single mode m = 1 was assumed for D,,[LIU]. It was chosen for compar-
ison with D,,[MHD] results because it explicitly expresses the dependence on p.

In Figures 4a and 4b, it can be seen that the D,,[MHD] peak of Case 1 (solid blue/red lines) at Epoch time zero
(Ep = 0 hr) stands out when compared to the D,,[MHD] results of Case 2 (dashed blue/red lines) at both L = 5
and L = 4. This demonstrates that the effect of the second D;, enhancement identified previously for Case 1 in
Figure 3 (panel cl) actually reaches L = 4. From 1 < Ep < 15 hr, D;,[MHD] of Case 1 is mostly comparable to
D,,[MHD] of Case 2 in both L shells. At Ep = 15 hr, D,,[MHD] of Case 1 slightly increases, while D,,[MHD] of
Case 2 decreases slightly in both L shells. It is also clear that Case 1 D,,[MHD] exhibits more variability across
the storm.

In these same figures, the results for D, [LIU] from Case 1 (solid green lines) and from Case 2 (dashed green
lines) are also plotted. We find D, [LIU] results are comparable to those from D, ,[MHD], at both L shells, only in
the initial phase (i.e., up to Ep = 0 hr for Case 1). As the Kp index in Figure 4e shows similar moderate values of
>3 approaching Ep = 0 hr in both events, D,, [LIU] is able to reproduce the highest D,, peak in Case 1, but over
reproduces the D, peak at Ep = 0 hr in Case 2. Subsequently, as shown in Figures 4a—4b, D,,[LIU] becomes an
order of magnitude larger than the respective responses of D,,[MHD] for the two cases, regardless of L. On the
other hand, D, [LIU] is roughly comparable between the two cases throughout the initial and main phases. As
the recovery phase starts for Case 2 at Ep = 7 hr, the difference in empirical radial diffusion rates of the events
becomes apparent, as seen after Ep =9 hr.

To better illustrate the different levels of D,, between the two cases, Figure 4c shows the ratio between D,
curves from panels 4a and 4b, with the results of the ratio for L = 5 between Case 1 D,,[MHD] curve and Case
2 D,,[MHD] curve in blue, the same analysis for L = 4 in red, and that obtained for D, [LIU] in green. It should
be noted, based on Equation 10, that the D, ratios of Liu et al.’s model between two cases are constant with L.
Figure 4d shows the electron fluxes at L = 5 derived from measurements by both Van Allen Probes, at the kinetic
energy corresponding to 4 = 700 MeV/G (i.e., 0.9 MeV). It is observed that the fast flux dropout in Case 1 is ~2
orders of magnitude, while in Case 2 the dropout is less than an order of magnitude. Overplotted is the result of
the last closed drift shell of Case 1 in Figure 2 to indicate how the radial diffusion and magnetopause shadowing
processes were combined during the strong flux dropout. It can be seen in Figure 4c that the D,, ratios between
the two cases are generally greater than one during storm time, as obtained for both L shells with the empirical
model and MHD. Thus, D), rates in Case 1 were overall higher than in Case 2 over the storm phases. Specifically,
the higher D,, of Ep = 0 hr in Case 1 compared to Case 2, with ratios up to 10, together with a reduced level of
diffusion in the early main phase indicated by ratios ~3, imposed an enhanced level of outward radial diffusion
for radiation belt electrons in Case 1 compared to Case 2. Furthermore, this enhanced diffusion rate during the
main phase operated simultaneously with the magnetopause shadowing (see the LCDS curve in panel d) both of
which could contribute to a major flux dropout.

Regarding the L dependence of D, , ratios from MHD between the two case studies, Figure 5a shows a superposed
epoch map of these ratios. It is observed that the Case 1 D,,;[MHD] was higher than that of Case 2 over a wide
range of L shells in its late initial phase (just before Ep = 0 hr), around the main phase and especially during its
recovery phase (after Ep = 11 hr). The largest ratios above 20 appear mostly outside of L = 7. Inside L = 6, which
is where the 1D simulation domain was defined, the ratios of ~10 related to the second D,, peak at Ep = 0 hr
cover the entire range 3 < L < 5.5. After Ep = 0 hr, when the flux dropouts are ongoing, the ratios decrease to
<5 within the same range of L, and only indicate larger factors in Case 1 D,,[MHD] in L > 5.5. The ratios in the
recovery phase can be higher than 20, especially at Ep = 17 hr when a second instance of strong D,, enhancement
for Case 1 in relation to Case 2 is found at low L. This happens in association with flux recovery in Case 1. The
results of the large ratios at Ep = 0 hr reinforce the role of enhanced radial diffusion dynamics acting throughout
the outer belt region during the flux dropout of Case 1. It is also useful to show the difference between empirical-
and MHD-D,; on an L-sort map. This is plotted in Figures 5b—5c for both cases, where D,,[LIU] is seen to be
~0.5-2 orders of magnitude higher than the corresponding D,,[MHD] through storm time, especially after the
main phase and at inner L shells.
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Figure 5. (a) Map of difference ratios in total D, defined between D,,[MHD] from Case 1 and D,,;[MHD] from Case 2,
observed across L shells and the superposed epoch times. The epoch time zero (Ep = 0 hr) has been defined by the main
phase start of the events. (b)—(c) Similar analysis, but for the difference ratios defined between results of empirical D, [LIU]
and corresponding results of D,,[MHD] during (b) Case 1 and (c) Case 2.

4.4. MHD Validations

To validate the MHD-simulated global electric and magnetic fields used in the D,, calculation, short intervals
were selected from the MHD simulations for which RBSP-B observations of those fields were available for
comparison. It was chosen not to show validations for all simulation intervals since the electric field data of
Case 1 is very noisy during part of the storm time. The in-situ electric and magnetic fields used were taken from
the Electric Field and Waves (EFW; Wygant et al. [2013]) and Magnetic Field Instrument Suite and Integrated
Sciences (EMFISIS; Kletzing et al. [2013]) aboard the RBSP-B. Figure 6 shows the probe orbital location in the
SM equatorial plane and in the X-Z meridional plane in these selected intervals for the two cases studied. Both
intervals refer to ULF wave observations during the storm's main phase.

Figure 7 presents the MHD validations obtained for Case 2 from 23:30 UT on 20 November to 3 UT on 21
November 2017. Figures 7a—7f sequentially show comparisons along the RBSP-B orbit of simulated versus
measured dayside ULF fluctuations in SM-B, and SM-E;, and the respective wave power spectra. These ULF
fluctuations were extracted by detrending the measured and simulated fields with a 15-min running window to
remove the background fields. The field perturbations obtained from the observed fields were smoothed with a
1-min running window and the power spectral densities were estimated using Fourier transform over a rolling
one-hour window. Figure 7g indicates that in this short time interval of Case 2, the RBSP-B was located between
L =4.5 and L = 6 during an inbound pass through the prenoon sector.

It can be seen in Figures 7a—7c that the MHD coupled model works well to reproduce the wave power in B_ on
the dayside. Meanwhile, it is shown in Figure 7d that the irregular ULF waveforms in the measured E;, signals
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Figure 6. Locations of Van Allen Probe B in the SM equatorial plane (left) and on the X-Z plane (right), over the short
intervals of the magnetohydrodynamic simulations in Case 1 and Case 2. This probe was moving eastward while it was in
operation from 2012 to 2019. The dashed lines in these plots show the remaining parts of the complete RBSP-B's orbit during
each case study.

are only partially reproduced by the MHD model. Thus, the simulated wave power can be generally comparable
to the observations, although localized wave packets at frequencies >2.5 mHz, as seen just after 23:30 UT on 20
November, are not all reproduced by the MHD simulation (see panels 7e and 7f).

The MHD validations for Case 1 of nightside ULF fluctuations are shown in Figure 8, in the same format as
Figure 7. The time interval considered is from 06:30 UT to 09:30 on 27 March and, during this period, the
RBSP-B was also located between L = 4.5 and L = 6 during a pass inbound through the post-dusk sector (see
Figure 8g). As for B, the MHD model mainly reproduces the low frequencies of the ULF signals observed on the
night side, so the wave power of higher frequencies is significantly underestimated. Likewise, the model results
for E, indicate that there is an underestimation of the ULF wave power, especially at high frequencies.

The above-described MHD validations indicate that ULF fluctuations and wave power in B, and E; are generally
comparable to the observations available for the dayside, while the results for the nightside are underestimated.
These underestimations on the nightside in the post-dusk sector are interpreted as due to the time and maximum
grid resolutions (1 min/0.25 R;). As a result, MHD simulations were not able to handle fast and more localized
Pc5 phenomena driven by substorm activity. Moreover, to explain why some high frequency wave packets in the
E, power spectra were not reproduced on the dayside (Figure 7), it has been already suggested in other studies that
the convection E field component calculated by the MHD simulations may be limited to capturing small-scale
ULF wave activity with correspondingly large mode numbers (e.g., L.-F. Li et al. [2020]). It is known that
narrowband ULF waves are likely generated by internal sources, that is, resulting from drift-bounce resonances
with ring current ions (Sandhu et al. [2021] and references therein). According to Jauer et al. (2019), solving the
drift physics of the bulk flow through the inner magnetosphere, as in our MHD simulations by CIMI, is critical
to determining the local power distribution of these high-frequency E; ULF waves.

4.4.1. Average Power Analysis for Scaling MHD-D,,

The superposed epoch comparisons between D, [MHD] and D, [LIU] for fixed L shells shown earlier in Figure 4
indicated that MHD-D,, can be more than an order of magnitude smaller than the empirical estimates of DF,
modeled using Liu et al. (2016). Additionally, through comparisons with RBSP-B observations, it was concluded
that the MHD simulations underestimated the ULF wave power for both E; and B, fluctuations on the night-
side. These observations indicate that scaling of the MHD-D,; results by some factor is necessary for these

event-specific diffusion rates to become more realistic for 1D diffusion simulations.
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Figure 7. Magnetohydrodynamic validations for case study 2 on the dayside using Van Allen Probe B, during 20-21 November 2017. Panel (a): comparisons of the
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perturbations. Panel (g): L and MLT regions covered by Radiation Belt Storm Probes-B during this interval.

The scale factors for MHD-D,, were derived here based on the ULF wave power comparisons in Figures 7
and 8. They were defined as the mean value of the ratio between the measured and simulated power spectra,
averaged over the ULF frequency range 1-8.33 mHz and over time. As Df ;. is the dominant contribution to total
D,;,[MHD], these factors were calculated considering only the £, wave spectra in both the case studies. It turns
out the scale factors to correct MHD-D,, are 2.93 for Case 1 and 1.37 for Case 2. Figure 9 presents the results of
this analysis, with the simulated MHD, measured, and scaled MHD shown in blue, green, and red, respectively. It
can be seen in Figure 9a that during the short time interval of Case 2, the MHD average power is comparable to
the RBSP-B average power on the dayside, with an average ratio of 1.37. In turn, in the time interval of Case 1, the
MHD average power is much more underestimated on the nightside with an average ratio of 2.93 (see Figure 9b),
similar to report for the MHD validations.

4.5. 1D Simulation Results

In order to model the different dropout dynamics observed in the two case studies, radial diffusion simula-
tions were performed using outer boundary conditions from the calibrated PSD values of the GOES-15 and the
scaled MHD-D,,. Radial diffusion runs were also performed using the non-scaled results of D,,[MHD] and
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Figure 8. Same as Figure 7, but with the magnetohydrodynamic validations for case study 1 on the night side, on 27 March 2017.

the empirical D;,[LIU] for comparison. Regarding the loss terms, electron lifetimes due to hiss loss were set
inside the plasmapause for the simulations, while electron lifetimes due to magnetopause shadowing loss were
imposed outside the last closed drift shell when this limit was below the outer boundary located at L* = 6. Thus,
the magnetopause shadowing loss was set in the 1D simulations only for Case 1, following the results found in
Figure 2. The simulations were solved for relativistic electrons with g = 700 MeV/G and K = 0.08 R,G'2.

Figure 10 shows PSD observations versus PSD results from 1D diffusion simulations for cases 1 (left panels) and
2 (right panels). Panels al and b1 contain the PSD observations by the Van Allen Probes, panels a2 and b2 show
the maps with simulation results using scaled-D,,[MHD], and panels a3 and b3 show the maps obtained using
D,,[LIU]. The locations of the last closed drift shell below L* = 6 are overplotted for Case 1 in panels al-a3.
The results of the 1D simulation at fixed L* = 4.9 + 0.05 and L* = 4.3 + 0.05 are shown in panels a4—b4 and
a5-b3, respectively, for all D, coefficients considered, that is, non-scaled-D,,[MHD] (dashed red lines), scaled-
D,,[MHD] (solid red lines) and D, [LIU] (solid blue lines). In addition, the level of uncertainty in modeled PSD
associated with the uncertainty in D, [MHD] scaled by mean factors of 2.93 (Case 1) and 1.37 (Case 2) is also
displayed by the gray area around the solid red curves generated using the mean scaling factors. Specifically,
to calculate this uncertainty range in PSD, each diffusion simulation was run with D,,[MHD] scaled by factors
equivalent to the minimum and maximum ratios between the averaged RBSP-B power and averaged MHD wave
power shown in Figure 9 (green and blue curves respectively). In all these panels of Figure 10, the measured
and simulated PSD results were plotted against L* and superposed epoch times, with time zero referring to the
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Figure 9. Time-varying averaged power spectral density over the ULF
frequency range 1-8.33 mHz, during the short intervals selected for
magnetohydrodynamic (MHD) validations of (a) Case 2 and (b) Case 1. Blue
lines stand for the average ultra low frequency power simulated with MHD
along the Radiation Belt Storm Probes (RBSP)-B's orbits, green lines show
results from the measured average power by RBSP-B through these paths, and
the red lines show the MHD average power scaled by a factor derived from
the mean value of the direct ratio between the latter two power curves, that is:
Average Power (RBSP-B)/Average Power (MHD). The scale factors found are
equal to 2.93 for Case 1 and 1.37 for Case 2.

onset of the storm main phases. Thus, the analyzed interval is the same as in
Figures 4 and 5. The corresponding UT time of each interval is also shown
in panels a5 and b5.

It is observed in panels al and b1l of Figure 10 that the PSD data by the Van
Allen Probes also demonstrate a stronger and deeper dropout of relativistic
electrons in Case 1 than Case 2. In general, it can be seen in panels a2—a3
that 1D simulations using scaled-D,,[MHD] or D,, [LIU] generated the main
phase dropout during Case 1, but the run with D,,[LIU] better captures the
deep losses to L* = 4 as observed by Van Allen Probes. For the Case 2 drop-
out, the results of panels b2-b3 indicate that the run with D,,[LIU] gener-
ated the outward diffusion loss down to L* < 4.5, thus overestimating the
loss in this region since the observed losses were only at higher L* regions.
In turn, the scaled-D,,;[MHD] resolved the main phase dropout down to
L* ~ 5 for Case 2, and modeled PSD is comparable with observations within
4 < L* <£4.5. Furthermore, PSD recovery after the dropout was also simu-
lated by the model using event-specific D,; inputs, starting after Ep = 12 hr
for Case 1 and after Ep = 16 hr for Case 2. These simulated PSD recoveries
are results of inward radial diffusion from an external source in a geosynchro-
nous orbit (outer boundary). Overall, the model captures some of the PSD
recoveries, but not as fast and deep in L* as in the observations, possibly due
to the lack of local heating in the model. As a local heating and other accel-
eration mechanisms are outside the scope of this study, no further attempts
were made to interpret the results related to the flux and PSD recovery during
the case studies.

It can be concluded that the 1D simulations worked well to model the timing
and corresponding intensity of the large-scale dynamics of the radiation belt
electrons through the storm time, although PSD overestimations at L* < 3.5
are noticed in all simulation results of panels a2—a3 and b2-b3 in Figure 10.
This is caused by the inapplicability of D,, models in this region (e.g., Ozeke,
Mann, Murphy, et al. (2014)) and is also indicative that the inclusion of hiss

loss inside the plasmapause was not sufficient to compensate for the large inward radial diffusion of electrons
imposed by scaled-D,,[MHD] and D,,[LIU] at L* < 3.5.

In comparing PSD observations of both cases at fixed L* in Figure 10 (black and green symbols in panels a4 and
b4), it is found that the PSD dropout in large L* shells (L* = 4.9) is an order of magnitude for both events. This
contrasts with the result of the 0.9 MeV flux decay at the dipole L = 5 (Figure 4d), where it was found that the
dropout of Case 1 was much stronger than that of Case 2. This higher dropout was due to adiabatic loss effects
of 0.9 MeV electron fluxes, which are removed from PSD calculation (e.g., Chen et al. (2006)). This difference
in dropout intensity between the two events is observed by both Van Allen Probes at lower L* as shown in panels
a5 and b5 of Figure 10. At L* = 4.3, while the PSD measured in Case 1 drops by an order of magnitude, the PSD
decay in Case 2 is less than an order.

Panels a4—a5 and b4-b5 in Figure 10 also show that, on average, the diffusion simulations with scaled
event-specific D,, (solid red lines) captured the levels of electron dropouts in the larger L* shell for both cases as
well as the less abrupt loss at L* = 4.3 in Case 2, but they were not able to reproduce the fast dropout of Case 1
deep down to the lower L* shells. It is only when the D,,[MHD] was scaled to the maximum value (lower limit of
the gray area) that the fast dropout at low L* could be reproduced. These PSD simulation results demonstrate that
outward radial diffusion, as simulated with scaled event-specific radial diffusion coefficients, played a significant
role in these main phase dropouts and, on average, almost entirely explains the dropout occurrence in Case 2, but

only partially in Case 1.

On the other hand, scaling D,,[MHD] with in situ ULF wave power observations improved mostly the model

results for the dropout of Case 1, at both low and high L* regions (comparing the dashed and solid red curves

in panels ad4—-a5 of Figure 10). Conversely, Case 2 acquired very similar radial diffusion responses given by
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Figure 10. Comparisons of 1D simulation results in PSD (phase space density) versus Van Allen Probes observations both at 4 = 700 MeV/G and K = 0.08 R,G'?2, as
a function of L* and epoch/UT times in units of hours, (left) from 26 to 28 March for case study 1 and (right) from 20 to 21 November for case study 2. The epoch time
0 (Ep = 0 hr) was defined by the main phase start of the events, which is at 4 UT of 27 March for Case 1, and 0 UT on 21 November for Case 2. (Top to bottom) Van
Allen Probes PSD observations, simulation results throughout the outer belt using scaled-D,,[MHD] as input, and using D,, [LIU] (panels al-a3 have the last closed
drift shell below L* = 6 represented by the black dotted curve for Case 1), phase space density (PSD) comparisons of simulation results from all D,, inputs (non-scaled-
MHD, scaled-magnetohydrodynamic (MHD), and from Liu et al., 2016) with Van Allen Probes observations at a fixed higher L* location; the same analysis but for a
fixed lower L* value. In these last two panels from top to bottom, the level of uncertainty in modeled PSD using scaled-D,,[MHD] is shown by the gray area for the
entire time span of the diffusion simulations. The magenta bar on the bottom-most panels indicates the event's time interval of the MHD-D,; scaling.

unscaled- and scaled-D,, [MHD] at both fixed L* shells (see panels b4-b5) since the scaling factor is close to one.
Also in panels a4—a5 and b4-b5, D,,[LIU] is seen to outperform scaled-D,,[MHD] for capturing the dropouts

Table 1

Normalized Root Mean Square Errors (nRMSE) for Comparing PSD
Estimates During the Analyzed Dropout Events Using Three Different D,
Input Coefficients and in Two Different L*

Case 1 Case 2
L*=49 L*=43 L*=49 L[*=43
D,, input n=7 n=35 n=46 n=9
non-scaled MHD Nrmse 0.50 0.64 0.29 0.14
scaled MHD nRMSE 0.41 0.56 0.21 0.17
Liu et al. (2016) nRMSE 0.40 0.32 0.12 0.35

Note. The nRMSE correspond to comparisons between “n” PSD pairs of
measured and simulated data for the fixed L* shells at epoch times within
0 < Ep <10 hr for Case 1 and 0 < Ep < 13 hr for Case 2.

at L* = 4.3 during Case 1 and at L* = 4.9 in Case 2; however, it underesti-
mates PSD at L* = 4.3 for Case 2. And taking into account the uncertainty
of the PSD results from scaled-D,, [MHD] (gray areas), it can be seen in both
case studies that the uncertainties in simulated PSD associated with the D,
model increase during the dropouts. This result shows that the 1D simula-
tions are very sensitive to assumed D,, magnitude during the dropouts due
to fast radial diffusion dynamics imposed by the outer boundary conditions,
which reflect the enhanced losses at geosynchronous orbit over this interval
(see Figures S2 and S3). This explains why simulations with D,,[LIU] (blue
curves) that is ~10-30 times larger than non-scaled-D,,[MHD] during the
dropouts (Figures 5b—5c) roughly align with the lower limit of the gray areas
in both L* shells. On the contrary, it is interesting to note after Ep = 16 hr in
panels a4—a5 that the uncertainty of the modeled PSD reduced significantly
during the recovery phase of Case 1.

To quantify the performance of each D,, input coefficient in dropout mode-
ling, Table 1 presents a comparison of the normalized root mean square error
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(nRMSE) between measured and simulated PSD at L* = 4.3 and L* = 4.9. The nRMSE values were calculated
as in Welling and Ridley (2010) and Jauer et al. (2019), where a smaller nRMSE means a better PSD prediction
from the model. It is quantitatively proven in this table that the 1D simulations better solve the gradual dropout
in Case 2 since the nRMSE values of this case are smaller overall. However, because D,, [LIU] underestimates
PSD at L* < 4.5 in this case (see after Ep = 4 hr in panel b5 of Figure 10), its performance is the worst at lower
L* for Case 2. For Case 1, the nRMSE values indicate that the 1D simulations better solve the dropout at higher
L* regions (L* = 4.9) for MHD-D,, models, while D,,[LIU] shows better performance regarding the deep loss
at L* = 4.3. Generally, the scaled MHD-D,, improved the simulation results for the two case studies and at both
high and low L* regions, except for Case 2 in L* = 4.3 where the performance is slightly lower than for the
non-scaled-D,,[MHD]. This is also where the performance of scaled-D,,[MHD] outperforms that of D, [LIU].

5. Discussion and Conclusions

In this work, we computed event-specific D,, coefficients using MHD simulations to study their contribution
to deep (Case 1) and non-deep (Case 2) dropouts related to CIR storms. In an attempt to obtain a more realistic
storm-time D,,, D,,[MHD] was scaled for both event studies using in situ ULF wave power observations by
RBSP-B. The diffusion simulations executed for equatorially mirroring electrons with ¢ = 700 MeV/G and using
scaled-D,,[MHD] greatly improved the solution of the Case 1 strong dropout compared to that obtained with
non-scaled-D,,[MHD]. However, the diffusion model with scaled-D,,[MHD] did not fully resolve the deep loss
down to L* < 4.5 on 27 March 2017 during Case 1. In turn, the less-abrupt Case 2 dropout on 21 November 2017
was well captured across the outer belt in the 1D simulations with non-scaled-D,,[MHD] and scaled-D,,[MHD]
coefficients. The deep dropout at L* < 4.5 in Case 1, which was under-reproduced by simulation with scaled-
D,,[MHD], was better captured by the simulation with empirical D,,[LIU]. However, D,,[LIU] overestimated
the losses in the same region for Case 2. Furthermore, we have also presented the uncertainty in modeled PSD
associated with the uncertainty in scaled-D,,[MHD]. It was verified that the uncertainty around the PSD results
obtained from scaled-D,,[MHD] increases significantly during the dropouts of both case studies, with lower
limits of these PSD results being as low as those from using D, [LIU]. It is interesting to see in Figure 10 (panel
a5) that a possible mean ratio larger than ~3 could cause the 1D simulation to capture most of the deep dropout
at L* < 4.5 as indicated by the PSD uncertainty from using scaled-D,,[MHD]. Therefore, taking into account the
uncertainty of the diffusion simulation results obtained for scaled-D,,[MHD], it is possible that magnetopause
shadowing combined with outward radial diffusion could still explain and dominate the fast dropout of MeV elec-
trons below L* = 4.5 in Case 1. This loss scenario is supported by many previous works exploring the role of fast
outward radial diffusion to explain flux dropouts of the core (high equatorial pitch angle) radiation belt electron
populations even at multi-MeV energies (e.g., Mann et al. (2016); Mann et al. (2018); Olifer et al. (2018); Ozeke
et al. (2020); Pinto et al. (2020)).

Besides, the rescaling of D;,IMHD] in Case 1 was based on Van Allen Probe B ULF-E, power observations on
27 March (from 06:30 UT to 09:30UT) that were taken at L ranging from 6 to 4.5 (Figures 8e—8g, corresponding
to L* values from 5.3 to 4.1). Meanwhile, the ongoing Case 1 dropout that started at ~4 UT (Ep = 0 hr) on this
day was observed by Van Allen Probes at L = 5 in Figure 4d and even below L = 4.5, as discussed in Figure 1. The
actual ratio of real to MHD ULF wave power could have been higher at L < 6 with the onset of the main phase of
the storm before 06:30 UT. Previous studies have shown that ULF wave power is strongly enhanced during the
storm main phase nearly down to the plasmapause (Hartinger et al., 2010; Ozeke et al., 2020; Pinto et al., 2020;
Rae et al., 2019; Ren et al., 2017). For example, Pinto et al. (2020) showed for several events in 2012-2017 that
very strong ULF power was often measured on the ground at L ~ 4 between the time of minimum LCDS and the
time of maximum flux dropout. They showed that such ULF wave activity yields corresponding D,, magnitudes
of ~ 1/day in situ, that is, more than 10 times larger than our peak D,,[MHD] found at L = 4 (cf. Figure 4b at
Ep ~ 0 hr, for the solid red line). However, the ULF wave power comparison is not performed before 06:30 UT in
Figures 8 and 9 since the electric field data provided by Van Allen Probe B was very noisy through this period.
Moreover, Van Allen Probe B ULF wave data were obtained in a very narrow MLT domain near 20 MLT in the
dusk sector, where ULF wave power could have been much lower than elsewhere on the nightside. Therefore,
most of the dropouts at L < 5.5 could be due to ULF waves present at ~04-06 UT, possibly at other MLTs than
the domain covered by the Van Allen Probes during this event. Considering these additional uncertainties in the
scaled-D,,[MHD], it is conceivable that stronger outward radial diffusion could have been present during Case 1,
explaining the steeper measured dropout than obtained in the simulations.
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In addition to the uncertainty of scaled-D,,[MHD], uncertainty related to the LCDS results derived with the
TS04 magnetic field model could also lead to uncertainties in the simulated PSD. The LCDS results were only
implemented in the 1D simulations of Case 1. According to analysis by Albert et al. (2018), the uncertainty of the
minimum LCDS position is mainly due to the magnetic field model and could be up to 0.7 R,. On the other hand,
the actual gradient of electron PSD could have been steeper than that simulated for Case 1, increasing outward
diffusion and loss. It should be noted that the Van Allen Probes measurements used for the initial PSD gradi-
ent are limited in time accuracy (e.g., Olifer et al. (2021)) due to the 4-hr time steps of data acquisition within
L* =3 — 6. Furthermore, updating the outer boundary condition at L* = 6 with GOES data does not guarantee
that the simulated PSD gradient was equivalent to the real one in that L* domain at an instant of time since this
gradient highly depends on the evolution of actual radial diffusion rates and also on the evolution of the actual
and unknown PSD gradient near and just above L* = 6 (Ozeke et al., 2018).

The other major loss mechanism commonly suggested for main phase flux dropouts is EMIC wave scatter-
ing, which promotes electron losses through precipitation into the atmosphere (e.g., Blum et al., 2015; Usanova
et al., 2014; Xiang et al., 2017, 2018). Previous long-term (Drozdov et al., 2015, 2017) and event-specific
(Shprits et al., 2016) 3D diffusion simulations with VERB code, as well as observational works by Shprits
et al. (2017, 2018), found that EMIC scattering loss is mostly required to simulate fast dropouts of electron popu-
lations in y regimes of a few thousand MeV/G, which is higher than the y value studied here. Recent studies have
explained that for electrons with kinetic energy below the typical minimum resonant energy of >2 MeV (i.e.,
u > 1000 MeV/G), EMIC waves generally cannot efficiently scatter those of high equatorial pitch angles (i.e.,
K ~ 0 R,G"2), whereas <2 MeV electrons with low pitch angles can indeed be scattered (e.g., Cao et al., 2017,
Ross et al., 2021). Thus, additional resonant interactions with hiss and chorus waves are required to account for
the scattering of the core high-pitch angle populations at lower energies down to the loss cone (e.g., Mourenas
et al., 2016; Zhang et al., 2017). Moreover, in order for EMIC waves to operate together with the other waves
in producing <2 MeV electron dropouts, these EMIC waves must have very high and unusual frequencies close
to the helium gyrofrequency, or a wave frequency to proton gyrofrequency ratio >0.5. Such high-frequency
EMIC waves have been found within regions of high-density plasma, such as the plasmasphere or a plume, but
because they are comparatively rare EMIC wave-driven dropouts below 2 MeV are relatively unlikely (Kersten
et al., 2014; Mourenas et al., 2016; Ross et al., 2021). However, an analysis of 16 years of electron flux dropouts
recorded by GPS satellites suggested that a finite fraction of the ~1-2 MeV dropouts recorded near L = 4.2 could
indeed be related to combined EMIC and chorus or hiss wave-driven precipitation (Boynton et al., 2017).

Concerning additional limitations of the present work, the outer boundary conditions were fixed at L* = 6 from
calibrated PSD data, acquired at geosynchronous orbit in a range of 5 < L* < 6. Test runs with this boundary
fixed at L* = 5.5 showed very similar results for all 1D simulations (not included in the paper). On the other
hand, the scale factor to correct MHD-D,, relative to RBSP-B average wave power observations in Case 1 was
derived from an interval of MHD validations on the nightside, while the corresponding factor for Case 2 was
derived from a dayside interval. The nightside magnetosphere must also be taken into account for the scale factor
calculation of Case 2 to be consistent with the scale factor derivation in Case 1, given that MHD simulations
can highly underestimate the ULF waves in this sector (as per seen in Figure 8 for Case 1). However, the 1D
simulations in Figure 10 indicated that the small factor of 1.37 in MHD-D,, of Case 2 is sufficient to simulate
the event throughout the outer belt during the electron dropout. Another limitation concerning scaled-D,,[MHD]
relies on such mean scaling factors being constant through the 1D simulation intervals. As indicated in Figures 9a
and 9b (though not explicitly), the data-to-MHD average power ratio can be time-dependent. With due caution, a
time-dependent scale factor would possibly have produced more reliable PSD results for the dropouts (within the
uncertainty range) from the 1D simulations with scaled-D,,[MHD]. This is challenging considering the satellite
is also moving in L and a global validation of the MHD fields with a constellation of satellites is needed.

Despite all these limitations, the comprehensive radial diffusion analysis performed here to model relativistic
electron losses in the outer radiation belt (up to L* = 6) during moderate geomagnetic storms revealed that
outward radial diffusion driven by ULF waves is a dominant loss mechanism for non-deep and smooth electron
dropouts. On the other hand, radial diffusion rates due to ULF waves are generally more enhanced and reach low
L shells in deeper and stronger dropouts, consistent with fast outward diffusion also dominant down to L* < 4.5.
Nevertheless, it has been argued that relatively higher ULF wave power than simulated with MHD is required to
model this deep dropout effectively. This work demonstrates that the role of loss mechanisms for ~ MeV electron
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dropouts under moderate geomagnetic activity, such as those driven by CIR storms, is relatively well understood.
However, further coordinated modeling of the outer electron radiation belt during other case studies for this type
of event is needed to improve the accuracy of diffusion simulation inputs such as the storm-time D, .
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