L)

Check for

A p_J [ ADVANCIN updates
EARTHAN
l‘\\,\l SPACE SCIENCE

Geophysical Research Letters ok

RESEARCH LETTER
10.1029/2020GL088976

Key Points:

« Novel statistical EMIC diffusion
coefficients are determined using
simultaneous observations of
the individual plasma and wave
parameters

« The new diffusion coefficients show
that EMIC waves diffuse electrons
over a wide range of energies and
pitch angles

«  When included into 3-D radiation
belt simulations, the new diffusion
coefficients significantly improve
agreement with observations

Correspondence to:
J. P.J. Ross,
johros@bas.ac.uk

Citation:

Ross, J. P. I, Glauert, S. A., Horne,

R. B., Watt, C. E., Meredith, N. P.,

& Woodfield, E. E. (2020). A new
approach to constructing models of
electron diffusion by EMIC waves

in the radiation belts. Geophysical
Research Letters, 47, €2020GL088976.
https://doi.org/10.1029/2020GL088976

Received 29 MAY 2020
Accepted 3 SEP 2020
Accepted article online 7 OCT 2020

©2020. The Authors.

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

A New Approach to Constructing Models of Electron
Diffusion by EMIC Waves in the Radiation Belts

J. P. J. Ross''2| S. A. Glauert!
and E. E. Woodfield!

,R. B. Horne!'”, C. E. Watt?'/, N. P. Meredith'">',

1British Antarctic Survey, Natural Environment Research Council, Cambridge, UK, 2Department of Mathematics,
Physics and Electrical Engineering, Northumbria University, Newcastle-upon-Tyne, UK

Abstract Electromagnetic ion cyclotron (EMIC) waves play an important role in relativistic electron
losses in the radiation belts through diffusion via resonant wave-particle interactions. We present a new
approach for calculating bounce and drift-averaged EMIC electron diffusion coefficients. We calculate
bounce-averaged diffusion coefficients, using quasi-linear theory, for each individual Combined Release
and Radiation Effects Satellite (CRRES) EMIC wave observation using fitted wave properties, the plasma
density and the background magnetic field. These calculations are then combined into bounce-averaged
diffusion coefficients. The resulting coefficients therefore capture the combined effects of individual
spectra and plasma properties as opposed to previous approaches that use average spectral and plasma
properties, resulting in diffusion over a wider range of energies and pitch angles. These calculations, and
their role in radiation belt simulations, are then compared against existing diffusion models. The new
diffusion coefficients are found to significantly improve the agreement between the calculated decay of
relativistic electrons and Van Allen Probes data.

Plain Language Summary In recent years there have been an increasing number of satellites
operating in or traversing the Earth's radiation belts. These belts are composed of charged particles

that are largely confined by the Earth's magnetic field, although waves can accelerate and scatter these
particles. In the outer belt, electrons can be accelerated up to relativistic energies and pose a threat to
satellites. Diffusion-based models are used to simulate the electron population, incorporating the statistical
effects of waves on the electrons. Electromagnetic ion cyclotron waves are of particular importance for the
relativistic population, effectively scattering them into the atmosphere and removing them from the belts.
Previous models of this interaction are based on average plasma and wave observations; however, these

do not well represent the range of interactions possible. Here we take a new approach, considering each
observation individually to determine their statistical effect. When included into diffusion models, this new
approach significantly improves the modeling of the relativistic electron population.

1. Introduction

The electrons that make up the outer electron radiation belt exist over a wide range of energies, extend-
ing up to well over 10 MeV, where curvature and gradient drift dominates and they complete closed paths
around the Earth. Electrons can be rapidly accelerated up to relativistic energies during geomagnetic storms
through a combination of wave-particle interactions with whistler mode chorus waves (Horne, Thorne,
Glauert, et al., 2005; Horne, Thorne, Shprits, et al., 2005), shocks (Blake et al., 1992), and radial transport
(Schulz & Lanzerotti, 1974). Relativistic electron fluxes can be increased by several orders of magnitude
(Baker et al., 1994; Reeves et al., 2003) on the timescale of hours to days and can pose a risk to satellite instru-
mentation (Wrenn et al., 2002). These fluxes then decay on timescales of 5-10 days (Claudepierre et al., 2020;
Meredith et al., 2006), and it is believed that their removal is strongly influenced by pitch angle diffusion
by electromagnetic ion cyclotron (EMIC) waves (Albert, 2003; Horne & Thorne, 1998). Coincident observa-
tions of EMIC waves and relativistic electron precipitation support the idea that EMIC waves are influential
at scattering MeV electrons (Miyoshi et al., 2008; Rodger et al., 2008; Usanova et al., 2014; Yuan et al., 2018).
The effects of EMIC waves can also be seen in the narrowing of ultrarelativistic electron pitch angle distri-
butions (Kersten et al., 2014; Shprits et al., 2016; Usanova et al., 2014) and deepening of local minima in
phase space density (Shprits et al., 2017).

ROSS ET AL.

1of11


http://publications.agu.org/journals/
https://orcid.org/0000-0001-5282-3293
https://orcid.org/0000-0003-0149-8608
https://orcid.org/0000-0002-0412-6407
https://orcid.org/0000-0003-3193-8993
https://orcid.org/0000-0001-5032-3463
https://orcid.org/0000-0002-0531-8814
https://doi.org/10.1029/2020GL088976
https://doi.org/10.1029/2020GL088976
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL088976&domain=pdf&date_stamp=2020-10-16

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088976

Electron resonance with EMIC waves, and hence diffusion, is sensitive to both the wave spectrum and the
plasma properties (Meredith et al., 2003; Summers et al., 2007). For instance, increasing the electron density
decreases the minimum resonant energy and allows diffusion at larger pitch angles, providing a mechanism
by which near-equatorial mirroring electrons can be removed. Similarly, for wave frequencies that approach
the respective ion cyclotron frequency from below, the minimum resonant energy can be reduced down to
~400 keV (Ukhorskiy et al., 2010). In fact, studies using helium band EMIC waves with Gaussian spectra
with central frequencies of 0.9f ., where f ., is the helium ion gyrofrequency, have been found to improve
the agreement between radiation belt models of the >1MeV electron flux and observations (Drozdov
et al., 2017; Ma et al., 2015). It is unclear, however, whether such a spectrum is representative of the
EMIC waves in the radiation belts given that mean wave frequency to gyrofrequency ratios observations
are on average substantially below these adopted values. More specifically, are EMIC waves with character-
istics in the tails of the wave frequency and plasma density distributions sufficiently efficient at diffusing
near-equatorially mirroring MeV energy electrons to provide observed levels of electron losses?

In this paper we present a new approach for calculating the average quasi-linear diffusion coefficients for
the diffusion of relativistic electrons by averaging over observation-specific bounce-averaged diffusion coef-
ficients. We begin by illustrating the variability of EMIC observations in section 2. In section 3 we then
present an alternative method of calculating statistical bounce-averaged EMIC diffusion coefficients by per-
forming bounce-averaged diffusion calculations for each EMIC wave observation before averaging over the
observations. These new diffusion coefficients are then compared to existing models using average wave and
plasma properties. In section 4, the new coefficients are included into 3-D Fokker-Plank based radiation belt
simulations to assess the effect of the new diffusion coefficients on the relativistic electron population.

2. EMIC Wave Spectra

For this study, we use data from the Combined Release and Radiation Effects Satellite (CRRES) (Johnson &
Kierein, 1992). The magnetic field was measured by the 16 Hz fluxgate magnetometer (Singer et al., 1992)
and provides the ambient magnetic field from which we determine the gyrofrequencies. Additionally, the
field measurements are fast Fourier transformed using 1,600 points with a 400 point step to obtain wave spec-
tra extending from 0 to 8 Hz in steps of 10 mHz at a 25.6 s resolution. Each spectral profile is analyzed, and
two Gaussian functions are fitted, one for the hydrogen band and the other for the helium band (Meredith
et al., 2014). Noise spikes and bands that do not have Gaussian profiles are omitted. For each Gaussian pro-
file, we have the peak power spectral density, PSD,,, the corresponding peak frequency f,,, and width, f,,,
defined by

m)z

PSD = PSDme‘( T (1)

The plasma densities are derived from the plasma wave spectra measured by the Plasma Wave Experiment
(Anderson et al., 1992) as described in Meredith et al. (2002). We store the central frequency of the fitted
Gaussian f,,/f 4, the Gaussian width f, /f 4, and the wave intensity B2, and the corresponding electron
plasma frequency to electron gyrofrequency ratio, f,./f ., together with L*, the magnetic latitude 4,,, and
the associated activity indices (AE, Kp, Dst, and solar wind pressure, Py,,). Here f g, is the helium gyrofre-
quency. The geomagnetic coordinates are calculated using the ONERA-DESP library and the International
Geomagnetic Reference Field at the middle of the corresponding year combined with the Olson-Pfitzer quiet
time model (Olson & Pfitzer, 1977).

Key parameters in determining wave-particle interactions include the wave intensity, va (nT?), the proton
gyrofrequency, f ., and the plasma density. In Figures 1a and 1b we show scatter plots of B2 (nT?) against the
determinedf,,/f, for H* and He* EMIC bands, respectively. For comparison, the constant value of f,,/ f,, =
10 that was used in Kersten et al. (2014) (henceforth Kersten2014) is overlaid. To aid with interpretation
we over plot the survival function of f,/f.,, where the survival function S of parameter x with probability
density function, f(x), is defined as

SX) = / f(s)ds. @)
X
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Figure 1. The observed hydrogen (a) and helium (b) band EMIC wave intensities against f},,/f .. The dash-dotted blue
lines indicate f./f ., used by Kersten et al. (2014) in their diffusion coefficient calculations. Subplots (c) and (d) show
the same as (a) and (b) but for f,/f .r.. The dash-dotted blue and green lines indicate f,,/f .z, used by Kersten
et al. (2014) and Ma et al. (2015), respectively. The corresponding upper and lower-frequency cutoffs are indicated by
the dotted lines of the same color. On each of the subplots the solid red line shows the survival function of the
frequency ratio shown on the x axes (not weighted by wave power).

Intuitively, for a given X, S(X) can be interpreted as the probability that x exceeds X. The survival func-
tion is one minus the cumulative distribution function. Strong wave power is observed over a wide range
Of fpo/f e With fio/ fee > 20 210% of the time and reaches ~30 for both EMIC bands on occasion. Con-
siderable wave power is present over a range f,,/f.y. (panels c and d), with the distribution particularly
heavy tailed for helium band EMIC waves (panel d). Again for comparison, f,,/f .5, and the frequency cut-
offs (f,, = 2f ,)/f .z Of the Gaussian spectra that are assumed by Kersten2014 are shown in blue. It is clear
that the spectrum used by Kersten2014 does not overlap with the f,, /f., of a substantial fraction of obser-
vations. Additionally, each of the EMIC observations has a finite spectral width, further increasing the wave
power coverage to higher and lower ratios. Significant wave power is therefore present close to the bound-
ing upper gyrofrequency, which may substantially affect electron diffusion. Finally, the central frequency
and frequency range assumed by Ma et al. (2015) (henceforth Ma2015) and Drozdov et al. (2017) for He*
EMIC waves is shown in Figure 1d. Their power spectrum lies within the tail of the distribution of fitted
SFm!f e With only ~1% exceeding their adopted value, suggesting their choice is unrepresentatively close to
the helium ion gyrofrequency.

3. Diffusion Coefficients

In order to determine the effects of EMIC waves on radiation belt electrons, we calculate bounce-averaged
diffusion coefficients for each observation using the concurrent spectral and plasma measurements (Watt
et al., 2019). These results are then combined to create statistical bounce and drift-averaged diffusion coeffi-
cients. Although simulations suggest that EMIC waves can become highly nonlinear (Omura & Zhao, 2012),
here we assume that the wave amplitude is sufficiently low and that the waves are sufficiently broad band
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that quasi-linear theory can be applied. The concurrent measurement bounce-averaged diffusion coeffi-
cients for each CRRES observation are calculated using the code PADIE (Glauert & Horne, 2005). PADIE
solves the cold plasma dispersion relation and so does not include warm plasma effects. We assume there is
no EMIC wave power at absolute magnetic latitudes greater than 20° within L* = 5.5 (Meredith et al., 2003).
However, Allen et al. (2015) found EMIC wave at larger absolute latitudes. Those at larger absolute latitudes
are mainly linearly polarized and therefore more likely to be oblique. We are assuming the main contribu-
tion to diffusion comes from lower latitudes. Hence, our diffusion coefficients are a conservative estimate
rather than an over estimate.

For each observation, we perform latitudinally restricted bounce-averaged diffusion coefficient calculations
using 10 latitude bins evenly spaced in absolute latitude between the equator and 20°. The wave power is
assumed to be 0 outside the bin while the wave spectrum and plasma properties inside are determined from
the local observation mapped to that bin latitude. These latitudinally restricted bounce-averaged diffusion
coefficients are then summed to calculate the bounce-averaged diffusion coefficient for that observation.
The procedure is explained in more detail below.

For a given observation, the local observed ratio f,,/f ., and the fitted ratios f,,,/f .4, and f,/f .z are mapped
to other latitudes assuming a dipole magnetic field and constant cold plasma density along a magnetic field
line. We also assume that f,, and f,, are constant as the waves propagate along the magnetic field lines from
their source regions close to the magnetic equator. EMIC waves are thought to become more oblique as they
propagate to higher latitudes from the equator (Anderson et al., 1992; Thorne & Horne, 1994); however, Ni
et al. (2015) investigated the sensitivity of electron diffusion to EMIC wave normal angle and found that
the main differences where at a,, <40° and E > 5 MeV. Therefore, following Kersten et al. (2014) to allow a
direct comparison, we assume that the waves have a Gaussian distribution in X, X = tan y, where y is the
wave normal angle, centered on y = 0 with a width X, = tan 15°. The cutoff in X is taken to be 2X,,. For
the ion composition we assume abundances of (H*, He™, O") = (0.94, 0.05, 0.01) (Kersten et al., 2014).

In a cold plasma, EMIC waves of band i will only exist for f;, ; <f <f,. When such a wave propagates to
higher latitudes, f/f; decreases and f may approach f,; , , from above, where i + 1 is the next ion species in
the series {H*, He*, O*}. At which point the waves will become unguided and may reflect, refract or damp
(Horne & Thorne, 1993, 1994) and so we assume they no longer take part in wave-particle interactions. Since
the ion-ion hybrid frequency usually lies very close to the heavier ion cyclotron frequency we introduce
the condition that f > f,;,, into the calculation. Similarly, at low latitudes, the high-frequency tail of the
power spectrum may approach f, from below. These waves will be damped by warm plasma effects due
to wave-particle interactions with substantial populations of warm particles. As we are working in the cold
plasma framework, we must not include wave power at frequencies where this theory breaks down, that is,
when the refractive index tends to infinity at the waves as the wave frequency approaches the gyrofrequency.
We therefore add the constraint that f/f,; <0.97.

After summing over magnetic latitude to calculate a bounce-averaged diffusion coefficient for each obser-
vation, the results are then binned by activity and L* to construct average values. In this calculation, the
individual bounce-averaged diffusion coefficients are summed within each bin and divided by the total
number of observations, including those with no EMIC activity, within that bin, in order to obtain the aver-
age diffusion experienced at a given time within this bin. This results in bounce- and drift-averaged EMIC
diffusion coefficients for the given activity and L* binning. For the L* bins we use a step size of 0.5L*.

In Figures 2d-2f we show the resulting pitch angle diffusion coefficients for our Kp parametrization at L* of
4, 4.5, and 5 during moderate activity, 2 < Kp< 4. As expected, the diffusion is strongest at lower pitch angle
and at higher energies but extends up to nearly 90° equatorial pitch angle, a,,. Stronger diffusion is found
at L* = 5 as a result of more frequent EMIC wave activity. Electron diffusion by EMIC waves increases with
Kp (not shown) but significant diffusion occurs even at relatively low Kp, Figures 2d-2f. This is in contrast
to diffusion coefficients parametrized by Py,,,, Figures 2a-2c, where a much stronger activity dependence is
found and there is significantly lower diffusion at P,,, < 5nPa, suggesting that electron scattering by EMIC
waves is strongly influenced by Pgy,,.

In the lowest two panels of Figure 2, we compare the new Kp parametrized coefficients against previous
results obtained by Kersten2014 and Ma2015. Note that we have reproduced Ma2015's calculations with
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Figure 2. (a-c) The new EMIC wave bounce-averaged diffusion coefficients at L* = 5 for Py, <2, 2 <Py, <5, and Pgy,, > 5 (nPa). Similarly, panels (d)(f)
show the diffusion coefficients at L* = 4, 4.5, and 5 with 2 <Kp <4. Panels (g) and (h) show line plots of these diffusion coefficients in orange and, for
comparison, the corresponding values from Kersten2014 (red) and from Ma2015 (green) are included.

X =tan(1°) to approximate the field-aligned formalism. At 2MeV (panel g), the Kersten et al. (2014) dif-
fusion coefficients are largely 0, while Ma2015 show a higher level of diffusion to those calculated here,
~107%(s)!, up to $65° equatorial pitch angle. At higher pitch angles, our new diffusion coefficients pro-
vide a low-level diffusion, ~10~% s71, but there is no diffusion in Ma2015, this difference is due to the range
of fe/f e captured in the new model. At 5 MeV (panel h), Ma2015 and the concurrent diffusion coefficients
are both ~10~°s™" for a,, < 30°, but by a,, < 70°, Ma2015 exceed the concurrent diffusion coefficients by
an order of magnitude. Again, our new diffusion coefficients provide low-level diffusion up to 90° equato-
rial pitch angle, however; Ma2015 give no diffusion for «,, > 75°. At this highly relativistic energy, Kersten

eq ~
et al. (2014) show diffusion only at pitch angles $40°.

4. Effects of EMIC Waves on Electron Fluxes

In the previous section we calculated diffusion coefficients for EMIC wave-particle interactions using con-
current measurements. We will now assess their implications on radiation belt electron modeling. For this
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Figure 3. Comparison between 2.589 MeV electron flux observed by the Van Allen Probes and the flux simulated by
BAS-RBM during the period 2 October to 15 November 2015. Panel (a) shows the radial profile of the 2.589 MeV
electron flux from BAS-RBM, and panel (b) show the flux observed by the Van Allen Probes. Panels (c) and (d) again
show the 2.589 MeV flux at L* = 4.0, 4.5, 5.0, respectively. The blue dots show the observed flux and the colored lines
are the simulated values. Panel (e) and (f) show AE, Kp, Payn, and Dst.

study, we perform 3-D simulations of the Earth's radiation belts using the British Antarctic Survey Radiation
Belt Model (BAS-RBM) (Glauert et al., 2014a, 2014b), which is based on the phase-averaged Fokker-Plank
equation that calculates the evolution of the electron phase space density. Primarily, BAS-RBM simulations
are used for reproducing historical events and short-term forecasting. Currently, Kp is forecasted and used
as a wave parametrization index when observational data is unavailable. In addition to Kp with bin infima of
{0, 2, 4, 6} (henceforth Kp Ross), we present results using solar wind pressure, Py, as the EMIC driving index
(henceforth P, Ross) with bin infima of {0, 2, 5} nPa. This choice is motivated by the observed link between
solar wind pressure and EMIC activity (Anderson & Hamilton, 1993; Lessard et al., 2019; Saikin et al., 2016;
Usanova et al., 2012). Additionally, Drozdov et al. (2017) found that a P,,, EMIC wave parametrization min-
imized the mean absolute error of 4.2 MeV electrons in radiation belt simulations. For comparison, we also
present two otherwise identical simulations where the EMIC waves are from Kersten et al. (2014) and Ma
et al. (2015), parametrized by Kp (henceforth Kp Kersten and Kp Ma).

For these runs, we consider the time period 2 October to 15 December 2015. Van Allen Probes background
corrected MagkEIS electron fluxes (Blake et al., 2013; Claudepierre et al., 2015), and REPT (Baker et al., 2013)
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Figure 4. The same as Figure 3 but for 4.2 MeV electrons.

electron fluxes are used for both the initial condition and the boundary conditions at L,;,, L, and E,;,,.
The inner L* boundary is set to 2.5 and the outer L* boundary to 5.5. The minimum energy boundary is
determined by assuming constant first adiabatic invariant with E = 150 keV at the outer L* boundary. Note
that BAS-RBM assumes a dipole magnetic field configuration and so L* = L, although the wave measure-
ments are converted to L* (section 2). The chorus diffusion coefficients are parametrized by AE (Horne
et al., 2013), and the hiss diffusion coefficients are also parametrized by AE (Meredith et al., 2018). The cho-
rus and hiss waves are spatially separated by an activity dependent mask as given in Meredith et al. (2018).
For radial diffusion we use the Kp-driven magnetic component of the (Brautigam & Albert, 2000) formalism.
The location of the last closed drift shell is accounted for following Glauert et al. (2014a).

min>

In Figure 3 we show the results of our simulations at 2.6 MeV. In panel (e) we compare the a,, = 850 sim-
ulated flux at L* = 5 to Van Allen Probe data. P, Ross (purple), Kp Ross (orange), and Kp Ma (green)
significantly improve the agreement between the modeled and observed (blue) 2.6 MeV equatorially mir-
roring electron fluxes compared to Kp Kersten (red). This is most apparent during quasi-steadily decaying
times and during rapid loss. For instance, in mid-October 2015, a rapid order of magnitude decease occurs
followed by ~10days of steady decay. Py, Ross, Kp Ross, and Kp Ma reproduce the rapid drop and slow
decay; however, the losses during both of these phases is insufficient in Kp Kersten, leading to approximately
an order of magnitude discrepancy between modeled and observed fluxes by the 1 November. At lower L*,
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panels (c) and (d), Py, Ross and Kp Ross again perform better than Kp Kersten, with decay consistent with
observations. Contrastingly, Kp Ma underestimates the electron fluxes at L* = 4. During electron acceler-
ation phases, such as early October and early November, the flux in Kp Ross and Kp Ma are a factor of ~2
less than is obtained in the P, Ross and Kp Kersten, leading to a greater discrepancy with observations.
This is due to additional losses in this run coincident with the acceleration as a result of large Kp, as seen
in panel (f). Note that Kp Ma has constant EMIC activity above Kp = 2. From panels (a) and (b), it is clear
that the agreement at L* < 4 between the models and the observations is significantly worse that at L* > 4.0.
In particular, relativistic electrons are transported into the slot region in the simulation, while this is not
found in the observational data. This is likely a result of a combination of factors. First, our EMIC diffu-
sion coefficients do not extend below L* = 3.5 due to lack of EMIC observations in the CRRES data set
as a result of the magnetometer switched into low sensitivity mode in this region and EMIC waves were
unable to be identified at these times. At L* < 4.0 the CRRES observational coverage is unlikely to be suffi-
cient to calculate reliable diffusion coefficients in this way. Contrastingly, the statistical coverage of EMIC
waves peaks at L* ~ 5 where the discrepancy between modeled fluxes and observations is at its minimum
(Meredith et al., 2014). Second, rapid injection of electrons via radial transport is not always well captured
by a simple radial diffusion parametrization.

Figure 4 is equivalent to Figure 3 but for 4.2 MeV electrons. At L* = 5.0, panel (e), Py, Ross, Kp Ross, and
Kp Ma give better agreement with observed fluxes than Kp Kersten. In particular, Kp Kersten does not repro-
duce the magnitude of the rapid decreases in flux that occur. At L* = 4.5, P4, Ross agrees more closely
with observations than the other three models, with Kp Ma performing better than Kp Ross and Kp Kersten.
As was the case at 2.6 MeV, Kp Ross and Kp Ma significantly underestimate the local maxima in 4.2 MeV
electron flux but reproduce the temporal evolution at lower fluxes. Again this is indicative of excessive
loss during enhanced Kp while acceleration is occurring. P, on the other hand, only provides short-lived
pulses of EMIC diffusion, while P,,, >5nPa (see Figures 2a-2c), which coincides with observed rapid
flux depletions, allowing high-energy electron fluxes to increase relatively unimpeded. Contrastingly, Kp
Kersten exhibits minimal diffusion of equatorially mirroring particles even during enhanced Kp, resulting in
consistent underestimation of losses. The behavior at L* = 4.0, of the four runs is similar to that at L* = 4.5.
The most notable difference being a significantly larger discrepancy between observed fluxes and those in
P, Ross. This again suggests that the observational coverage EMIC coverage of CRRES is insufficient, at
L* < 4, to fully reproduce relativistic electron decay.

5. Discussion

In this paper we have presented a new approach for calculating, using quasi-linear theory, average diffusion
coefficients representing the diffusion of electrons by EMIC waves by averaging over observation-specific
diffusion coefficients. In our EMIC diffusion model, we are assuming that electrons interact with EMIC
waves sufficiently frequently on the diffusion timescale for an average representation to be appropriate. We
have shown that 3-D Fokker-Planck radiation belt models using these new concurrent measurement EMIC
diffusion coefficients considerably improve agreement between modeled and observed decay of relativistic
electrons in the outer radiation belt at L* > 4 when compared to models using EMIC diffusion coeffi-
cients calculated from average spectral and plasma properties, with the strongest agreement when the EMIC
diffusion coefficients are parametrized by P,,,. In particular, relativistic near-equatorially mirroring elec-
trons are scattered in pitch angle by the EMIC waves and are eventually precipitated into the atmosphere.
This is in contrast to equivalent simulations using EMIC diffusion coefficients constructed using averaged
spectral and plasma properties. It is necessary to capture the effects of the full range of wave-particle inter-
actions that occur, not only those of an interaction under average conditions and with average spectral
properties. Diffusion is possible over a wider domain in (a,,, E, L*) space than is otherwise found using the
simpler prescription. More precisely, diffusion extends nearly to 90° and so electron losses into the atmo-
sphere are possible over a much wider range of pitch angles than before. The differing behavior is a result
of the wave-particle interactions in high-density regions and when the wave frequency is close to the EMIC
wave bands upper gyrofrequency. At E = 4.2 MeV, the results of our Kp driven model are comparable to a
Kp-driven model using an EMIC spectral profile where the central wave frequency is chosen to be close to
the upper-bounding gyrofrequency following Ma et al. (2015). Contrastingly, at E = 2.6 MeV, our Kp-driven
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EMIC model gives closer agreement to observations at L* = 4.0. Our analysis of CRRES EMIC observa-
tions suggest that the central spectral frequency to helium gyrofrequency adopted in Ma et al. (2015) is
unrepresentatively high and is only reached or exceeded in ~1% of EMIC observations.

The L* range of the EMIC diffusion coefficients calculated here is limited due to the CRRES 16 Hz magne-
tometer data set having no identifiable EMIC observations at L *S 3.5. Contrastingly, Qin et al. (2019) found
EMIC waves at L* as low as ~2.5 using the 64 Hz fluxgate magnetometer, EMFISIS, on board the Van Allen
Probes. Additionally, owing to the brevity of the CRRES mission and the infrequency of EMIC waves, the
statistical coverage of L* < 4 is insufficient to create representative diffusion coefficients from the limited
number of measurements. New Van Allen Probe observations of EMIC waves down to L* ~ 2.5, and thus, the
method shown here may help reduce the uncertainty in modeling the decay of the ultrarelativistic storage
ring (Baker et al., 2013; Shprits et al., 2016; Usanova et al., 2014).

Given the improvement in the global simulations found when using our new diffusion coefficients, we pro-
pose that a similar approach should be explored for hiss and chorus waves as suggested in Watt et al. (2019).
In this way plasma density and wave spectral variation will be included implicitly and thus enable a much
better calculation of electron acceleration to relativistic energies which becomes very effective in low-density
regions.

Data Availability Statement

The authors used geomagnetic indices provided by OMNIWeb (Phttps://omniweb.gsfc.nasa.gov), the Van
Allen Probes data (http://www.rbsp-ect.lanl.gov/), and the IRBEM library (https://craterre.onera.fr/prbem/
irbem/description.html). The results shown in this paper can be downloaded from the U.K. Polar Data
Centre (at https://doi.org/10.5285/be8af49f-cdf1-443a-9c78-6a59c9d 5be68).
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