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Abstract Electromagnetic ion cyclotron (EMIC) waves play an important role in the dynamics of
ultrarelativistic electron population in the radiation belts. However, as EMIC waves are very sporadic,
developing a parameterization of such wave properties is a challenging task. Currently, there are no dynamic,
activity-dependent models of EMIC waves that can be used in the long-term (several months) simulations, which
makes the quantitative modeling of the radiation belt dynamics incomplete. In this study, we investigate
Kp, Dst, and AE indices, solar wind speed, and dynamic pressure as possible parameters of EMIC wave
presence. The EMIC waves are included in the long-term simulations (1 year, including different geomagnetic
activity) performed with the Versatile Electron Radiation Belt code, and we compare results of the simulation
with the Van Allen Probes observations. The comparison shows that modeling with EMIC waves,
parameterized by solar wind dynamic pressure, provides a better agreement with the observations among
considered parameterizations. The simulation with EMIC waves improves the dynamics of ultrarelativistic
fluxes and reproduces the formation of the local minimum in the phase space density profiles.

1. Introduction

Earth’s outer radiation belt includes a highly variable population of trapped relativistic (~1 MeV) and ultrare-
lativistic (> 3 MeV) electrons. Major variations in electron fluxes generally happen during geomagnetic
storms and may exceed several orders of magnitude [Reeves et al., 2003]. The electrons of such high energies
can damage spacecraft instrumentation [Baker et al., 1987]. However, despite the importance of space
infrastructure, accurate modeling of flux variability at both relativistic and ultrarelativistic energies still
remains a challenging task [e.g., Drozdov et al., 2015].

Previous studies discussed that the dynamics of ultrarelativistic electrons can be different from the relativistic
population. For instance, Baker et al. [2013a] showed that a very narrow, unexpected third belt consisting of
ultrarelativistic electrons can be formed and can exist for over a month. Shprits et al. [2013] suggested that
various physical processes determines the evolution of ultrarelativistic electrons, and additional scattering
due to electromagnetic ion cyclotron (EMIC) wave-particle interaction is required to explain the formation
of the third belt. Evidence that an additional loss mechanism is necessary to explain the ultrarelativistic
electrons dynamics was also discussed by Drozdov et al. [2015]. The authors showed that their model fluxes
of ultrarelativistic electrons were significantly larger than the observed values; the corresponding decay rates
significantly overestimated the observations when, for the relativistic electrons, decay rates were in agree-
ment with the measurements. Recently, Shprits et al. [2016] included EMIC waves into a numerical simulation
of the outer radiation belt fluxes and reproduced the different observed dynamics of relativistic and ultrare-
lativistic electrons during the January 2013 magnetic storm.

Theory showed that EMIC waves are very effective at multi-MeV electron scattering and may play an impor-
tant role in ultrarelativistic electron dynamics [Lyons and Thorne, 1972; Summers and Thorne, 2003; Ukhorskiy
et al., 2010]. EMIC wave scattering is fast at low pitch angles and significantly slower at high pitch angles,
causing a narrowing in electron pitch angle distribution, more pronounced at high energies [Usanova
et al., 2014]. Acting as a rapid local loss process, EMIC waves can produce a deepening local minimum of
phase space density (PSD) [Shprits et al., 2017]. At the same time, the lower energy electrons (<1 MeV) are
generally unaffected by EMIC waves [Horne and Thorne, 1998; Meredith et al., 2003].
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In contrast to event-specific simulations, a long-term simulation (several months) includes many different geo-
magnetic events covering various cases of the radiation belts dynamics. Different processes in the long-term
simulation can be described using statistical models of wave and plasma properties. In particular, the global
radial and local pitch angle and energy diffusion is described by diffusion coefficients derived from statistical
observations of various plasma wave modes (e.g., ULF and whistler) under different geomagnetic conditions.
Previous studies using this simulation approach [Subbotin et al., 2011; Kim and Shprits, 2013] showed a reason-
ably good agreement between the model relativistic electron fluxes and observations. However, EMIC waves
were not included in those simulations, because they are often quite localized and transient [Blum et al., 2016],
which makes EMIC waves difficult to include in long-term modeling. Without additional loss source of ultra-
relativistic electrons, the model flux overestimated the observations [Drozdov et al., 2015]. Hence, the parame-
terization of EMIC wave presence is necessary for accurate modeling of radiation belts.

Quiasi-linear simulations with parameterized EMIC waves have been performed before. Kersten et al. [2014] pre-
sented a long-term simulation of ultrarelativistic electron fluxes with EMIC waves parameterized by Kp index.
The parameterization was based on statistical wave parameters obtained from the Combined Release and
Radiation Effects Satellite (CRRES) measurements. However, the results of the simulation were not compared
with observations. Ma et al. [2015] simulated the ultrarelativistic electron flux decay during the 10 day interval
from 6 to 16 March 2013 and used amplitude and spectral characteristics of EMIC waves from Meredith et al.
[2014]. EMIC wave activity was parameterized by the Kp index and included in the simulation only when
Kp > 2 (~16% of the time) at L'>4 (L" is the generalized L value [Roederer, 1970]). However, Thorne et al.
[2013a] reproduced the decay of ultrarelativistic electron fluxes during another period from 7 to 19
September 2012, using only scattering by hiss waves, despite the fact that Kp index during this period was lar-
ger than or equal to 2, even more often (~27% of the time). However, Usanova et al. [2012] showed that Kp
index is not a good predictor for EMIC wave occurrence. Hence, the Kp index may not accurately describe
the presence of EMIC waves. In addition, Ma et al. [2015] used a relatively small constant EMIC intensity of
0.1 nT? in their simulation. However, larger amplitude (B,), ~1 nT waves are commonly observed [e.g.,
Fraser and Nguyen, 2001; Usanova et al., 2008; Ukhorskiy et al., 2010; Meredith et al., 2014] and even larger
[Engebretson et al., 2015]. In this paper, we investigate EMIC waves of various B,, in the long-term simulations.

Besides the Kp index, the EMIC wave activity can be parametrized by other geomagnetic indexes or other
drivers of magnetospheric dynamics. Several papers focused on the relationship between EMIC wave obser-
vations and the AE index, SYM-H (or Dst index), and solar wind parameters [e.g., Usanova et al., 2008, 2012;
Halford et al., 2010, 2016; Tetrick et al., 2017]. The authors found a correlation between considered para-
meters; however, the question of which parameter determines the presence of the EMIC waves is still open.

In this study, we perform multiple long-term simulations using various parameterizations of EMIC wave
presence using Kp, Dst, and AE indices, solar wind speed, and dynamic pressure. In addition, for each parame-
terization, we perform several runs with various EMIC waves at B,,. A selection of the best parameterization is
based on the comparison of the simulation results and observations. To find this, we calculate the mean
absolute error between simulation and observations accompanied by a direct comparison of the model
and observed electron fluxes, pitch angle distributions, and phase space densities.

2. Observations
2.1. Van Allen Probes

The Van Allen Probes [Mauk et al., 2013] mission was launched on 30 August 2012, to study the dynamical
evolution of the radiation belts. The spacecraft are equipped with identical sets of instruments designed
for monitoring the radiation belt particle and wave environment. Particles with energies ranging from hot
to ultrarelativistic are measured using the Energetic particle, Composition, and Thermal plasma (ECT) suite,
which includes Magnetic Electron lon Spectrometer (MagEIS) and Relativistic Electron Proton Telescope
(REPT) instruments [Baker et al., 2013b; Blake et al., 2013; Funsten et al., 2013].

In the current study, we use measurements of electrons in the energy range from ~30 keV to ~4 MeV from the
MaggIS instrument and from 1.8 MeV to 10s of MeV from the REPT instrument. Based on pitch angle resolved
flux measurements, PSD is calculated for a wide spatial range of L from ~1 to 5.5 using the TS07D magnetic
field model [Tsyganenko and Sitnov, 20071.
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3. Methodology
3.1. The VERB Code

The evolution of electron distribution function or phase space density (PSD) can be described using the
Fokker-Planck equation [Schulz and Lanzerotti, 1974]. Wave-particle interactions may violate all three adia-
batic invariants and can result in radial transport, local acceleration, or loss of electrons. The 3-D Fokker-
Planck equation takes into account described processes. In particular, it includes radial diffusion caused by
ultralow frequency (ULF) waves, pitch angle, energy, and mixed diffusion caused by whistler and EMIC waves
and particle losses in the atmosphere or at the magnetopause boundary.

The Versatile Electron Radiation Belt (VERB) code [Subbotin and Shprits, 2009] is designed to model the radia-
tion belt dynamics by solving the Fokker-Planck equation numerically. Subbotin and Shprits [2009] solved the
3-D Fokker-Planck equation by separating it into the radial and local diffusion operators on two grids. Both
operators were written in terms of L", where radial diffusion simulations were conducted on a grid of constant
adiabatic invariants, while pitch angle and energy simulations were performed on a grid which is orthogonal
in pitch angle and energy. Most of the 3-D diffusion codes [e.g., Su et al., 2011; Tu et al., 2013; Glauert et al.,
2014] used this approach. However, Subbotin and Shprits [2012] suggested the improvement of 3-D simula-
tions using a single grid of modified adiabatic invariants. This approach was included into the VERB code and
allowed to exclude the interpolation between the numerical grids since the interpolation can either lead to
numerical errors or unstable behavior of the code.

In this formulation, the Fokker-Planck equation on the single grid can be written as

of 16 of 10 of of
— = GDy1) ~| +—==| G (Dw)= Dyk) =
at — GaL*|, . Prv) 37 vk GOV, (< w) 5 Lx,KH w) 3k w)
10 of of f
—— | G| (D) = D) =—| | —= 1
TGk vy << ) 3 L*_VH w) 3y m,) T M

where f is the three-dimensional PSD; V and K are the modified adiabatic invariants, V=g - (K+0.5),
K=J/\/8mou ; p is first adiabatic invariant; mq is the electron mass; (D) is radial diffusion
coefficients; (D) , (Dkx), and (Dyx) are the bounce-averaged diffusion coefficients; G = —ZnBORﬁL*’Z\/ZW
/(K 4 0.5)% is the Jacobian of the transformation from an adiabatic invariant system (u, J, ®); Re is the Earth’s
radius; Bo=0.3 G is the field on the equator at the Earth’s surface, c is the speed of light; and f/z is the loss
term, where 1 represents the electron’s lifetime inside the loss cone and is equal to a quarter of the bounce
period. V and K are convenient for numerical calculations and definition of the boundary conditions because
K is independent of the particle’s energy, and V is weakly dependent on the particle’s pitch angle.

3.2. Diffusion Coefficients

The Kp-dependent radial diffusion coefficient adopted from Brautigam and Albert [2000] was previously used
in VERB code long-term simulations (100-200 days) [e.g., Subbotin et al., 2011; Kim and Shprits, 2013], and the
model results agreed well with the observations of relativistic electron fluxes. Drozdov et al. [2017] showed
that using newer radial diffusion parameterization by Ozeke et al. [2014] does not significantly change the
results of the long-term (1 year) VERB simulations which are more sensitive to the local processes, such as
wave-particle interactions with whistler mode waves. Consistent with previous studies, we use radial diffu-
sion coefficients from Brautigam and Albert [2000].

The simulation takes into account dayside and nightside chorus waves that produce diffusion outside the
plasmasphere. Inside the plasmasphere, the simulations include hiss waves, lightning-generated whistler
waves, and anthropogenically generated very low frequency (VLF) waves. The bounce-averaged diffusion
coefficients for those waves are computed using the Full Diffusion Code [Shprits and Ni, 2009]. The chorus
and the hiss wave frequency and amplitude statistical model is obtained based on the Van Allen Probes mea-
surements [Spasojevic et al., 2015; M. Spasojevic, personal communication, 2016]. The wave spectrum and
wave normal angle distributions are defined by Gaussian function. The wave intensity is defined as a function
of Kp index. Wave frequency, intensity, and wave normal angle distribution for VLF plasma waves and
lightning-generated whistlers are taken from Subbotin et al. [2011]. The location of the plasmapause is calcu-
lated following Carpenter and Anderson [1992].
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Table 1. Threshold Values of the Simulation Parameters

Parameter Range Step Number of Runs for each B,,>
Kp [0 6] 1 7
Dst (nT) [-100 0] 10 1
Vsw (km/s) [250 580] 30 12
Pgyn (nPa) [010] 1 11
AE (nT) [0 1200] 100 13

The diffusion coefficients for helium band EMIC waves are calculated with the spectral properties from
Meredith et al. [2014], similar to those in Ma et al. [2015] at a fixed B,,> of 0.1 nT% The spectrum is approxi-
mated by Gaussian function. A central frequency, frequency bandwidth, and lower and upper cutoff frequen-
cies are 3.6 fo,, 0.25 fo,, 3.35 fo,, and 3.85 fo,, where fo, is oxygen gyrofrequency. The coefficients are scaled
according to these waves’ magnetic local time (MLT) distribution (25%) and wave occurrence rate (2%) fol-
lowing Meredith et al. [2014]. It should be noted that B,,% MLT distribution, and wave occurrence rate are lin-
ear multipliers in the EMIC wave diffusion coefficients. The contribution for each of those three factors is
independent and results in a single multiplier of the diffusion coefficients. Summers and Thorne [2003]
showed that multi-ion (H+, He+, and O+) plasma plays an important role in EMIC wave dispersion relation
and affects the electron minimum resonant energy. In this study, the ion composition used in the diffusion
coefficient computation is assumed to be 70% H+, 20% He+, and 10% O+ following Meredith et al. [2003].

3.3. Simulations

We performed a number of long-term simulations with and without EMIC waves covering the period from 1
October 2012 to 1 October 2013. This period is chosen to follow up on previous studies by Drozdov et al.
[2015] and it includes quiet, moderate, and strong geomagnetic activity.

The computational orthogonal grid has 101 x 100 x 46 points for V, K, and L", respectively. The L" range varies
from 1.0 to 5.5. The boundary conditions are set at L" = 5.5 for energies from 10 keV to 10 MeV and pitch
angles from 0.7° to 89.3°, respectively. The V grid points are distributed logarithmically, and the K and L grid
points are distributed linearly.

The initial conditions are obtained from the Van Allen Probes observations. The PSD for the lower V boundary
(10keV at L” = 5.5 and adiabatically increases at lower L shells) is set to an initial value and remains constant,
representing the balance between convective losses and sources. The PSD of upper V boundary corresponds
to 10 MeV at L” = 5.5 and adiabatically increases in energy toward lower L shells, and its value is set to zero,
representing the absence of very high-energy electrons. Lower K boundary represents the loss cone, and PSD
is set to zero. The upper K boundary condition is set to a zero-gradient PSD, representing the flat distribution
at 90° [Horne et al.,, 2003]. PSD at the lower radial boundary (L* = 1) is set to zero and represents losses into the
atmosphere. The PSD required for the upper radial boundary (L" = 5.5) condition is updated at every step of
the simulation and obtained from the Van Allen Probes observation. The location of the magnetopause is cal-
culated following Shue et al. [1998]. The corresponding L is calculated using the T89 magnetic field model
[Tsyganenko, 1989]. However, it never crosses the simulation domain and is not included in the simulations.

3.4. EMIC Wave Parameterization

In this study, we considered five parameters that can possibly define the EMIC wave presence in the simula-
tion: the Kp index (Kp), Dst index (Dst), solar wind speed (Vs,), solar wind dynamic pressure (Pqyn), and AE
index (AE). EMIC waves are included into the simulation only if the certain parameter is larger (or smaller in
case of Dst) than the threshold value (see Table 1). Every parameter is considered individually, and for each
parameter, the number of independent long-term simulations are performed. For every parameter threshold
value, there are six independent simulations performed with different B,,? of EMIC waves: 0.1 nT?, 0.2 nT?,
0.3 nT% 0.4 nT? 0.7 nT?, and 1.0 nT2. Hence, the individual simulation defines the EMIC wave presence by
the parameter’s threshold value, which includes the EMIC wave of the specific intensity. In total, we
performed 325 long-term simulations.

Fraser and Nguyen [2001] investigated the relation between the location of the EMIC waves and location of
the plasmapause. Following their findings, we include the diffusion coefficients of EMIC waves into the simu-
lations in the range of —1 < AL < 4, where AL is the difference between the location of EMIC waves and the
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EMIC waves paramteized by P

dy

n threshold
T

—6—Bw?=0.1 nT?
~6-Bw?=0.2 nT?
Bw?=0.3 nT2
~6—Bw?=0.4 nT?
~6—Bw?=0.7 nT?
Bw?=1.0 nT?
=——no EMIC

MAE

Figure 1. MAE from different simulations. Simulations performed with threshold value of solar wind dynamic pressure for
various EMIC wave sz. The colored lines represent different EMIC wave sz. The black line shows the simulation without
EMIC waves.

location of the plasmapause. The EMIC diffusion coefficients outside of this range are set to zero. The location
of the plasmapause is calculated following Carpenter and Anderson [1992].

3.5. Mean Absolute Error

The determination of the model accuracy for multiple simulations based on different parameters is a difficult
task. To narrow the search of optimal parameters from Table 1, its threshold and EMIC wave B,,, which can
provide better agreement between the measurement and the simulation, we calculate the mean absolute
error (MAE) following [Kim et al., 2012]:

L*=5.5 |l0g;0Jobs —10g10Jvers
10g10Jobs

L*=2.8
MAE = 2
Z number of points @)

to
E=4.2 MeV

where t is time, a is pitch angle, Jops is the differential electron flux of 4.2 MeV electrons, and Jyggg is a the
same flux obtained from the VERB long-term simulation. For the MAE calculation, Jops from both Van Allen
Probes spacecraft are binned on the simulation grid cells. The J,,s data points in each cell are averaged
and then extrapolated to fill the whole grid. To exclude division on zero, the flux units are converted to
s Tsm2sr ' MeV . In this case, for the selected period, the logarithm of the measured flux is always posi-
tive. In comparison to the logarithmic difference, MAE is not biased to the numerically small values of the
simulated PSD. MAE excludes the variation of the fluxes in the slot region where the measured flux level is
generally comparable with the background noise, and it is focused on the ultrarelativistic population that
was not previously reproduced in the long-term simulations [Drozdov et al., 2015].

It is expected that the simulation with a certain combination of EMIC wave parameterization provides lower MAE
in comparison to the simulation without EMIC waves. This metric provides a preliminary selection of the para-
meterizations; however, a detailed analysis of electron fluxes, PSD, and pitch angle distributions is necessary.

4, Results

From each individual long-term simulation, we calculate MAE. To find which simulations provide better
agreement with the observations, we construct the dependence of MAE on the threshold values of each
parameter from Table 1. Figure 1 shows an example of MAE dependence on threshold values of the solar
wind pressure, where each point represents an individual long-term simulation, and each color line
represents EMIC waves of different B,,”. The black line represents MAE for the simulation without EMIC waves.
MAE of several simulations is lower in comparison to the simulations without EMIC waves. For most of the
selected EMIC waves B,,2, the MAE decreases to the minimum with the increase of the solar wind pressure
threshold value and then asymptotically approaches the value of the simulation without EMIC waves. The
high threshold values represent a near absence of EMIC waves in the simulation since the solar wind
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Electron flux, 4.2 MeV, a=75.0°
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Figure 2. Evolution of the 4.2 MeV electron fluxes at equatorial pitch angle (a) of 75° as a function of time and L.
(a) Detailed REPT observations, a = 75° + 5°, each point represents the 5 min average of the measurements. The black
color corresponds to the absence of the measurements. At low L*, the satellite moves fast and covers the distance (in L*)
that is larger than the size of the time-averaged point which separates them. (b) VERB code simulation results with
solar wind pressure parameterized EMIC waves; 0.4 nT? EMIC waves are included when Pdyn = 3 nPa. (c) VERB code
simulation results without EMIC waves.

pressure rarely reaches these values. At the same time, the lower threshold values represent almost constant
presence of the EMIC waves in the simulation. Hence, the threshold values at which MAE is minimal
represents the possibly optimal presence of the EMIC waves in the simulation. Similar figures for other
considered parameters of EMIC wave presence are presented in Figure Al.

There are similar points on Figure 1 that represent low similar MAE for different EMIC wave B,,2. This can be
explained due to the increase of scattering efficiency with EMIC wave intensity. As discussed in section 1, the
modeled ultrarelativistic electron fluxes without EMIC waves are significantly larger than the observed values.
Therefore, the increase in the amount of EMIC waves or the increase in their scattering efficiency leads to a
decrease in electron flux. Under certain conditions, the combination of the amount of EMIC waves and their
scattering efficiency provides a similar ultrarelativistic flux level that is close to the observations (see support-
ing information Figure S4). We investigate these cases of similar MAE in detail.

As discussed above, we consider several parameters of the EMIC wave presence. Several simulations show simi-
lar low MAE. For each of those simulations, we compare the evolution of the electron fluxes (see supporting
information Figures S1-S5) and the pitch angle distribution (see supporting information Figures S6-510) with
the observations and the simulation without EMIC waves. We find that the best parameterization is achieved in
the case of the solar wind dynamic pressure parameterization with the threshold values of 3 nPa and the wave
B, of 0.4 nT? (see Appendix A for details). The detailed analysis of this parameterization is discussed below.

Figure 2 shows the evolution of the ultrarelativistic radiation belt electron fluxes. The simulation with EMIC
waves provides a good agreement with the measurements, when the simulation without EMIC waves signifi-
cantly overestimates the observed fluxes. The relativistic electron fluxes obtained from the same simulations
with and without EMIC waves also agreed well with the measurements (see supporting information Figure S11),
which is consistent with previous studies [e.g., Kim et al., 2011; Subbotin et al., 2011; Drozdov et al., 2015].

To show that EMIC waves introduce the necessary loss mechanism of ultrarelativistic electrons, we present
flux line plots in Figure 3 for three different L” values. The flux variation that is modeled with the EMIC wave
agrees well with the observation, while the simulation without EMIC waves differs from the measurements.
For a quantitative comparison and for the loss mechanism validation, similar to Drozdov et al. [2015], we
calculate the empirical decay times for the period from 21 November 2012 to 10 January 2013, following
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Electron flux, 4.2 MeV, a=75 °, L*=4.5
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Figure 3. The electron flux evolution of 4.2 MeV electron fluxes at fixed L atthe pitch angle of 75°. (a) L"=45,b)L =40,
and (c) " = 3.5. White dashed line shows observations, blue line shows simulation without EMIC waves, and red line shows
simulation with EMIC waves parameterized by solar wind pressure. (d) Solar wind pressure. The highlighted area shows the
time period of the empirical decay times (z) calculation.

the approach described by Shprits et al. [2006]. This approach assumes exponential decay; hence for the
decay times calculation, it is important to have an approximately linear decrease of the electron flux
logarithm value. However, in our case, the period should be long enough to cover the effect from EMIC
waves in combination with other loss processes. The selected period covers the times when Py, is larger
than 3 nPa (Figure 3d), which triggers EMIC waves in the simulations. Table 2 shows the observed and
modeled decay times at various L. The simulation with EMIC waves provides decay times that are very
close to the observation, while the decay times from the simulation without EMIC waves are overestimated
by a factor of 5-7. These results confirm the conclusion of previous studies and indicate that EMIC waves
provide the necessary additional scattering mechanism.

The observations show that relativistic electron fluxes during the 8 October 2012 storm are larger than the
modeled flux values, which can be a result of the overestimated modeled losses. This event was discussed
by Thorne et al. [2013b], and the authors showed that unique low plasma density conditions led to the very
efficient local acceleration. The simulations in this study include statistical diffusion coefficients, which are
based on the average plasma density. The electron fluxes are similar in both simulations: with and without
EMIC waves. Hence, the underestimated flux may result from insufficient local acceleration.

It should be noted that the empirical decay time is a very sensitive parameter for the selected period. To con-
firm that EMIC waves provide necessary loss process, we use the technique proposed by Shprits et al. [2017].
Figure 4 shows the comparison of the evolution of the PSD in inverted colors: the red color represents low
PSD values; the blue color represents large PSD values. Figure 4a clearly shows that the PSD local minimum
was formed on 17 January 2013 and was observed until 17 March 2013. This period overlaps with the long-
term simulation period in Figures 4b and 4c. The simulation with EMIC waves reproduces the PSD formation
of the local minimum remarkably, as well as its displacement inward on 1 March 2013, while the simulation
without EMIC waves does not show such dynamics. This analysis indicates that included EMIC waves provide
the additional loss mechanism at ultrarelativistic energies.

This analysis is not complete without a discussion of the pitch angle distributions. Figure 5 shows the pro-
nounced electron flux rapid decrease during two time periods: from 8 October to 25 November 2012 and
from 7 June to 25 July 2013 at fixed L" = 4.5. The simulation with EMIC waves shows the pronounced electron
flux rapid decrease, simultaneous with the observations. In addition, the observed pitch angle distribution
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Table 2. The Empirigal Decay Times Obtained From Measurement and Simulation of 4.2 MeV Electrons at the Pitch Angle
of 75° for Different L

*

L Observations (Days) Simulation With EMIC Waves (Days) Simulation Without EMIC Waves (Days)
4.5 232 279 132.6
4.0 334 38.0 227.3
3.5 41.3 47.6 203.2

becomes narrower several times, which is a signature of EMIC wave scattering. The simulation shows similar
narrowing at multiple times, consistent with the observations. The difference between the simulations and
observations can be explained by the use of static parameters of modeled EMIC wave diffusion
coefficients. The diffusion coefficients are calculated, assuming the fixed statistical spectrum properties.
However, once the EMIC wave spectrum approaches the helium gyrofrequency, the minimum resonant
energy decreases, which may lead to more effective scattering due to scattering of the larger pitch angles
[e.g. Li et al, 2007]. Further improvement of the simulation requires the time-dependent EMIC wave
spectrum for wave diffusion coefficient calculations and will be investigated in the future. In addition,
other waves may contribute to the scattering of the equatorial particles such as hiss in the plasmaspheric
plume. These waves are not included into the simulations due to the absence of the robust plasmaspheric
plume statistical model that can be used in the long-term simulation.

Figure 5 also shows the insufficient modeled electron acceleration at the beginning of both periods. Since
both simulations with and without EMIC waves produce similar flux levels during the observed enhancement,
the contribution of additional EMIC waves is not responsible for the lower flux value. As discussed above, the
insufficient local acceleration during the October 2012 storm is a result of unusually low density. The same
reason may explain the observed acceleration during June 2013, and will be a subject of further research.
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Figure 4. Evolution of the PSD from 1 January 2013 to 17 March 2013 for a fixed value of the first invariant, 4 = 3500 MeV/G
and K = 0.05 GVZRE as a function L". The color bar is inverted to emphasize the deepening minimum of PSD.

(a) Detailed Van Allen Probe observations, each point represents the 5 min average of the measurements. The black
color is similar as on Figure 2. VERB code simulation results (a) with solar wind pressure parameterized EMIC waves and
(c) without EMIC waves.
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Figure 5. The pitch angle distribution evolution of 4.2 MeV electron fluxes at L" =45 for the period of time: (a—c) from 8
October 2012 to 25 November 2012 and (d-f) from 8 July 2013 to 25 August 2013. Detailed REPT observations,

L"=45+ 0.025, each point represents the 5-minute average of the measurements (Figures 5a and 5d). The black color is
similar as on Figure 2 and it shows around 90° the absence of the equatorial measurements. VERB code simulation results
with solar wind pressure parameterized EMIC waves (Figures 5b and 5e); VERB code simulation results without EMIC waves
(Figures 5c and 5f). Similar to Figure 2, the vertical description on the left side of each row of panels indicates the
observations, the simulation with and without EMIC waves.

5. Conclusions

We performed multiple long-term VERB code simulations including different parameterizations of EMIC wave
presence and EMIC wave intensity. The comparison of the observations with the simulation results showed that
the addition of EMIC waves improves the modeled ultrarelativistic electron flux in comparison to simulations
without EMIC waves. We found that the solar wind dynamic pressure provides better parameterization of the
EMIC wave presence in comparison to Kp index, Dst index, AE index, and solar wind speed, and the best results
were obtained by including EMIC waves when solar wind dynamic pressure was larger than or equal to 3 nPa.

We examined the simulations with different EMIC waves B,,? and found that the best agreement is achieved at
0.4 nT2. However, the EMIC wave diffusion coefficients include other factors such as MLT distribution and
occurrence rate. Those factors were determined statistically during active geomagnetic conditions
(AE>300 nT). Since in this work we used various parameterizations to define the presence of the EMIC waves,
the realistic values of MLT distribution and occurrence rate can be different. Re-evaluation of these factors may
change EMIC wave B,,>.

Eventually, we conducted the detailed comparison of observations with the simulation with 0.4 nT?> EMIC
waves that were included when the solar wind dynamic pressure was larger than or equal to 3 nPa. We
showed that the simulation reproduces the dynamics of the electron flux evolution. The difference in the
magnitude of the modeled and observed fluxes may be due to the inaccuracy of the plasma density models
that were used to calculate diffusion coefficients of chorus and hiss waves. However, the calculated example
of the decay times showed good agreement, and the observed PSD local minimum in January and February
2013 was remarkably reproduced by the simulations. The comparison of the pitch angle distribution showed
a clear narrowed signature of EMIC waves in the observations and in the simulation results. All those facts
indicate that EMIC waves certainly provide the additional necessary loss mechanism and play an important
role in ultrarelativistic electron population.
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The found discrepancy between the simulation with EMIC waves and the observations can be connected to
several reasons. The EMIC wave diffusion coefficients were calculated assuming the constant spectrum.
However, the observations show that the EMIC wave spectrum may vary during different events [e.g.,
Meredith et al., 2014]. The upper frequency cutoff can be larger than its statistical value leading to the lower
minimum resonant energy [Ukhorskiy et al., 2010]. In addition, the minimum resonant pitch angle and overall
efficiency of the EMIC wave scattering can change with variation of the spectral characteristics, ion composi-
tion, and plasma density. The accurate representation of the EMIC wave spectrum can provide more accurate
modeling of the pitch angle distribution and will be a subject of future studies.

Appendix A: Simulations With Different Parameters of EMIC Wave Presence

Figure A1 shows MAE for the simulations with different parameters of EMIC wave presence (see Table 1) and
with different EMIC wave B,,. Each panel is similar to Figure 1 and represents a single parameter from Table 1.
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Figure A1. Dependence of the MAE for simulations with different parameterizations of EMIC waves. The color lines show
the simulations with different EMIC waves sz. The black line shows the simulation without EMIC waves. Parameterizations
by (a) Kp index, (b) Dst index, (c) solar wind speed, (d) solar wind pressure, and (e) AE index.
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Figure A2. Evolution of the 4.2 MeV electron fluxes at the pitch angle of 75° as a function of time and L". The time period is
the same as in Figure 2. (a) Daily binned REPT observations, on the simulation grid; (b) simulations without EMIC waves; and
simulations with different EMIC wave parameterizations: parameterizations by (c) Kp index, (d) Dst index, (e) solar wind
speed, (f) solar wind pressure, and (g) AE index.

Each panel shows that the similar low MAE can be achieved in different simulations (see section 4 for details).
The low MAE values from different panels are comparable, which does not allow for giving preference to the
single parameter from Table 1. To investigate which simulation provides better agreement with observations,
we select five simulations for each EMIC wave presence parameter that corresponded to the lowest MAE
values. The comparison of the modeled flux profiles and modeled pitch angle distribution with observations
is described in detail in the supporting information.

The comparison between simulations with lowest MAE values and the same parameter of EMIC wave pre-
sence shows that the simulation results are close to each other. To investigate which parameter controlling
the EMIC wave presence provides the best simulation results, we select the simulations with minimal MAE
(see supporting information for details). Figure A2 is similar to Figure 2 and shows the evolution of the elec-
tron flux from observations, the simulation without EMIC waves and selected simulations with EMIC waves
that correspond to minimal MAE. The observations on Figure A2 (and in the supporting information) are daily
binned on the simulation grid for clarity. In general, each simulation with EMIC waves provides better agree-
ment with data than the simulation without EMIC waves. The simulations with Py, and Kp provide better
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Figure A3. The pitch angle distribution evolution of 4.2 MeV electron fluxes at L"=4.5. The time periods is the same as
Figure 5. (a, h) Daily binned REPT observations, on the simulation grid; (b, i) simulations without EMIC waves; simulations
with different EMIC wave parameterizations: parameterizations by (c, j) Kp index, (d, k) Dst index, (e, ) solar wind speed,
(f, m) solar wind pressure, and (g, n) AE index.

dynamics of electron flux decay after the 8 October 2012 storm. All simulations with EMIC waves provide
reasonable agreement for several weeks before and about 2 months after the storm on 17 March 2013. All
simulations with EMIC waves provide better agreement with the observations in June 2013 and after, in
comparison to the simulations without EMIC waves. Hence, all parameters from Table 1 provide the
simulations with reasonable agreement with the measurements; however, Py, and Kp index are preferable.

To continue the investigation, we compare the pitch angle distribution during two periods with pronounced
electron flux rapid depletion. Figure A3 is similar to Figure 5 and shows observed narrowing of pitch angle
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distribution, which can be a signature of interaction with EMIC waves. Similar to Figure A2, the observations
are daily binned on the simulation grid for clarity. The absence of the equatorial measurements is compen-
sated by nearest point extrapolation. During the first period (from 8 October to 25 November 2012), the simu-
lations with Dst, Pgyn, and AE parameterization of EMIC wave presence reproduce the similar rapid depletion
and provide similar pitch angle distribution after the dropout. During the second period (from 8 June to 25
July 2013), the simulations with Vg, P4yn, and AE parameterization of EMIC wave presence reproduce the
similar rapid depletion and provide similar narrow pitch angle distribution after the dropout. However, para-
meterization by Pqy, provide the best agreement with observations. As the result of considered comparison,
we conclude that EMIC wave presence parameterized by Py, provides the best simulation results in compar-
ison to the simulations with other parameters.
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