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Abstract In this study we investigate two distinct loss mechanisms responsible for the rapid dropouts of
radiation belt electrons by assimilating data from Van Allen Probes A and B and Geostationary Operational
Environmental Satellites (GOES) 13 and 15 into a 3‐D diffusion model. In particular, we examine the
respective contribution of electromagnetic ion cyclotron (EMIC) wave scattering and magnetopause
shadowing for values of the first adiabatic invariant μ ranging from 300 to 3,000MeVG−1. We inspect the
innovation vector and perform a statistical analysis to quantitatively assess the effect of both processes as a
function of various geomagnetic indices, solar wind parameters, and radial distance from the Earth. Our
results are in agreement with previous studies that demonstrated the energy dependence of these two
mechanisms. We show that EMIC wave scattering tends to dominate loss at lower L shells, and it may
amount to between 10%/hr and 30%/hr of the maximum value of phase space density (PSD) over all L shells
for fixed first and second adiabatic invariants. On the other hand, magnetopause shadowing is found to
deplete electrons across all energies, mostly at higher L shells, resulting in loss from 50%/hr to 70%/hr of the
maximum PSD. Nevertheless, during times of enhanced geomagnetic activity, both processes can operate
beyond such location and encompass the entire outer radiation belt.

1. Introduction

The physics governing the energetic electrons in the Earth's radiation belts has been subject of considerable
research since their discovery in 1959. The outer belt extends from approximately 3 to 7 RE, is highly
dynamic and can vary by several orders of magnitude on timescales ranging from minutes to weeks.
Based on an examination of 276 moderate and intense geomagnetic storms from the period 1989–2000,
Reeves et al. (2003) found that storms could either increase, significantly decrease, or not substantially
change the fluxes of relativistic electrons in the outer belt. Further studies have associated the variability
in the responses of the radiation belts to storms to the complex competing nature between acceleration
and loss (e.g., Friedel et al., 2002; Millan & Baker, 2012; Shprits, Elkington, et al., 2008; Shprits, Subbotin,
et al., 2008; Turner et al., 2014). Understanding the mechanisms responsible for the acceleration and loss
of electrons is indispensable for predicting the response of the radiation belts to geomagnetic disturbances.
In this study we essentially focus on the rapid loss of radiation belt electrons.

It is now widely accepted that reductions of the outer radiation belt electron flux can be attributed both to
adiabatic and nonadiabatic processes. Adiabatic processes (Kim & Chan, 1997) allow electron fluxes to
return to its prestorm level in the storm recovery phase and radially transport particles in response to a
change in the magnetosphere to conserve the three adiabatic invariants (μ, K, Φ). In contrast, many events
associated with main‐phase dropouts do not recover and fluxes do not return to the original prestorm values
(e.g., McAdams & Reeves, 2001; Reeves et al., 2003). In such cases, the dropout is a result of several different
nonadiabatic processes that remove the electrons permanently.

Onemechanism that falls into this nonadiabatic category is the loss due to pitch angle scattering via resonant
interaction with various types of magnetospheric waves, including whistler mode chorus, plasmaspheric
hiss, and electromagnetic ion cyclotron (EMIC) waves, which leads to electron precipitation to the atmo-
sphere (e.g., Lyons et al., 1972; Millan et al., 2007; Thorne, 2010; Thorne & Kennel, 1971; Thorne et al.,
2005; Turner et al., 2014). Another nonadiabatic process is the loss across the magnetopause, called
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magnetopause shadowing. This term describes the scenario in which themagnetopausemoves inward due to
increases in solar wind dynamic pressure, resulting in the depletion of electrons on open drift paths that were
previously closed (e.g., Kim et al., 2008; Morley et al., 2010; Ohtani et al., 2009; Turner et al., 2012).
In addition, the loss to the magnetopause generates a sharp gradient that further drives electron outward
and through the magnetosphere, a process known as outward radial diffusion (Shprits et al., 2006).
Nevertheless, the relative contribution of each physical process to electron flux dropouts still remains a
fundamental puzzle.

Multisatellite observations provide a useful means of understanding the dominant loss mechanisms of radia-
tion belt dropouts. For instance, Green et al. (2004) used 52 dropout events and tested several processes that
may contribute to electron flux decreases, including adiabatic motion, magnetopause shadowing, and preci-
pitation to the atmosphere. Their study concluded that themost likely cause of the dropout was precipitation
to the atmosphere, although the cause of the precipitation remained uncertain. Turner et al. (2012) analyzed
data collected by several spacecraft and concluded that the sudden electron depletion on 6 January 2011 was
mainly a result of outward radial diffusion rather than loss to the atmosphere. Bortnik et al. (2006) studied
the relativistic electron dropout on 20 November 2003 and suggested that it was caused by two separate
mechanisms that operate at high and low L shells. At L> 5 loss was dominated by magnetopause shadowing
and outward radial diffusion, whereas at L< 5 it was dominated by pitch angle scattering driven by EMIC
waves. Similarly, Turner et al. (2014) and Turner et al. (2014) studied the 30 September 2012 dropout event
and concluded that both loss mechanisms operated, with a boundary at L∗ ∼ 4.

Boynton et al. (2016) studied electron flux dropouts on the basis of 20‐year measurements from geosynchro-
nous satellites and determined the major solar wind and geomagnetic conditions controlling such dropouts.
At energies above 1MeV, radial diffusion coupled with magnetopause shadowing and precipitation induced
by EMIC and chorus (or hiss) waves were found to be effective factors for the observed losses at geostationary
orbit (GEO). In addition, their analysis suggested that at such energies dynamic pressure and southward
interplanetary magnetic field (IMF) are the main factors governing the dropouts. In a later study, Boynton
et al. (2017) employed a similar methodology to investigate electron flux dropouts within the heart of the
radiation belts at L∼ 4.2. In stark contrast with their findings at GEO, the main driving factor for the 1‐ to
10‐MeV electron dropouts at L∼ 4.2 turned out to be the southward IMF with no significant influence from
solar wind dynamic pressure. This suggests an important role of precipitation loss due to combined EMIC
and whistler mode waves in a significant fraction of these events, as well as the existence of different loss
mechanisms operating at different L ranges during dropouts. More recently, Xiang et al. (2017) investigated
three distinct radiation belt dropouts observed by Van Allen Probes, subtracting the electron phase space
density (PSD) versus L∗ profiles before and after the dropout. Their findings suggest that these events can
be classified in three different classes in terms of dominant loss processes: magnetopause shadowing domi-
nant, EMIC wave scattering dominant, and a combination of both mechanisms. However, one limitation of
in situ data is the sparse coverage, as incomplete profiles may hinder the calculation of PSD drops.

On the other hand, radiation belt modeling studies have also focused on the importance of loss processes in
flux dropouts. For example, Shprits et al. (2006) explored the viability of outward radial diffusion loss by
comparing radial diffusion model simulations with Combined Release and Radiation Effects Satellite
(CRRES) measurements. The comparison showed that nonadiabatic flux dropouts near geosynchronous
orbit can be effectively propagated by the outward radial diffusion down to L∗¼ 4 and that magnetopause
loss coupled with the radial transport can account for the main‐phase flux dropout. Su et al. (2011) examined
the contribution of different loss processes by comparing CRRES observations with a three‐dimensional (3‐
D) radiation belt model by gradually incorporating magnetopause shadowing, adiabatic transport, radial dif-
fusion, and plume and chorus wave‐particle interactions into the code. Yu et al. (2013) quantified the relative
contribution of magnetopause shadowing coupled with outward radial diffusion by comparing radial diffu-
sion simulations with GPS‐observed total flux dropout. Their results indicated that such process accounted
for 60 – 90%/hr of the main‐phase radiation belt electron dropout near geosynchronous orbit.

In the current study, we quantify the contribution of (1) pitch angle scattering driven by EMICwaves and (2)
magnetopause shadowing. We aim to answer the question: How much loss is caused by each mechanism?
We tackle this issue with a novel approach based on the assimilation of spacecraft data in a 3‐D diffusion
model by means of a split‐operator Kalman filter (KF) (Shprits et al., 2013). In this way, data assimilation
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(DA) combines spacecraft data and ourmodel predictions in a two‐way communication, such that ourmodel
corrects inaccurate measurements and fills the gaps where electron PSD measurements are lacking (a con-
straint in observational studies), and observations bring our model closer to reality. We perform multiple
4‐year long‐term runs (for the period 1 October 2012 to 1 October 2016 spanning different levels of geomag-
netic activity) by switching on and off in the model the above‐mentioned mechanisms. We quantify their
effect by means of the innovation vector, a measure on how observations and model predictions differ, for
various values of the adiabatic invariants μ and K.

The outline of this paper is as follows. A brief description of DA and the methodology followed in this study
are presented in section 2. We show the long‐term reanalysis results of electron PSD in section 3 and the sta-
tistical analysis of the effect of scattering by EMIC waves and magnetopause shadowing employing the inno-
vation vector in section 4. Results are discussed in section 5, and conclusions are presented in section 6.

2. Methodology and Data
2.1. VERB Code

The current study builds upon the previous work of Shprits et al. (2013), Kellerman et al. (2014), and
Cervantes et al. (2020) and adopts the 3‐D Versatile Electron Radiation Belt Code (VERB‐3D; Shprits et al.,
2009; Subbotin & Shprits, 2009) to assimilate spacecraft data at different locations. The VERB‐3D code mod-
els the evolution of electron PSD by solving the modified 3‐D Fokker‐Planck diffusion equation that incor-
porates radial diffusion, energy diffusion, pitch angle scattering, and mixed diffusion into the drift‐ and
bounce‐averaged particle PSD (Schulz & Lanzerotti, 1974). The 3‐D Fokker‐Planck equation for the evolu-
tion of PSD can be written in terms of the L shell, equatorial pitch angle α0, and relativistic momentum p,
following Shprits et al. (2009) and Subbotin and Shprits (2009):
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(1)

where f is electron PSD; μ and J are the first and second adiabatic invariants, respectively; and L∗ is inver-
sely related to the third adiabatic invariant Φ. DL∗L∗ , Dpp, Dα0α0 , and Dα0p are the bounce‐averaged radial,

momentum, pitch angle, and mixed pitch angle‐momentum diffusion coefficients, respectively. T(α0) is a
function related to the particle's bounce time (Lenchek et al., 1961; Schulz & Lanzerotti, 1974):

Tðα0Þ ¼ 1:3802 − 0:3198ðsinα0 þ sin1=2α0Þ (2)

The parameter τ is a loss rate assumed to be infinite outside the loss cone and equal to a quarter of the elec-
tron bounce time inside the loss cone. Readers are referred to Shprits et al. (2009) and Subbotin and Shprits
(2009) for a more detailed description of the VERB‐3D model.

Based on the previous findings of Drozdov et al. (2017) andWang et al. (2019), who meticulously studied the
sensitivity of various parameterizations of radial diffusion, we employ the magnetic radial diffusion rates
DL∗L∗ of Brautigam and Albert (2000). The parameters for dayside and nightside chorus are taken from
Orlova and Shprits (2014), while for hiss the parameterization of Orlova et al. (2014) is used. The spectral
properties from Meredith et al. (2014) are used to calculate diffusion coefficients for helium band EMIC

waves, at a fixed B2
w of 0.1 nT2. The spectrum is approximated with a Gaussian function. The central fre-

quency, frequency bandwidth, and lower and upper cutoff frequencies are 3.6 fO+, 0.25 fO+, 3.35 fO+, and
3.85 fO+, where fO+ is oxygen gyrofrequency. Following Meredith et al. (2014), the coefficients are scaled
according to wave occurrence rate (2%) and magnetic local time (MLT) distribution (25%). The ion composi-
tion used in the computation of the diffusion coefficients is assumed to be 70% H+, 20% He+, and 10% O+ as
in Meredith et al. (2003). The ratio of the plasma frequency to electron gyrofrequency is ωpe/Ωe¼ 10. In
accordance with Drozdov et al. (2017), EMIC waves are incorporated into the simulation when the solar
wind dynamic pressure is greater than or equal to 3 nPa. The maximum latitudes of propagation of wave
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intensities, a parameter that modulates either acceleration or loss of electrons (e.g., Shprits et al., 2006; Wang
& Shprits, 2019), are hiss, 40°; dayside chorus: 35°; nightside chorus: 15°; and EMIC waves: 45°. Finally, the
location of the plasmapause is calculated following Carpenter and Anderson (1992).

The VERB‐3D code includes the Last Closed Drift Shell (LCDS) as a function of time and invariant K. As in
Cervantes et al. (2020), physics associated with magnetopause shadowing are introduced using the LCDS. In
this study, we use an energy‐dependent loss mechanism, since the rate of loss following a reduction in the
LCDS depends on the particle's drift period. We employ the TS07 magnetic field model (Tsyganenko &
Sitnov, 2007) incorporated into the IRBEM library (Boscher et al., 2012) to determine the LCDS, and we
simulate loss due to magnetopause shadowing with an exponential decay of the electron PSD outside the
LCDS, as

f ðt; L∗ > LCDSðtÞÞ ¼ f ðtÞeð−1=τdÞ (3)

where τd is the electron drift period calculated as Walt (2005)

τdðsÞ ¼ Cd
RE

R0

� �
1

γβ2
1 − 0:333 sinα0ð Þ0:62� �

(4)

Here, β ¼ v
c
, γ¼ (1− β2)−1/2, Cd¼ 1.557 × 104 for electrons, RE¼ 6.37 × 103 km, and R0 is the distance from

the center of the Earth to the equatorial crossing point of a magnetic field line. As the electron energy
increases, the drift period decreases.

The size of the computational grid is 29 × 101 × 91 points along radial, energy, and pitch angle dimension,
respectively. Radial grid points are distributed uniformly, whereas energy and pitch angle grid points are dis-
tributed logarithmically. The L∗ grid is set from 1 to 6.6 RE. The energy grid is defined by a minimum of 0.01
MeV and amaximum of 10MeV at the outer radial boundary. The pitch angle grid extends from 0.3° to 89.7°.

For the solution of Equation 1, the initial PSD is taken from the steady state solution of the radial diffusion
equation. A lower radial boundary condition (L∗¼ 1) of f¼ 0 is used in order to simulate the loss of electrons
to the atmosphere. The PSD required for the upper radial boundary condition (L∗¼ 6.6) is obtained from
Geostationary Operational Environmental Satellites (GOES) observations. The upper energy boundary at
10MeV is set equal to zero. For the lower‐energy boundary, the PSD is set constant in time to represent a
balance of convective sources and loss. The lower pitch angle boundary condition is set to 0 to simulate pre-
cipitation loss of electrons into the loss cone in a weak diffusion regime. A zero gradient is chosen to account
for the flat pitch angle distribution observed at 90° (Horne et al., 2003) for the upper pitch angle boundary
condition.

2.2. Instrumentation and Data

We use simultaneous measurements of four spacecraft, the twin Van Allen Probes (renamed from Radiation
Belt Storm Probes after launch) A and B, and GOES 13 and 15, covering a 4‐year period from 1 October 2012
to 1 October 2016. For DA, observations are converted from flux to PSD in phase space coordinates (L∗, μ, K).
In situ magnetic field measurements are employed to calculate μ, while the TS07 model is employed to cal-
culate K and L∗.

On board the Van Allen Probes (Mauk et al., 2012; Stratton et al., 2012), the Radiation Belt Storm
Probes‐Energetic particle, Composition, and Thermal plasma (RBSP‐ECT) suite measures particles with
energies ranging from hot to ultrarelativistic (Spence et al., 2013). In this study, we utilize measurements
from the Magnetic Electron Ion Spectrometer (MagEIS) (Blake et al., 2013), which provides data in the
energy range ∼30 keV to about 4MeV and Relativistic Electron Proton Telescope (REPT) (Baker et al.,
2012) instruments, which covers energies from 2MeV to tens of MeV. The pitch angle distribution is inter-
polated in a uniform grid with a step of 5°.

In addition, from Satellites 13 and 15 of themultimission GOES spacecraft (Onsager et al., 1996; Singer et al.,
1996), we employ data from the MAGnetospheric Electron Detector (MAGED; Hanser, 2011) and Energetic
Proton, Electron, and Alpha Detector (EPEAD; Hanser, 2011; Onsager et al., 1996) instruments. Nine solid‐
state‐detector telescopes from MAGED provide pitch angle resolved in situ electron flux measurements in
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five energy bands: 30–50, 50–100, 100–200, 200–350, and 350–600 keV. Four telescopes are oriented in the
north‐south plane, and the other five in the east‐west plane (Hanser, 2011; Rodriguez, 2014b). Moreover,
two EPEAD detectors (Hanser, 2011; Onsager et al., 1996) on board each spacecraft measure MeV electron
and solar proton fluxes in two energy ranges: >0.8 and >2MeV. One detector is oriented westward and the
other eastward (Rodriguez, 2014a). MAGED and EPEAD observations at a 5‐min cadence are averaged over
1 hr. EPEAD integral fluxes are obtained by averaging the measurements over the westward and eastward
telescopes, so that the resulting pitch angles are averages between both directions of the two telescopes as
well. Integral fluxes as a function of energy are fitted to a power law, which is used to interpolate between
values up to 1MeV. In order to convert to differential flux, we employ the 90° pitch angle differential flux
data from MAGED and fit the two integral channels of EPEAD to an exponential function f¼A ∗ exp(B ∗
E), where f is the differential flux, E is the energy, and A and B are positive time‐dependent coefficients
obtained by solving the flux integral for averaged MAGED data. The pitch angle distribution below 500
keV is directly measured by MAGED.

2.3. DA and Innovation Vector

DA is an algorithm that aims to smoothly blend sparse and inaccurate measurements with dynamical infor-
mation from a physics‐based model. Several DA methods have been developed, such as the Kalman filter in
its standard (Kalman, 1960), extended (Jazwinski, 1970), and ensemble versions (Evensen, 1994). The KF is a
powerful sequential DA method that combines a numerical model and incomplete measurements, while
minimizing mean‐squared errors (Kalman, 1960). The methodology of the standard KF is briefly outlined
below.

A system of evolution equations may be presented in the following form:

xfk ¼ Mk − 1xak − 1 (5)

where x represents a model state vector (for our model, it is the PSD on the numerical grid locations), and
the model matrix M advances the state vector x in discrete time increments. The subscript k shows the
time step, and superscripts f and a refer to forecast and analysis, respectively. The evolution of xtk (super-
script t refers to true) is assumed to differ from the model by a random error ϵm:

xtk ¼ Mk − 1xtk − 1 þ ϵmk (6)

where ϵmk is assumed to be a Gaussian white noise sequence, with mean zero and model‐error covariance
matrix Q.

The observations yok (superscript o refers to observed) are assumed to be contaminated by observational
errors ϵok :

yok ¼ Hkxtk þ ϵok (7)

where ϵok is also assumed to be Gaussian, white in time, with mean zero and given covariance matrix R. The
observation matrixHk accounts for the fact that usually the dimension of yok is less than the dimension of xtk.

During the so‐called update times, when observations are available, forecast and observations are blended to
yield the analysis state vector:

xak ¼ xfk þKkðyok −Hkx
f
kÞ (8)

where the term Kk yok −Hkx
f
k

� �
is usually referred to as the innovation vector xik. Kk is the Kalman gain

matrix computed at each time step using a time‐evolving forecast error covariance matrix Pf
k given by

Pf
k ¼ Mk − 1Pa

k − 1M
T
k − 1 þ Qk − 1 (9)

The Kalman gain matrix Kk represents the optimal weights given to the observations when updating the
model state vector:
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Kk ¼ Pf
kH

T
k HkP

f
kH

T
k þ Rk

� �−1
(10)

The error covariance matrix is also updated as follows:

Pa
k ¼ I −KkHkð ÞPf

k (11)

The innovation vector xik warrants a more detailed discussion as this is the term where, in our case, source
and loss processes are effectively incorporated into the KF. The innovation vector measures how much new
and additional information, provided by the data (hence its name), will modify the model forecast xf in order
to produce an optimal estimate of the state of the system xa. The value and the sign of the innovation vector
depend on howmuch the modeled and observed values differ from each other, and on the estimated forecast
and observational errors. A perfect model would predict exactly the incoming observations, and the innova-

tion would be 0. As the forecast error covariance matrix Pf
k approaches 0, the innovation is weighted less

heavily by the gain Kk. In contrast, as the observational error covariance matrix Rk tends to 0, the
Kalman gain Kk weights the innovation more heavily. Shprits et al. (2007), Koller et al. (2007), Daae et al.
(2011), and Cervantes et al. (2020) demonstrated the usefulness of the innovation vector to identify and
adjust for unknown, missing physics in radiation belt models in order to reduce the discrepancy between
observations and model predictions. All of the above‐mentioned studies employed the innovation vector
to infer acceleration and loss processes for short‐term intervals or specific events.

In this paper, we perform a 4‐year statistical analysis of the innovation vector and employ it as a tool to quan-
tify the loss effect of EMICwave scattering andmagnetopause shadowing on radiation belt electrons. For that
purpose, we perform three DA runs (Table 1). The first run includes all processes in our model (hereinafter,
“full” run), and in the second and third runs, one process is neglected in each. The “full” simulation (Number
1) accounts for radial diffusion due to ULF waves, pitch angle, energy, and mixed pitch angle‐energy diffu-
sion due to chorus and hiss waves, EMIC wave scattering, and magnetopause shadowing. The second run
(Number 2) accounts for all processes except for scattering by EMIC waves. Finally, the third run (Number
3) includes all processes in the “full run” with the exception of magnetopause shadowing. The time step of
our VERB simulations is 1 hr, and assimilation of spacecraft data is performed at the same cadence.

For each of the three runs, we calculate the hourly innovation vector xik at each L∗ and normalize it by the
corresponding hourly maximum value of assimilated PSDxak (from the “full” run) over all L∗. Afterward, the
difference between the absolute values of the normalized innovation of the “full” simulation and the one
excluding either loss process is calculated according to the following equation:

Δxik ¼
jxi1; kj−jxi2; kj
maxðxa1; kÞ

× 100% (12)

where subscript 1 refers to the “full” run and subscript 2 to the run lacking either EMIC wave scattering or
magnetopause shadowing. Negative values of Δxik indicate that the inclusion of such mechanisms provides
a better agreement with the observed PSD, bringing the model prediction closer to reality. On the other
hand, positive Δxik suggests that the modeled effect of either process is stronger than observed; hence,

the ensuing loss is overestimated. In section 4 we interpret the quantity Δxik as an indicator of the loss

Table 1
Summary of Data Assimilation Runs

Run Processes included

1 Radial diffusion due to ULF waves + pitch angle, energy, and mixed pitch angle‐energy diffusion due to chorus
and hiss waves + EMIC wave scattering + magnetopause shadowing, that is, “full” run

2 Radial diffusion due to ULF waves + pitch angle, energy, and mixed pitch angle‐energy diffusion due to chorus
and hiss waves + magnetopause shadowing

3 Radial diffusion due to ULF waves + pitch angle, energy, and mixed pitch angle‐energy diffusion due to chorus
and hiss waves + EMIC wave scattering
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brought by both scattering by EMIC waves and magnetopause shadowing into the dynamics of the outer
radiation belt.

3. Long‐Term Reanalysis of Electron PSD

In this section we present the results obtained for the radial profiles of PSD based on the assimilation of the
above‐mentioned four‐satellite measurements into the VERB‐3D model for the 4‐year period starting on 1
October 2012. We mainly focus on four pairs of (μ,K) and show the corresponding equatorial pitch angle
α0 and electron kinetic energy Ek in a dipolar magnetic field, in Figure 1. At the heart of the outer radiation
belt (L¼ 4.5), for the chosen values of K¼ 0.11G0.5 RE, the equatorial pitch angle is approximately 52°.
Electron energies at L¼ 4.5 are 1.53MeV for μ¼ 700MeV G−1, 2.42 MeV for μ ¼ 1,500MeV G−1, 3.25
MeV for μ ¼ 2,500MeV G−1, and 3.6 MeV for μ ¼ 3,000MeV G−1.

Panels (a) and (c) of Figure 2 show measured Van Allen Probes and GOES hourly averaged electron PSD at
μ¼ 700MeV G−1 and K¼ 0.11 G0.5 RE and μ ¼ 3,000MeV G−1 and K¼ 0.11 G0.5 RE, respectively. The
results of the “full” DA run are illustrated in panels (b) and (d). The assimilated PSD is consistent with
the original spacecraft data, and it indicates the improvement in coverage that reanalysis provides. Panels
(e) and (f) depict the solar wind dynamic pressure Pdyn and the geomagnetic indicesKp andDst. The DA runs
for electron PSD at μ¼ 1,500MeVG−1 and K¼ 0.11 G0.5 RE and μ¼ 2,500MeVG−1 and K¼ 0.11 G0.5 RE are
shown in supporting information Figure S1.

The reanalysis on panels (b) and (d) exhibit sudden dropouts and buildups of PSD. Figure 2 shows that drop-
outs in PSD often occur in association with sharp increases of solar wind dynamic pressure (e.g., Ni et al.,
2013; Shprits et al., 2012; Turner et al., 2012). It is also worth noting that during the first half of our period
under study, particularly between October 2013 and October 2014, geomagnetic activity was much weaker
and less PSD enhancements were apparent than during 2015 and 2016.

4. Statistical Analysis of Loss Processes via the Innovation Vector

In order to understand the loss due to scattering by EMIC waves and magnetopause shadowing in the outer
radiation belt, we present plots of the normalized innovation xi and the difference of normalized innovations
Δxi (Equation 12) for each of our 4‐year runs and each of our four chosen pairs of adiabatic invariants.We
first bin the hourly normalized innovation vector according to the Kp index and compute the average as a
function of L∗ and Kp. The same procedure is then followed binning the normalized innovation by solar
wind dynamic pressure. Figure 3 shows the occurrence of Kp, Pdyn, and Dst from 1 October 2012 to 1
October 2016, and the colored lines indicate different thresholds of geomagnetic activity. Supporting infor-
mation Figures S2 and S3 present the distribution of the number of measurements binned by both Kp and
Pdyn. As expected, the distribution of samples is highly skewed toward low values of Kp index and solar wind
dynamic pressure.

Figure 1. Dependence of equatorial pitch angle α0 (a) and electron kinetic energy Ek (b) on L shell in a dipolar magnetic
field, for the four pairs of (μ, K) investigated in the present study.
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4.1. Scattering by EMIC Waves

The normalized innovation vector xi as a function of L∗ and Kp, before (Run Number 2) and after incorpor-
ating EMIC waves (Run Number 1, that is, “full”) into the model, is shown in the first two rows of Figure 4.
Negative values (blue) denote additional loss missing from the radiation belt model, and thus, the KF sub-
tracts PSD in order to compensate and match the observations; that is, our model overestimates the electron
PSD. The last row presents the difference Δxi as defined by Equation 12 (namely, the second row minus the
first row) in which the blue color denotes the area in L∗ and Kp where EMIC wave scattering operates and
effectively scatters electrons. The positive yellow bins correspond to the intervals, mostly during disturbed
times, when the inclusion of EMIC waves in our model brings more loss than is observed. This may indicate
that the parameterization we employ based on solar wind dynamic pressure does not always perform well
during periods of high geomagnetic activity. The vertical dashed lines delineating the region of EMIC
induced scattering loss are drawn considering a threshold of Δxi ¼ 10%/hr.

As expected, EMIC waves do not affect the μ¼ 700MeV G−1 population, whereas they have a much more
pronounced effect for higher‐energy electrons (e.g., Kersten et al., 2014; Shprits et al., 2016, 2013; Usanova
et al., 2014). The upper extent of the region of loss due to EMIC waves moves from L∗¼ 4.6 (for
μ ¼ 1,500MeV G−1), to L∗¼ 5.2 (for μ ¼ 2,500MeV G−1), and further beyond to L∗¼ 5.6 as μ increases to
3,000MeV G−1. In terms of Kp, the scattering effect is evident for Kp≥ 3. On average, the loss brought by
EMIC waves is between 15%/hr and 30%/hr of the maximum PSD, peaking at Kp≥ 5 and between L∗¼ 4
and L∗¼ 4.8.

We also bin xi and Δxi by L∗ and Pdyn as presented in Figure 5. Similar to the results from Figure 4, including
EMIC waves in the model decreases the overestimation of PSD, particularly for higher values of μ between
L∗¼ 4.2 and L∗¼ 5.6. The scattering effect of these waves is evident for intervals with Pdyn≥ 2 nPa, and it

Figure 2. Evolution of electron PSD as a function of L∗ and time from 1 October 2012 to 1 October 2016: (a) Van Allen Probes and GOES data, and (b) assimilated
radial profile of PSD for μ¼ 700MeV G−1 and K¼ 0.11 G0.5 RE; (c and d) same as (a) and (b) but for μ ¼ 3,000MeV G−1 and K¼ 0.11 G0.5 RE; (e) evolution of
solar wind dynamic pressure, and (f) geomagnetic activity Kp and Dst indices. The assimilative results of the combined reanalysis of electron PSD in this
figure account for 3‐D diffusion, mixed pitch angle‐energy diffusion, scattering by EMIC waves, and magnetopause shadowing (i.e., “full” run).
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exceeds 20% of the maximum PSD for Pdyn≥ 10 nPa and 4.2≤ L∗ ≤ 4.8. Our choice of binning the innovation
by solar wind dynamic pressure follows the previous works from Usanova et al. (2008) and Usanova et al.
(2012) (and references therein), which demonstrated that strong magnetospheric compressions associated
with high Pdyn may drive EMIC waves and that the occurrence rate of EMIC activity in the dayside outer
magnetosphere is controlled to a large extent by solar wind dynamic pressure.

The top row of Figure 6 shows the difference, Δxi, across a range of the first adiabatic invariant extending
from μ¼ 300MeV G−1 (Ek¼ 0.87MeV at the heart of the outer belt) to μ ¼ 3,000MeV G−1, for both quiet

Figure 3. Occurrence of (a) Kp index, (b) solar wind dynamic pressure Pdyn, and (c) Dst index. Note that the y axes are logarithmic. In plots (a) and (b) the blue,
black, red, and green dashed lines denote the 75th, 96th, 98th, and 99th percentiles, respectively. In plot (c) the dashed lines indicate Dst values of −100, −50, −30,
and 0 nT. In plot (b) Pdyn is binned each 0.5 nPa, and in plot (c) Dst is binned each 10 nT.

Figure 4. First row: normalized innovation vector xi of the reanalysis without EMIC scattering (Run Number 2); second row: normalized innovation vector xi of
the “full” run (Number 1); third row: difference of innovations Δxi, where the shaded region limited by the dashed line indicates the area where EMIC scattering
is effective. The results are binned by L∗ and Kp. Each column indicates a different pair of adiabatic invariants (μ, K).
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and disturbed geomagnetic conditions as defined by the Kp index. For Kp≤ 2.7 (corresponding to the 75th
percentile, see the histogram in Figure 3) EMIC waves do not contribute to loss. The next three intervals,
defined by the 96th, 98th, and 99th percentiles, and characterizing active times, show that the effect of these
waves is confined to a triangular‐shaped region defined by μ≥ 900MeV G−1 (Ek¼ 1.78 MeV at the heart of
the outer belt) and extending from L∗¼ 3.6 to L∗¼ 6, on average. The loss brought in by EMIC waves
increases from ∼10%/hr of the maximum PSD for Kp between 4.3 and 5 to ∼20%/hr for Kp> 5.7 (equivalent
to the 99th percentile), between L∗¼ 4.2 and L∗¼ 4.8. A similar pattern is observed in the second row of

Figure 5. Same format as Figure 4, binning the results by L∗ and Pdyn. Results are presented in bins of 1 nPa between Pdyn¼ 0 and Pdyn¼ 20 nPa and 5 nPa
between Pdyn¼ 20 nPa and Pdyn¼ 50 nPa.

Figure 6. Difference of innovations Δxi before and after including EMIC waves in the model for different intervals of geomagnetic activity defined by Kp index
(first row) and Pdyn (second row) as a function of L∗ and μ. The shaded region limited by the dashed line indicates the area where EMIC scattering is effective.
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Figure 6, where the results are plotted for different intervals of solar wind dynamic pressure.With increase of
Pdyn and μ, the loss effect due to EMIC waves is enhanced and extends in radial distance from the Earth,
maximizing between L∗¼ 4 and L∗¼ 4.8.

4.2. Magnetopause Shadowing

An important process in producing fast electron dropouts is magnetopause shadowing coupled with outward
radial diffusion (Shprits et al., 2006). We inspect its effect in our 4‐year reanalysis via the difference of inno-
vations Δxi when including and not including this process (Run Numbers 1 and 3, respectively), binned
according to Kp and Pdyn. Figure 7 shows that loss resulting from magnetopause shadowing extends from
the outer boundary for Kp¼ 3 down to L∗¼ 3.6 for Kp> 7. Therefore, we observe a statistical picture where
the loss region extends to lower L∗ at a rate of∼0.75 RE per increase of 1‐Kp unit. Not surprisingly, the largest
values of Δxi, and accordingly, the biggest loss due to magnetopause shadowing (>60%/hr of the maximum
PSD), take place with Kp≥ 5 and at L∗ ≥ 4.6. A similar pattern is observed when binning Δxi by solar wind
dynamic pressure (Figure 8). Magnetopause loss starts at Pdyn¼ 2 nPa, and they peak (between 50%/hr and
70%/hr of the maximum PSD) when Pdyn exceeds 10 nPa at L

∗ ≥ 4.8, on average. In both figures, the diagonal
dashed lines that define the region of loss correspond to a threshold of Δxi¼ 30%/hr.

Figure 9 shows that as geomagnetic activity increases from quiet to disturbed times, loss moves inward
affecting all values of μ from 300 to 3,000MeV G−1. The effect is more pronounced for electrons with values
of the invariant μ≥ 1,500MeV G−1 (Δxi between 30%/hr and 50%/hr at L∗ ≥ 5) than for those with lower μ
(Δxi∼ 15%/hr, on average), as the former drift faster and, thus, are depleted more quickly than less energetic
ones. Likewise, increases in solar wind dynamic pressure also move the loss region due to magnetopause
shadowing toward low L∗.

Figure 7. First row: normalized innovation vector xi of the reanalysis without magnetopause shadowing (Run Number 3); second row: normalized innovation
vector xi of the “full” run (Number 1); third row: difference of innovations Δxi, where the shaded region indicates the region where magnetopause shadowing
operates. The results are binned by L∗ and Kp. Each column indicates a different pair of adiabatic invariants (μ, K).
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Lastly, we analyze our results by binning Δxi (Figure 10) according to the geomagnetic activityDst index (the
corresponding histogram is shown in Figure 3 and the distribution of measurements binned by Dst is pre-
sented in supporting information Figure S4). For electrons with μ¼ 700MeV G−1 loss due to magnetopause
shadowing exceed 50%/hr of the maximum PSD for Dst −100 nT, whereas for those with μ¼ 3,000MeV G−1

such level of loss is already evident atDst¼−75 nT. In other words, as μ increases, less geomagnetic activity,
as described byDst, is required to observe the same percentage loss to the magnetopause. It is also worth not-
ing that, irrespective of the particle's energy, loss due to magnetopause shadowing extends down to L∗¼ 4.4
during times with −100 nT Dst ≤ −50 nT and even below to L∗¼ 3.6 when Dst −100 nT.

Figure 8. Same format as Figure 7, binning the results by L∗ and Pdyn.

Figure 9. Difference of innovations Δxi before and after magnetopause shadowing in the model for different intervals of geomagnetic activity defined by Kp index
(first row) and Pdyn (second row) as a function of L∗ and μ.
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4.3. Comparison of Electron PSD Loss Mechanisms

The previous sections have quantitatively determined via DA the effect of EMIC scattering and magneto-
pause shadowing in the outer radiation belt. Here we analyze both processes simultaneously and compare
the magnitude and the spatial extent (in L∗) of the loss induced by them. Figure 11 presents the difference
Δxi as a function of radial distance averaged over the following levels of geomagnetic activity during our
4‐year period under study:−30 nT Dst ≤ 0 nT,−50 nTDst ≤−30 nT, and Dst ≤−50 nT. The minima of these
curves are interpreted as the maximum loss achieved by either of the mechanisms. In accordance with the
above‐mentioned results, EMIC waves bring fewer loss than magnetopause shadowing. Loss due to EMIC
waves is mostly seen at L∗ between 3.6 and 4.6, whereas loss due to magnetopause shadowing is mainly evi-
dent at higher radial distances (L∗ ≥ 4.8).

The minimum values of each curve of Figure 11, as well as their corresponding L∗ locations, are plotted in
panels (a) and (b) of Figure 12. For the lowermost geomagnetic activity level, withDst between−30 and 0 nT,

Figure 10. Difference of innovations Δxi binned by L∗ and Dst. The dashed lines indicate thresholds of −100, −50, and −30 nT. Results are presented in bins of 5
nT between Dst¼ 0 and Dst¼ −100 nT and 50 nT between Dst ¼ −100 nT and Dst ¼ −200 nT.

Figure 11. Difference of innovations Δxi binned by L∗ for different intervals of geomagnetic activity defined by Dst index for the indicated pairs of adiabatic
invariants (μ, K). Blue (red) lines denote loss due to EMIC scattering (magnetopause shadowing).
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only loss due to magnetopause shadowing is apparent, fluctuating between 2%/hr and 4%/hr of the maxi-
mum PSD at L∗¼ 6.4. As Dst decreases between −50 and −30 nT, EMIC waves scatter electrons with
μ> 1,000MeV G−1. Such loss reaches, at most, 5%/hr for the highest μ values and is observed from L∗¼
3.6 to L∗¼ 4.8. At the same geomagnetic activity level, magnetopause shadowing depletes electrons amount-
ing from 10%/hr to 25%/hr of the maximum PSD between L∗¼ 5.8 and L∗¼ 6. For the intervals with Dst
≤ −50 nT, the maximum EMIC induced scattering (Δxi ≤ 10%/hr) occurs at 3.4≤ L∗ ≤ 4.2, and it clearly
intensifies with increasing μ. More dramatic loss is introduced by magnetopause shadowing, ranging on
average between 20%/hr and 50%/hr, at L∗ between 5.2 and 5.6.

Besides investigating the value and L∗ of the maximum PSD loss, we also determine the location at which
loss due to magnetopause shadowing starts dominating over that due to EMIC wave scattering, by finding
the crossing between the red and blue curves in Figure 11. The corresponding L∗ values are plotted in panel
(c) of Figure 12. This intersection is clearly energy dependent, and for Dst between −50 and −30 nT, it
extends from L∗¼ 4.1 (μ ¼ 1,000MeV G−1) to L∗¼ 5.2 (μ ¼ 3,000MeV G−1), that is, out of the two loss pro-
cesses inspected, EMIC waves are the main scattering agent below such location, whereas magnetopause
shadowing plays a dominant role above it. For more disturbed times, with Dst ≤ −50 nT, this boundary
moves inward and fluctuates between L∗¼ 3.5 and L∗¼ 4.4. Nevertheless, it is worth noting that EMIC
waves (magnetopause shadowing) may deplete electrons above (below) such location. As an example, for
Dst≤−50 nT and μ¼ 3,000MeV G−1, EMIC waves produce loss beyond the intersection at L∗¼ 4.4, extend-
ing out to L∗¼ 5. Conversely, loss due to magnetopause shadowing is already seen at L∗¼ 4.

5. Discussion

This work employs 4 years of spacecraft data, which allows us to statistically quantify the effect of both loss
processes over different levels of geomagnetic activity. We show that scattering by EMIC waves induces loss
from L∗¼ 3.6 to L∗¼ 5.6, particularly between L∗¼ 4 and L∗¼ 4.8 during the most disturbed times. The
resulting depletion amounts to between 10%/hr and 30%/hr of the maximum PSD. The effect of EMIC waves
is seen starting from μ¼ 900MeV G−1 and is energy dependent, with higher‐energy electrons being affected
the most over a broader range of L∗. Our findings are consistent with previous observational and modeling

Figure 12. (a) Maximum loss (as defined by Δxi) due to EMIC scattering and magnetopause shadowing for the indicated levels of geomagnetic activity; (b) L∗

location corresponding to the maximum loss; (c) L∗ boundary separating two distinct mechanisms of electron PSD loss.
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studies (e.g., Drozdov et al., 2017; Shprits et al., 2016; Usanova et al., 2014; Xiang et al., 2017) and validate the
employed wave model, since we are able to reproduce the behavior of EMIC waves and the dynamics of the
ultrarelativistic electron population.

In the current study only helium band EMIC waves are considered; thus, only lower equatorial pitch angle
electrons with Ek∼ 2–4MeV are significantly depleted, leaving those with higher pitch angles essentially
unaffected. Previous studies have shown that additional contemporaneous scattering by hiss in plumes or
by chorus (e.g., Albert & Shprits, 2009; Li et al., 2007; Mourenas et al., 2016; Shprits et al., 2009, 2013,
2016; Pinto et al., 2020; Zhang et al., 2017) is needed in order for EMIC waves to significantly deplete the
entire pitch angle distribution and to reduce the lifetimes of ultrarelativistic electrons, while EMIC or chorus
waves alone cannot produce such fast and strong dropouts. EMIC waves drive loss at small pitch angles but
also create gradients in the pitch angle distribution, assisting chorus waves in scattering relativistic electrons
near 90° pitch angle toward the loss cone. It must be emphasized that the efficiency of EMIC wave scattering
in our model, and the ensuing quantification of PSD loss, is subject to the assumed spectral characteristics,
the ion composition, and the plasma density. Moreover, EMIC waves in the hydrogen band, which are
neglected in this work, are generally most efficient, in combination with simultaneous chorus waves, in driv-
ing pitch angle scattering and quickly precipitating the entire population of ∼2‐ to 5‐MeV electrons, up to
large equatorial pitch angles (e.g., Mourenas et al., 2016; Pinto et al., 2020; Qin et al., 2019; Zhang et al.,
2017). Inclusion of such waves, beyond the scope of this study, may impact the PSD reanalysis and, in con-
sequence, the innovation vector and the estimation of PSD loss.

Figure 13. First row: evolution of Dst index for the geomagnetic storm with Dstmin ¼ −108 nT on 14 November 2012 07
UT. The initial, main, and recovery phases are highlighted in blue, red, and green, respectively. Second row: difference of
innovations Δxi binned by L∗ denoting loss due to scattering by EMIC waves for the indicated pairs of adiabatic
invariants (μ, K) during different phases of the storm. Third row: same as second row, for magnetopause
shadowing.
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Loss due to magnetopause shadowing is the strongest between L∗¼ 5 and L∗¼ 6.6. Nevertheless, the deple-
tion of electron PSD may extend further below L∗¼ 4 and reach between 50%/hr and 70%/hr of the maxi-
mum PSD, either for large values of geomagnetic indices or for enhanced solar wind dynamic pressure.
This is in accordance with, for example, Shprits et al. (2012), who reconstructed a depletion of the radiation
belt PSD down to L∗¼ 3, based on DA, for a very high value of Pdyn around 50 nPa. Similar conclusions on
the correlation between electron PSD dropout events and solar wind dynamic pressure pulses were reached
by Ni et al. (2013), based on a 1‐year reanalysis survey of multisatellite data. Such sharp increases of Pdyn
clearly result in the compression of the magnetopause and the removal of electrons originally on closed drift
orbits, with the most energetic populations affected to a larger extent. Statistically, for the range of μ values
considered in this study, we find that magnetopause shadowing tends to deplete more electrons than EMIC
wave interactions during disturbed times.

The inclusion of the LCDS in our model, and the consequent estimation of the effect of magnetopause sha-
dowing, is subject to several caveats. A number of different approaches can be employed to calculate the
LCDS, including the widely used IRBEM library, which we followed in our study. This code ignores drift
orbit bifurcations (DOB) and the effects of electric fields. Albert et al. (2018) studied several codes to calculate
the LCDS in different magnetic field models for four different disturbed periods and concluded that, never-
theless, they produce seemingly reasonable and similar results. Moreover, it must be underlined that mag-
netic field models, such as TS07, are empirical approximations of the real field during geomagnetic
disturbances. All these factors must be considered when studying the effects of magnetopause shadowing
and quantifying the PSD loss brought in our model by this mechanism.

Furthermore, in order to test whether the location of the LCDS was correct, we conduct a series of simula-
tions shifting the location of the LCDS calculated from TS07D with the IRBEM library farther (by adding 0.5

Figure 14. Same as Figure 13, for the storm with Dstmin ¼ −93 nT on 20 January 2016 16 UT.
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and 1 RE to the LCDS) and closer (by subtracting 0.5 and 1 RE to the LCDS) to Earth, for the period 1 October
2012 to 1 October 2013. The results are depicted in supporting information Figure S5, where we show the
normalized innovation xi after including magnetopause shadowing (“full” run) for the different locations
of the LCDS. The normalized innovations xiwith magnetopause shadowing where the LCDS is moved away
from the Earth by 1 and 0.5 RE exhibit more negative blue values of innovation xi in comparison with the
third row, which shows the location of the LCDS as estimated by using the IRBEM library and TS07 model
(with no added or subtracted values in RE). This implies that the inclusion of this “displaced” LCDS does not
bring enough loss to the model; hence, a further missing loss process (as shown by the darker blue) is needed
to account for such lack of PSD removal. In contrast, when the LCDS is shifted toward the Earth by subtract-
ing 0.5 and 1 RE, the normalized innovations xi show a predominance of positive yellow values (particularly
in the last case). This means that, after introducing magnetopause shadowing, a source process (which adds
PSD) is missing to account for the PSD that is depleted in excess by the LCDS located too close to Earth. As a
result, we may conclude that it is not necessary to subtract or add any distance in RE to the LCDS location in
order to achieve the best agreement with observations.

Based on our results we identify a μ‐ and geomagnetic activity‐dependent boundary fluctuating between
L∗¼ 3.5 and L∗¼ 5.2 defining two regions in space where these two distinct loss mechanisms are mostly
effective. EMIC induced scattering dominates below the boundary, whereas magnetopause shadowing
coupled with outward radial diffusion is active above it. Turner et al. (2014) suggested this boundary to be
located at L∗ ∼ 4. Yu et al. (2013) found it to be around L∗ ∼ 5, above which more than 90%/hr of the total
loss is due to magnetopause shadowing together with outward radial diffusion, and below which only
60%/hr can be explained by this coupled mechanism. Dropouts, however, can encompass the entire outer
radiation belt, and either mechanism can induce loss beyond the above‐mentioned boundary. In other
words, magnetopause shadowing can deplete electrons below it, and EMICwaves can efficiently scatter elec-
trons beyond it, in particular during times of enhanced geomagnetic activity. A similar conclusion with a
boundary identified around L∗ ∼ 4 was reached by Xiang et al. (2017) based on an investigation of three drop-
outs as observed by Van Allen Probes. The important effects of outward radial diffusion coupled with mag-
netopause shadowing and precipitation loss due to EMIC waves as described by (Boynton et al., 2016, 2017)
at GEO and L∼ 4.2, respectively, are also consistent with our findings.

Our statistical study relying on 4 years of data has shown that, in general, loss due to magnetopause shadow-
ing tends to exceed loss produced by EMIC scattering. Nevertheless, this is not always the case, as during
disturbed conditions (i.e., geomagnetic storms) the effect of EMIC waves can be comparable, or even exceed,
the effect of magnetopause shadowing. Figures 13 and 14 show two of these events, which correspond to
intense storms following the classification of Gonzalez et al. (1994). The maximum depletion due to both
EMIC waves and magnetopause shadowing (between 10%/hr and 20%/hr of the maximum PSD) is observed
during the main phase of each storm, with smaller contributions during the initial phase and the beginning
of the recovery phase. In these events, loss due to EMIC waves dominates in the heart of the outer radiation
belt and is within the same order of magnitude as loss produced by magnetopause shadowing, demonstrat-
ing that EMIC waves play an indispensable role in the dynamics of the ultrarelativistic electron population.

In the current work we use the statistical model of ULF waves from Brautigam and Albert (2000). Recent
studies (e.g., Mann & Ozeke, 2016; Olifer et al., 2018, 2020; Pinto et al., 2020) have employed stronger
event‐specific ULF wave diffusion rates derived from ground‐based measurements and a low LCDS and
have found a dominant role of magnetopause shadowing and outward radial diffusion down to L¼ 3.5–4
during storm times. Therefore, for individual events withDst−50 nT, the contribution of magnetopause sha-
dowing can be larger than suggested in our statistical study and can even dominate down to L¼ 3–3.6.

Additionally, in order to assess the effect of stronger radial diffusion rates in our statistical analysis, we per-
form a series of simulations multiplying the ULFwave model from Brautigam and Albert (2000) by 10, 2, 0.5,
and 0.1, for the period 1 October 2012 to 1 October 2013. The corresponding innovations for the original
“full” run and for the set of “full” runs with scaled radial diffusion coefficients are presented in supporting
information Figure S6. Negative blue innovations, indicative of an overestimation of electron PSD by the
model, are mainly present in the first two rows that employ increased radial diffusion rates. Conversely, such
a difference is not observed when the ULF wave model is divided by 2 and by 10 (last two rows), compared
with the nonscaled case. This shows that, although stronger than average ULF wave models are able to

10.1029/2020JA028208Journal of Geophysical Research: Space Physics

CERVANTES ET AL. 17 of 23



reproduce individual events (as in the above‐mentioned studies), for our multiyear statistics the Brautigam
and Albert (2000) radial diffusion rates adequately describe the majority of events.

The effects of scattering by EMICwaves andmagnetopause shadowing have been studied individually in the
current work; that is, only one process was excluded from the model at a time. However, these two mechan-
isms can act simultaneously and complement each other in driving the dynamics of the outer belt.
Magnetopause shadowing and the consequent outward radial diffusion develop negative PSD gradients at
higher L shells (e.g., Turner et al., 2012), while localized and fast loss driven by EMIC waves produces dee-
pening minimums in PSD around L∗¼ 3.5 to L∗¼ 4.5 (e.g., Aseev et al., 2017; Shprits et al., 2017), and there-
fore can influence the rate of outward diffusion. The combination of both processes results in efficient
dropouts of radiation belt electrons, creating several localized peaks in PSD. Moreover, EMIC wave scatter-
ing and LCDS location (and consequently, magnetopause shadowing) are also pitch angle (or K) dependent.
EMIC waves are only effective at scattering electrons with lower pitch angles (e.g., Drozdov et al., 2017;
Usanova et al., 2014), whereas magnetopause shadowing affects mainly high pitch angles (e.g., Roederer,
1967; West et al., 1972). As a result, both mechanisms can remove together a broad range of particles.
This can irreversibly alter the content of the outer belt and can lead to almost total depletion of the preexist-
ing electron population. Future work will focus on estimating the K dependence of scattering by EMIC
waves and magnetopause shadowing via the analysis of the innovation vector.

After adding EMIC waves and magnetopause shadowing in our model (i.e., performing the “full” run) a
region of positive innovation (in yellow and red) remains at L∗> 4.2 and Kp> 6. This underestimation of
electron PSD could be due to the fact that our calculation of the LCDS does not account for DOB, as men-
tioned, thus depleting electron PSD in excess. Another explanation for this underestimation of PSD is related
to the electric field induced by the compression of the magnetopause. Such electric field might mitigate some
of the ensuing loss by radially transporting the electron population inward.

In this study we have only examined two processes leading to radiation belt dropouts: atmospheric precipi-
tation due to EMIC wave‐induced pitch angle scattering, and magnetopause shadowing combined with out-
ward radial diffusion. Nevertheless, there are other mechanisms through which energetic electrons in
Earth's outer radiation belt may be depleted. For instance, Chaston et al. (2018) showed that the
drift‐bounce motion of electrons in the magnetic field of broadband kinetic Alfvén waves may lead to out-
ward transport sufficient to account for electron depletion during the main phase of geomagnetic storms.
In a later case study, Chaston et al. (2018) employed the properties of such Alfvénic fluctuations to build a
model for pitch angle scattering. At energies of hundreds of keV to multi‐MeV, kinetic Alfvén waves pro-
vided pitch angle diffusion rates competitive with those estimated for chorus and drift averaged EMIC
waves. They concluded that such pitch angle scattering may lead to the transport of electrons into the loss
cone on timescales on the order of hours and account for significant loss in the radiation belts.

A second mechanism that leads to electron dropouts and that is not included in our model is deceleration
due to nonlinear electron phase bunching by high‐amplitude whistler waves. Vainchtein et al. (2018) inves-
tigated the nonlinear resonant electron interaction with long and intense chorus wave packets in the outer
belt and derived a generalized kinetic equation for electrons that encompasses nonlinear interactions, such
as phase trapping and phase bunching effects not described by quasi‐linear diffusion. Zhang et al. (2019) per-
formed a statistical analysis of lower‐band chorus wave packets and concluded that the evolution of 0.1‐ to
1‐MeV electron fluxes at L¼ 4–6 in the outer belt should mainly result from fast nonlinear effects, such as
phase trapping and bunching, rather than from quasi‐linear diffusion as commonly assumed. More recently,
Gan et al. (2020) performed test particle simulations to model the interaction between electrons and chorus
waves and found that wave amplitude modulations can extend the nonlinear regime and enhance the scat-
tering due to phase bunching.

As argued by Onsager et al. (2002), flux dropouts can also occur due the development of a localized, tail‐like
stretching of the magnetic field, typically associated with substorms (e.g., Baker & McPherron, 1990; Nagai,
1982). Spacecraft observations have shown that these substorm‐related dropouts are mostly localized to the
midnight sector, within approximately 2 hr of local midnight (Baker & McPherron, 1990). Onsager et al.
(2002) investigated the response to a moderate magnetic storm and found that >2‐MeV electron fluxes drop
abruptly but not concurrently at different local times. Moreover, they also showed that the dropout extended
as low as L∼ 4 and noted that the losses were related to stretched field topographies. The scattering effect of
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increased field line curvature on stretched field lines is an important process, which has not been accounted
for in this study.

The technique we have presented in this work can be applied to other geophysical systems where the relative
contribution of specific mechanisms needs to be quantified. This comes with several caveats, however. First
of all, while our technique relies on spacecraft observations, our findings are not completely independent of
the assumptions of the model, such as the times when EMIC waves operate, the neglect of hydrogen band
EMIC waves, or the location of the LCDS. Second, the metric we have introduced, Δxi, does not indicate
the actual number of electrons lost (an integration would be necessary) but rather expresses the loss in each
time step as a function of the hourly maximum PSD. In this regard, we have chosen our normalization factor
to be the maximum value of assimilated PSD over all L∗, rather than the current state at each individual L∗,
to avoid division by rather small values, which would have yielded large percentage differences at some loca-
tions. Lastly, in our case, errors in the model may arise, for example, from the employed wave parameteriza-
tions or the dynamic pressure threshold used to turn on EMIC waves in the model and, in turn, may affect
the reconstructed electron PSD and the innovation vector. Nevertheless, the difference of innovations Δxi

can be used to indicate when discrepancies between predictions and observations arise and to pinpoint pos-
sible sources of error in the model. In our current study, values ofΔxi are mainly negative and hence indicate
that loss by EMIC waves and magnetopause shadowing decrease the modeled PSD and generally bring the
model output closer to observations.

6. Conclusions

In this paper we perform 4‐year reanalysis of the outer electron radiation belt by assimilating Van Allen
Probes and GOES electron PSD measurements into our VERB‐3D code. We study the innovation vector to
characterize the effect of two distinct processes, namely, scattering by EMIC waves and magnetopause sha-
dowing, identifying where (in L∗) and under which conditions (as described by geomagnetic indices Kp and
Dst as well as solar wind parameter Pdyn) they operate. In comparison to previous studies, our novel
approach accounts and corrects for limited data coverage. We quantify the loss produced by these mechan-
isms through a comparison of the innovation before and after their inclusion in the model, and we also
explore the μ dependence (from 300 to 3,000MeV G−1) of both processes.

We find that, on average, loss produced by magnetopause shadowing (between 50%/hr and 70%/hr of the
maximum PSD) tends to exceed loss due to EMIC wave scattering (between 10%/hr and 30%/hr of the max-
imum PSD). However, we also show that for individual events during disturbed conditions, the effect of
EMIC waves can reach the same level, or exceed, the effect of magnetopause shadowing. Furthermore, we
identify in our simulations an energy‐ and geomagnetic activity‐dependent boundary separating both
mechanisms. Scattering by EMIC waves tends to be active below it, while magnetopause shadowing mostly
dominates above it.

Several important approximations are employed in the current study, for example, statistical models of ULF,
whistler mode chorus and hiss, and helium band EMIC waves, density, and composition of the multi‐ion
magnetospheric plasma, lack of hydrogen band EMIC waves, and external magnetic field model. These
numerous approximations may lead to significant uncertainties in the estimation of the actual effect of
the two loss processes leading to dropouts that we examined in this work. Nevertheless, our findings are con-
sistent with other observational and modeling studies, regarding both the location and the relative contribu-
tion of scattering due to EMIC waves and magnetopause shadowing.

Future studies will be aimed toward extending our DAmethodology and innovation vector analysis to quan-
tify and assess the contribution of other processes to the dynamical evolution of electron PSD, such as pitch
angle scattering by plasmaspheric hiss or energy diffusion by chorus waves. Same methodology can be also
applied to the analysis of the ring current dynamics. Furthermore, the role of scattering by EMIC waves and
magnetopause shadowing will be inspected in detail for selected events, such as the 110 geomagnetic storms
identified by Turner et al. (2019) during the Van Allen Probes era, in order to determine the percentage of
dropout events dominated by either mechanism. Moreover, our framework can also be employed to assim-
ilate measurements from the last three years of Van Allen Probes (October 2016 to October 2019) and from
ongoing missions such as Arase (Miyoshi et al., 2018). All these efforts will be ultimately directed toward
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achieving a better understanding of the dominant mechanisms during radiation belt enhancements and
dropouts.
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