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Abstract we conduct a global survey of magnetosonic waves and compute the associated bounce- and
drift-averaged diffusion coefficients, taking into account colocated measurements of f, /f, ., to assess the role
of magnetosonic waves in radiation belt dynamics. The average magnetosonic wave intensities increase with
increasing geomagnetic activity and decreasing relative frequency with the majority of the wave power in the
range f,, < f < 0.3f,, during active conditions. In the region 4.0 < L* < 5.0, the bounce- and drift-averaged
energy diffusion rates due to magnetosonic waves never exceed those due to whistler mode chorus, suggesting
that whistler mode chorus is the dominant mode for electron energization to relativistic energies in this region.
Further in, in the region 2.0 < L* < 3.5, the bounce- and drift-averaged pitch angle diffusion rates due to
magnetosonic waves can exceed those due to plasmaspheric hiss and very low frequency (VLF) transmitters
over energy-dependent ranges of intermediate pitch angles. We compute electron lifetimes by solving the 1D
pitch angle diffusion equation including the effects of plasmaspheric hiss, VLF transmitters, and magnetosonic
waves. We find that magnetosonic waves can have a significant effect on electron loss timescales in the slot
region reducing the loss timescales during active times from 5.6 to 1.5 days for 500 keV electrons at L* = 2.5
and from 140.4 to 35.7 days for 1 MeV electrons at L* = 2.0.

Plain Language Summary The modeling and forecasting of the Earth’s radiation belts, composed
of charged particles trapped by the Earth’s magnetic field, is important for mitigating damage to satellites
during extreme solar events. Interactions with plasma waves in the magnetosphere can energize and scatter
these charged particles, depending on the intensity of the plasma wave and local plasma conditions. One such
plasma wave is the magnetosonic wave, which can contribute to both electron energization and loss to the
atmosphere. In this paper, we study the role of magnetosonic waves using simultaneous measurements of their
intensity and local plasma conditions and find a reduction in the loss timescales of high energy electrons in the
near-Earth region when magnetosonic waves act in combination with other plasma waves.

1. Introduction

The Earth’s radiation belts were discovered over 60 years ago, at the beginning of the space age (Van Allen, 1959;
Van Allen & Frank, 1959), and have since been extensively studied by many spacecraft. However, questions
remain regarding the relative importance of the physical processes controlling their behavior. The inner radiation
belt, which lies in the region 1.1 < L* < 2.0 is relatively stable, except during the largest geomagnetic storms
(Baker et al., 2007). In contrast, the outer radiation belt, which typically lies in the region 3.0 < L* < 8.0, is highly
dynamic. The inner and outer belts are usually separated by a slot region which is devoid of relativistic electrons
but which can become filled during exceptionally strong storms (Baker et al., 2007). In the outer radiation belt,
the flux of relativistic electrons can vary by orders of magnitude on timescales ranging from minutes to weeks
(Baker et al., 1994). This variability is due to a variety of acceleration, transport, and loss processes, all of which
become amplified during enhanced geomagnetic activity (Li & Hudson, 2019). Understanding this variability
is important since enhanced fluxes of these so-called “killer” electrons can damage satellites (Iucci et al., 2005;
Wrenn, 1995; Wrenn et al., 2002) and pose a risk to humans in space.

Magnetosonic waves, one of the most intense emissions in the inner magnetosphere, may interact strongly with
electrons and ions. Indeed, it has been suggested that magnetosonic waves can contribute to both the acceleration
and loss of relativistic electrons (Horne et al., 2007; Meredith et al., 2008), although the overall significance of
the waves on radiation belt dynamics remains to be determined.
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Magnetosonic waves are right-hand polarized whistler mode waves with frequencies between the proton gyrof-
requency, f,, and the lower hybrid resonance frequency, f; ;. They were first observed by Russell et al. (1969),
using data from the search coil magnetometer on OGO 3 within 2° of the magnetic equator, and observed to prop-
agate perpendicular to the external magnetic field in the equatorial plane. Subsequent studies have shown that
the waves are primarily observed within 5° of the magnetic equator and occur over a broad radial extent, between
2 and 8 R, both inside and outside the plasmapause (Chen et al., 2010; Gurnett, 1976; Laakso et al., 1990; Ma
et al., 2013, 2016; Meredith et al., 2008; Némec et al., 2005; Perraut et al., 1982; Santolik et al., 2004; Zou
et al., 2019). The intensities of the waves increase with increasing geomagnetic activity (Kim & Shprits, 2017,
Ma et al., 2013, 2016; Meredith et al., 2008; Zou et al., 2019), suggesting that the waves are related to periods of
enhanced convection and/or substorm activity.

Simultaneous wave and particle observations, together with instability calculations, show that the waves can be
generated by unstable proton ring distributions at energies of ~10 keV (Boardsen et al., 1992; Horne et al., 2000).
Indeed, proton ring distributions at these energies have been observed in association with magnetosonic waves
throughout the inner magnetosphere, both inside and outside the plasmapause (Boardsen et al., 1992; Kim &
Shprits, 2018; Meredith et al., 2008; Perraut et al., 1982; Yuan et al., 2018). Once generated, the waves can
become trapped in azimuthal propagation around the plasmapause by steep local density gradients if generated
outside the plasmapause (Kasahara et al., 1994). In this region, Landau damping by plasma sheet electrons
restricts the waves to latitudes close to the magnetic equator (Horne et al., 2000), consistent with observations.

Local pitch angle and energy diffusion coefficients for magnetosonic waves were computed in Horne et al. (2007),
using an observation of magnetosonic waves on Cluster 3 in November 2002. A peak wave amplitude of 218 pT
was observed resulting in energy acceleration timescales outside the plasmapause of order of 1 day for MeV
electrons. However, diffusion coefficients computed using average wave intensities have since resulted in much
slower acceleration timescales. For example, Shprits et al. (2013), using a model of magnetosonic waves based on
wave statistics from two frequency channels of the THEMIS Search Coil Magnetometer Filter Bank data and two
representative values of f /f, , estimated energy acceleration timescales in excess of 30 days for electrons with
energies in the range 1 < E < 3 MeV both inside and outside of the plasmapause. More recently, Ma et al. (2016),
using the analytical formula of Bortnik et al. (2015) together with Van Allen Probe wave statistics and density
models inside and outside the plasmapause (Sheeley et al., 2001), determined a peak energy acceleration times-
cale in excess of 10 days outside the plasmapause.

Plasmaspheric hiss, lightning-generated whistlers, and very low frequency (VLF) transmitters all contribute to
electron loss in the slot region (Abel & Thorne, 1998; Meredith et al., 2007, 2009; Ripoll et al., 2014; Ross
et al., 2019). For MeV electrons, the dominant contributor to pitch angle scattering is plasmaspheric hiss, which
has pitch angle diffusion rates that dip around pitch angles of 70°. Acting on their own, this would result in a
bottleneck and, at L = 2.0, result in MeV electron loss timescales which are much longer than observed (Meredith
et al., 2009). However, this bottleneck can potentially be removed when other wave modes such as lightning-gen-
erated whistlers and magnetosonic waves are included (Meredith et al., 2009), suggesting that magnetosonic
waves could play a role in electron loss in the slot region (Meredith et al., 2009; Mourenas et al., 2013).

Diffusion rates have traditionally been computed using geomagnetic-activity-dependent global models of the
average wave spectra and average ratio of the plasma frequency to the electron gyrofrequency, f, /f,,. The impor-
tance of capturing the variability of f, /f,, in chorus acceleration of MeV electrons was shown in Agapitov
et al. (2019), where analytical estimates of bounce-averaged MeV electron diffusion rates were computed using
local f [f,, values and mean wave spectra. More recent studies have shown that it is important to include both the
variability of the wave spectra and the plasma properties in radiation belt modeling (Agapitov et al., 2020; Ross
et al., 2020, 2021; Watt et al., 2019). Watt et al. (2019) showed that the mean pitch angle diffusion coefficients,
D, for plasmaspheric hiss calculated by averaging the D, from colocated and simultaneous measurements of
the wave power and f /f,, were larger than those calculated from average values of the wave power and f /f,..
Due to the large computation time required to compute diffusion coefficients, Watt et al. (2019) restricted their
study to selected spatial location bins. By employing approximate analytical estimates of MeV electron pitch
angle diffusion coefficients, Agapitov et al. (2020) computed, using simultaneous local measurements of wave
spectra and f /f, ., bounce-averaged MeV electron pitch angle diffusion coefficients due to plasmaspheric hiss as
a function of L*, magnetic local time (MLT), and AE.
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Ross et al. (2020) took this concept forward and showed that diffusion coefficients for EMIC waves calculated by
combining the effects of individual wave spectra and plasma properties resulted in diffusion over a wider range
of energies and pitch angles and significantly improved the agreement between the calculated decay of relativistic
electrons and Van Allen Probe data when compared against existing diffusion models based on average wave
spectra and plasma properties. In particular, the modeled fluxes during periods of decay were well captured,
having been typically overestimated by a factor of 10 by the original method. The value of £, /f,,, is also important
for wave—particle interactions with magnetosonic waves. For example, the Landau resonance at any given energy
shifts to larger pitch angles with increasing f, /f,, and the peak diffusion rates occur at decreasing energy with
increasing f,, /f., (Horne et al., 2007). These results suggest that a comprehensive treatment of diffusion rates due
to magnetosonic waves should also include the variability of the wave spectra and the plasma properties.

In this paper, we use data from the EMFISIS instrument on Van Allen Probe A (Mauk et al., 2013) to compute
bounce- and drift-averaged diffusion coefficients for magnetosonic waves using this new approach, taking into
account colocated measurements of the wave power and 1oelf..- We also combine the bounce- and drift-aver-
aged pitch angle diffusion rates with those due to plasmaspheric hiss and VLF transmitters to study the effect
of magnetosonic waves on electron loss timescales in the region 2.0 < L* < 3.5. The instrumentation and data
analysis techniques used to develop the wave model are described in Section 2. The global morphology of the
average intensities of magnetosonic waves as a function of spatial location, geomagnetic activity, and relative
frequency is presented in Section 3. The bounce- and drift-averaged pitch angle and energy diffusion coefficients
are presented in Section 4 and the electron loss timescales described in Section 5. Finally, the results are discussed
and our conclusions presented in Sections 6 and 7, respectively.

2. Instrumentation and Data Analysis
2.1. Instrumentation

The Van Allen Probes were launched on 30 August 2012 into highly elliptical orbits with a perigee of ~1.1R,
an apogee of ~5.8R, and an inclination of 10° (Mauk et al., 2013). The satellites each had an orbital period of
approximately 9 hr and swept through the inner magnetosphere approximately 5 times per day, making them
ideally suited to study magnetosonic waves in this important region. In this study, we use 7 years of data from the
EMEFISIS instrument (Kletzing et al., 2013) on Van Allen Probe A between 26 October 2012, after the complete
deployment of the electric field booms, and the end of the mission on 14 October 2019.

The wave magnetic field spectral density and polarization properties, calculated by the singular value decom-
position method (Santolik et al., 2003), were provided by the waveform receiver (WFR). This instrument meas-
ured the vector wave electric and magnetic fields in the frequency range from 2.1 Hz to 11.2 kHz, covering the
frequency range of magnetosonic waves in the inner magnetosphere. The electron plasma frequency, £, provided
as a Level 4 data product, was derived from the high-frequency receiver (HFR), which measured the wave elec-
tric field spectral density in the frequency range 10-487 kHz. When visible it was derived from the upper hybrid
frequency, f,;, and elsewhere by the lower frequency limit of the continuum radiation (Kurth et al., 2015). The
electron gyrofrequency was determined directly from the 1s fluxgate magnetometer measurements of the local
magnetic field.

2.2. Data Analysis

We first excluded data collected during thruster firings, periods of eclipse, and charging events. We also excluded
intervals when the fluxgate magnetometer data were flagged as invalid, in calibration mode or in magFill mode.
We then removed the instrumental background noise from the valid data using the technique described in
Malaspina et al. (2017). This method involves fitting a Gaussian to the power spectral density distribution of the
lowest frequency band of the WFR to derive a signal-to-noise ratio that is then applied to the other frequencies.
In particular, the signal-to-noise ratio is given by

+2
Fsn = %s (@))]
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where y and o are the mean and standard deviation of the Gaussian fit. The threshold for frequency band i, with
noise peak n,, is then given by

ti = rsahi, (2)
where measurements below ¢, in frequency band i are excluded.

We identify magnetosonic waves from the WFR data by restricting to frequencies between the proton gyrof-
requency and the lower hybrid resonance frequency, f,, < f < f; . and imposing a large wave normal angle,
y > 80°, and near-linear ellipticity lel < 0.2, which are characteristic of magnetosonic waves (Russell et al., 1969;
Santolik et al., 2004).

Since radiation belt models generally use coordinate systems based on the adiabatic invariants, we use the
magnetic coordinates L*, MLT, and magnetic latitude to study the data. These were computed using the TS04
(Tsyganenko & Sitnov, 2005) models and the IGRF field at the middle of the appropriate year. Since L* is
designed for particles and we are using it for waves, we assume a local pitch angle of 90° in the calculation of L*.
This is justified as magnetosonic waves usually interact with electrons at large pitch angles (Horne et al., 2007).
The models are also parameterized by geomagnetic activity indices such as the AE and Kp indices. Current radia-
tion belt forecasting models use the Kp index due to the requirement of a 24 hr forecast of the driving index and,
consequently, we use this index in our study.

Examples of strong magnetosonic wave activity observed by the EMFISIS instrument on Van Allen Probe A on 1
January 2015 are shown in Figure 1. Here, strong magnetosonic waves are observed below the lower hybrid reso-
nance frequency on three separate occasions, from 04:00 to 04:30, 07:50 to 09:20, and 20:40 to 21:50 (Figures le
and 1f). These waves are all associated with large wave normal angles (Figure 1d) and low ellipticities (Figure 1c),
confirming that they are magnetosonic waves (Figure 1f). Note that the strong wave power at the lowest frequen-
cies observed throughout this interval (Figure 1b) is background noise that has been successfully removed by the
background subtraction (Figure 1e). This demonstrates that the background subtraction is essential in order to
correctly identify the waves. Other instances of strong wave power below the lower hybrid resonance frequency
during this interval are associated with smaller wave normal angles and larger ellipticities. These events all occur
inside the plasmapause and are identified as plasmaspheric hiss (Figure 1f). The strong magnetosonic waves were
all observed close to the magnetic equator (Figure 1g) inside the plasmapause as evidenced by the lack of ECH
waves in the HFR data (Meredith et al., 2004; Figure 1a).

To study the frequency dependence of the intensity of the magnetosonic waves, we rebin the wave power spectral
density into frequency bands varying with the lower hybrid resonance frequency. We use 10 frequency bands
between fcp and f; ;. of width 0.1f; ., except the lowest frequency band which spans f,, < f < 0.1f, ;. The proton
gyrofrequency can lie below the 2 Hz lower frequency limit of the WFR instrument when L* > 4. As a result, a
fraction of magnetosonic wave intensity in the lowest frequency band f,, < f < 0.1f,, is missed in this analysis for
L* > 4. Since this L* value is greater than the 2 < L* < 3.5 range that is studied in Section 5, the missed power
will not affect the results on electron lifetimes. Furthermore, only a small fraction of the magnetosonic wave
power is missed in this analysis for L* < 5.25. For |1, | < 6° in the bins 3.75 < L* <4.25and 4.75 < L* < 5.25,f,,
less than 2 Hz occurs 0.02% and 4.2% of the time, respectively, and the average fraction of the lowest frequency
band not accounted for is 0.02 and 0.03, respectively. This small fraction of missing wave power will have an
insignificant effect on the comparison with the chorus diffusion coefficients at L* = 4 and L* = 5 in Section 4.3.

3. Global Morphology
3.1. MLT Distribution

Figure 2 presents the global distribution of the average wave intensity of magnetosonic waves in the frequency
ranges 0.6f; p <f'< 0.7f, (Figures 2a-2c¢) and f,, < f < 0.1f; ; (Figures 2d-2f) in the equatorial region, |4,,| <6°,
for, from left to right increasing levels of geomagnetic activity as monitored by the Kp index. The average inten-
sities are computed by averaging the wave intensity of each individual observation in each geomagnetic activity
and relevant spatial location bin, taking into account times when magnetosonic waves are not observed. The maps
extend linearly out to L* = 7.0 with noon at the top and dawn to the right. The average intensities are shown in the
large panels and the corresponding sampling distributions are shown in the small panels. In the lowest frequency
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RBSP-A, Wave Survey Plot, 1st January 2015

chorus

magnetosonic

Wave Type

hiss

03:00 06:00 09:00 12:00 15:00 18:00 21:00
Universal Time

Figure 1. Survey plot showing the magnetospheric waves observed by the Van Allen Probe A EMFISIS instrument on 1
January 2015. (a) The wave electric field spectral density as measured by the high frequency receiver (HFR). Here, the solid
red line denotes f;,,, and the solid and dashed white lines represent the electron gyrofrequency, f,,, and its harmonics. (b) The
wave magnetic field spectral density as measured by the waveform receiver (WFR) and (c, d) the derived ellipticity and wave
normal angle. () The WFR magnetic field spectral density with measurements below the noise threshold removed and (f) the
wave classification, where magnetosonic waves appear in cyan. In (b)—(f), the solid line represents f, , the dashed lines 0.5f,,
and 0.1f,,, the dash-dot line f, ., and the dotted line £, .. The position of the spacecraft in magnetic coordinates is shown in (g).

band (Figures 2d-2f), the wave intensities increase with increasing geomagnetic activity and are strongest during
active conditions with average intensities typically exceeding 1,000 pT? in the region 1.5 < L* < 3.0 from 06:00
through noon to 22:00 MLT, extending to higher L* in the afternoon sector (Figure 2f). The intensities also gener-
ally increase with increasing geomagnetic activity in the 0.6f;,,; < f < 0.7, but the intensities are much weaker
(Figures 2a—2c) and the effect is not as significant as in the lower frequency band. These results are consistent
with previous studies showing that average magnetosonic wave intensities increase with increasing geomagnetic
activity (Kim & Shprits, 2017; Ma et al., 2013, 2016; Meredith et al., 2008; Zou et al., 2019).
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Magnetosonic Waves, |A,,,| < 6°
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Figure 2. Global maps of the average wave intensity of magnetosonic waves in the relative frequency bands

0.6f14x <f < 0.7f1 g (a—¢) and f,, < f < 0.1f; (d—f) in the near equatorial region, |4,,| < 6°, as a function of L* and magnetic
local time (MLT) for, from left to right, increasing geomagnetic activity as monitored by Kp. The maps extend linearly

out to L* = 7.0 with noon at the top and dawn to the right. The average intensities are shown in the large panels and the
corresponding sampling distributions are shown in the small panels.

We investigate the frequency dependence of the global distribution of magnetosonic waves further in Figure 3.
Here, we plot the global distribution of the average wave intensity of magnetosonic waves in nine frequency bands
between f, and 0.9f, ,, in the equatorial region, |4, < 6°, during geomagnetically active conditions, 4 <Kp <9
in the same format as Figure 2. In the lowest frequency band, f,, < f < 0.1f, . strong waves, which we define
as those with intensities greater than 200 pT?, are observed in the region 1.5 < L* < 3.0 over most MLT, the
exception being a 2 hr MLT sector around midnight, and extend to higher L*, 3.0 < L* < 5.0, on the dusk-side,
primarily in the region 12 < MLT < 20 (Figure 3i). Strong waves are also observed in the frequency bands
0.1f, yr <f < 0.2, and 0.2f, ,,r < f < 0.3f, ;. Where they are primarily observed in the region 2.0 < L* < 4.0
from 08 to 20 MLT, extending to higher L*, 4.0 < L* < 5.0, near noon, 10 < MLT < 15 (Figures 3g and 3h). The
extent and magnitude of the waves decrease with increasing frequency, with strong waves rarely being observed
on average in frequency bands greater than 0.3f,,,; < f < 0.4f,,, (Figures 3a-3e).

3.2. Latitudinal Distribution

The latitudinal dependence of the magnetosonic waves in the nine frequency bands displayed in Figure 3 is shown
in Figure 4. Here, the average magnetosonic wave intensities, averaged over all MLT, during active conditions,
4 < Kp <9, are plotted in the meridional plane. The average intensities are plotted in the large panels and the
corresponding sampling distributions in the small panels. To aid visualization of the data, dipole field lines and
lines of constant magnetic latitude are included on the plot. The waves are confined to the equatorial region with
the bulk of the wave power observed at magnetic latitudes less than 6°. The strong waves in the lowest frequency
band have the largest latitudinal extent, extending up to 6° in the region 2.0 < L* < 3.5 (Figure 4i). The latitu-
dinal extent of the strong waves decreases with increasing frequency, where they become primarily restricted to
within a few degrees of the equator in the 0.2f, ;. < f < 0.3f,, frequency band (Figure 4g). Strong waves are less
common at higher frequencies and are largely absent in frequency bands above 0.3f, ;. < f < 0.4f, ;»-
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Figure 3. Global maps of the average wave intensity of magnetosonic waves in the near-equatorial region, |4,,| < 6°, during
active conditions, 4 < Kp <9, as a function of L* and MLT for nine relative frequency bands between f,, and 0.9f; ;. The
maps extend linearly out to L* = 7.0 with noon at the top and dawn to the right. The average intensities are shown in the large
panels and the corresponding sampling distributions are shown in the small panels.
4. Diffusion Coefficients
4.1. Computation Method
We calculate the pitch angle and energy diffusion coefficients using a data-driven version of the PADIE code
(Glauert & Horne, 2005; Ross et al., 2021), taking into account the power spectral density profile of the magne-
tosonic waves and colocated measurements of fp/fce as described in Ross et al. (2021). Here, the electron plasma
frequency is determined from the HFR electric field data (Kurth et al., 2015). However at low L*, the upper
hybrid resonance frequency often exceeds the upper frequency limit of the HFR instrument and, consequently,
/. cannot be determined. To compute the diffusion coefficients at low L*, L* < 2.2, we use the empirical density
model in Ozhogin et al. (2012) to compute f, /f,, when electron density measurements are not available.
In order to calculate the diffusion coefficients using the method in Ross et al. (2021), we bin the average wave
intensity and corresponding number of samples in each relative frequency band as a function of L*, MLT, 4,, f. /
f..» and geomagnetic activity as recorded by the Kp index. We adopt ten L* bins in the range 1.25 < L* < 6.25
in steps of 0.5 L*, 24 MLT bins in steps of 1 hr of MLT, 4 latitudinal bins in the range —6° < 1, < 6° in steps of
3° and 16 bins of f /f,, in the range 1 < f /f., <41 in steps of 2.5. The geomagnetic activity is divided into five
bins as follows, 0 < Kp< 1,1 <Kp<2,2<Kp<3,3<Kp<4, and 4 <Kp <9, which are a balance between
having sufficient samples for good statistics and resolution. Bins with less than 100 samples are excluded from
the computation of diffusion coefficients due to having poor statistics.
WONG ET AL. 7 of 18
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) 0.8frar < f<09frgr 0.7frur < f <08frur 0.6frur < f <0.7frur - 104

Average Intensity (pT?)

Figure 4. Global maps of the average wave intensity of magnetosonic waves in the meridional plane during active conditions,
4 <Kp <9, for nine relative frequency bands between f,, and 0.9f, ;. To aid visualization of the data, dipole field lines and
lines of constant magnetic latitude are included on the plots. The average intensities are shown in the large panels and the
corresponding sampling distributions in the small panels. Measurements with L* > 5.0 are omitted due to absence of full
MLT data coverage.

The variability of the wave power spectral density is examined Figure 5. Here, the MLT-averaged wave power
spectral density in the region |4, | < 3° is plotted as a function of relative frequency and f, /f,, during quiet, inter-
mediate, and active conditions for 2.5 < L* < 3.5, Figures 5a, 5d and 5g, 3.5 < L* < 4.5, Figures 5b, 5e and 5h,
and 4.5 < L* < 5.5, Figures 5c, 5f and 5i. The MLT averaging is carried out by first averaging within each 1 hr
MLT bin and then averaging across the 24 MLT bins. The average wave power in each f /f,, bin, obtained by
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Figure 5. MLT-averaged magnetosonic wave power spectral density in the near equatorial region, |4,,| < 3°, during quiet,
intermediate, and active times, as a function of relative frequency and £, /f,, for 2.5 < L* < 5.5. The magenta crosses plot the
average magnetosonic wave power over the full frequency range f,, < f'< f; in each f, /f,, bin.
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integrating over the full frequency range, is plotted in the magenta crosses. For all L*, we observe the general
trend of the wave power spectral densities increasing with decreasing relative frequency for all values of f, /f, . As
the activity level increases from quiet to active conditions, the wave power in each Jollfee bin generally increases,
evident also from the intensification of the wave power spectral density in the lower frequency bands.

At L* = 3 during quiet conditions, Figure 5a, the peak wave power spectral density occurs for 6 < f, /f,, < 8.5
and falls off rapidly with increasing frequency. Moving to intermediate and active conditions, Figures 5d and 5g,
strong wave power spectral densities, which we define as those greater than 5 pT? Hz~! and coded orange or red
in the plots, occur over a wider range of f, /f,, values, with the highest spectral densities being observed during
active conditions. Note, the lack of measurements for f, /f,, > 21 at L* = 3 is due to the upper frequency limit of
the HFR instrument. For L* = 4 and L* = 5, the same trend is observed with the strongest wave power spectral
densities being seen during active conditions for a wide range of values of f, /f, ..

For L* =4 and L* = 5, we also observe the strong wave power spectral densities extending to higher frequencies
at lower values of f /f, . For example, in Figure 5e, where strong wave power spectral densities only occur in the
lowest frequency band for 16 < f /f,, < 23.5 but extend up to 0.3f, , in the range 3.5 < f, /f,, < 8.5. Although
generally extending over a smaller frequency range, the strong wave power spectral densities occurring at large
1,lf.. can give rise to wave power comparable to that observed at low f, /f,, values. Similar to increasing f,/f...
increasing the wave frequency has the effect of shifting the Landau resonance to higher pitch angles for any given
energy.

We subsequently calculate the bounce-averaged pitch angle and energy diffusion rates, < D, > and < D, >, as a
function of pitch angle and energy in each L*, MLT, and geomagnetic activity bin. This is done first by computing
the weighted average of the diffusion coefficients over f, /f,, in a given spatial location and geomagnetic activity
bin. The resulting coefficients are then bounce averaged by summing the diffusion coefficients from each asso-
ciated magnetic latitude bin. We assume an electron—proton plasma and the wave normal angle distribution in
Horne et al. (2007), given by a Gaussian in X = tany, with the peak at y = 89° and width tan 86°. The resulting
coefficients are drift averaged by averaging the bounce-averaged coefficients over the 24 MLT bins to obtain
diffusion coefficients, < D, >P and < D, >P, as a function of L*, geomagnetic activity, energy, and pitch angle.

4.2. Number of Resonances

The effect of incorporating resonances beyond the Landau resonance was investigated for a range of f /f,, and
L* for different energies. We found that including only the Landau resonance misses out both energy and pitch
angle diffusion at low pitch angles for energies >4 MeV, with the higher order resonances having a larger effect
on the pitch angle diffusion coefficients. The importance of higher order resonances increases with both f /
/., and electron energy above 4 MeV. From computing the diffusion coefficients for electron energies of 4 and
10 MeV and two f, [f,, values, 3 and 30, for resonances n = —j, ..., j, where j = 1, ..., 10, we concluded that
including resonances n = —7, ..., 7 gives a good compromise between obtaining accurate diffusion coefficients
and computation time. The contributions from resonances Inl > 7 decreases with # and test runs with n = =70, ...,
70 showed differences between the diffusion coefficients of order <10~ s~! from the n = —7, ..., 7 calculations.

4.3. Results

The bounce- and drift-averaged diffusion coefficients are plotted as a function of pitch angle and energy in
Figure 6 for, from left to right, increasing L*, during quiet (Figures 6a—6h) and active conditions (Figures 6i—6p).
In each set of two panels, the pitch angle diffusion coefficients are presented in the upper panel and the energy
diffusion coefficients in the lower panel. The pitch angle and energy diffusion rates are dominated by those
caused by the Landau resonance with the influence of the cyclotron resonances only becoming apparent for pitch
angle diffusion at the lowest pitch angles and highest energies (Figures 6¢, 6d and 6j—61). For any given energy,
there tends to be a range of pitch angles where the diffusion due to the Landau resonance is strongest with the
lower and upper pitch angle bounds extending to higher pitch angles with increasing energy.

During quiet conditions, the pitch angle diffusion rates generally increase with increasing L* with rates peaking
around 2 X 10~7 s~ for energies in the range 100 keV < E < 200 keV at pitch angles in the range 70° < a,, <80°
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Figure 6. Bounce- and drift-averaged magnetosonic wave pitch angle and energy diffusion coefficients for Kp < 1 (a~h) and
4 < Kp <9 (i—p) for, from left to right, increasing L*.

at L* = 5.0 (Figure 6d). The energy diffusion coefficients follow a similar trend, albeit with lower rates, peaking
5% 1078 s~1at L* = 5.0 in a similar region of energy, pitch angle space (Figure 6h).

The diffusion coefficients are larger and more significant during active conditions. The same general trends
are observed but the peak pitch angle diffusion rates now exceed 5 x 107® s~! for energies in the range
100keV < E < 500 keV at pitch angles in the range 65° < a,,, < 85° at L* = 5.0 (Figure 61). The results show that
there is no pitch angle diffusion into the loss cone from the 90° pitch angle either during quiet or active times.
However, pitch angle scattering into the loss cone at low pitch angles is possible for energies >1 MeV, although
the rates are very small, being no larger than 10~7 s~! during active conditions. The energy diffusion coefficients
follow a similar trend, whilst remaining lower than the corresponding pitch angle diffusion rates, peaking around
10~ s~!at L* = 5.0 in a similar region of energy, pitch angle space (Figure 6p).

During both quiet and active conditions, we observe that the energy diffusion coefficients can be greater than the
pitch angle diffusion coefficients for energies <100 keV. This feature is also seen in the magnetosonic diffusion
coefficients in Ma et al. (2016), obtained using the analytical formula derived in Bortnik and Thorne (2010).
Although it is uncommon for energy diffusion to exceed pitch angle diffusion at a given energy and pitch angle,
this is not forbidden and it is checked in PADIE that the coefficients satisfy the inequality

D?, < DuuDek, 3)

derived in Lyons (1974).

The bounce- and drift-averaged energy diffusion rates due to magnetosonic waves during active times, Kp = 4, are
compared with the chorus diffusion coefficients in Horne et al. (2013) in Figure 7. The chorus diffusion matrix in
Horne et al. (2013) uses the Olson—Pfitzer quiet time external magnetic field model (Olson & Pfitzer, 1977) and
therefore the L* values in their diffusion matrix do not directly correspond to those in this paper. Nonetheless,
we can still make a useful comparison. On average, the energy diffusion rates for magnetosonic waves are lower
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Bounce and Drift Averaged Diffusion Rates, Kp = 4
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Figure 7. Bounce- and drift-averaged energy diffusion rates of magnetosonic waves (orange) and whistler mode chorus
(blue) during active times, Kp = 4, as a function of pitch angle at L* = 4.0 (a—d) and L* = 5.0 (e-h), for, from left to right,
increasing energy.

than those due to chorus waves at all energies at both L* = 4.0 and 5.0. This suggests that electron energization
to relativistic energies will, on average, be dominated by whistler mode chorus with magnetosonic waves playing
a minor role.

The results in Figure 6 show that magnetosonic waves alone cannot scatter electrons from a pitch angle of 90°
into the loss cone. However, the pitch angle diffusion rates become large at intermediate pitch angles where they
may assist pitch angle scattering due to other wave modes and, potentially, decrease electron loss timescales
when acting in combination with plasmaspheric hiss (Meredith et al., 2009). In the next section, we combine the
bounce- and drift-averaged pitch angle diffusion rates with those due to plasmaspheric hiss and VLF transmitters
to study, in detail, the effect of magnetosonic waves on electron loss timescales in the region 2.0 < L* < 3.5.

5. Loss Timescales

In this section, we investigate the effect of magnetosonic waves on electron loss timescales in the presence of
plasmaspheric hiss and VLF transmitters, focusing on the slot region where these waves could be important. For
plasmaspheric hiss, we use the diffusion matrix derived from a database of plasma waves in the frequency range
10 Hz to 4 kHz compiled from eight satellites (Meredith et al., 2018) and which includes contributions from
lightning-generated whistlers in the frequency range 2 kHz < f < 4 kHz (e.g., Meredith et al., 2006). For VLF
transmitters, we use the diffusion matrix computed in Ross et al. (2019) from global models of VLF transmitters
derived from Van Allen Probe observations (Meredith et al., 2019). We also include scattering from Coulomb
collisions using the prescription in Abel and Thorne (1998) and the density model in Ross et al. (2019). Similarly
to the chorus diffusion matrix discussed in Section 4.3, the matrices listed above use the Olson—Pfitzer magnetic
field model (Olson & Pfitzer, 1977). However, for the region of interest in this section, 2 < L* < 3.5, the differ-
ence between L* computed with Olson—Pfitzer and TS04 (Tsyganenko & Sitnov, 2005) is expected to be small.

The pitch angle diffusion coefficients during active conditions, Kp = 4, are shown as a function of pitch angle for
magnetosonic waves (green traces), plasmaspheric hiss (blue traces), and VLF transmitters (orange traces) for,
from left to right, increasing energy and, from top to bottom, increasing L* in Figure 8. Here, the white regions
highlight the range of pitch angles where the pitch angle diffusion rates due to magnetosonic waves dominate over
those due to plasmaspheric hiss and VLF transmitters. At L* = 2.0, magnetosonic waves increase the pitch diffu-
sion rates by a factor of 10 or more over a range of pitch angles, for all energies considered. In particular, at MeV
energies, they help fill in bottlenecks in the pitch angle diffusion rates due to plasmaspheric hiss (Figures 8a—8d).
Moving out, at higher values of L*, magnetosonic waves remain important at lower energies but become insig-
nificant at 2 MeV.
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Figure 8. Bounce- and drift-averaged pitch angle diffusion rates of plasmaspheric hiss (blue), very low frequency (VLF)
transmitters (orange), and magnetosonic waves (green) during active conditions, Kp = 4, for, from left to right, increasing
energy and, from top to bottom, increasing L*. White regions highlight the pitch angle range where the pitch angle diffusion
rates of magnetosonic waves exceed that of plasmaspheric hiss and VLF transmitters.

In general, the pitch angle distribution evolves into a characteristic shape, which then decays with a characteristic
timescale that can be determined. Using the 1D pitch angle diffusion model described in Ross et al. (2019), we
study the impact of magnetosonic waves on electron loss timescales after a steady rate of decay in the flux has
been reached. The 1D model solves the pitch angle diffusion equation neglecting energy and radial diffusion,
which are expected to be small in comparison to pitch angle scattering in the region 2.0 < L* < 3.5, with a numer-
ical time stepping method for fixed boundary conditions

Ofucor(t)  Ofucorr(t)
o o

0, “

where f,(¢) is the flux at pitch angle a and time ¢ (Meredith et al., 2009; Ross et al., 2019). Electron losses into the
atmosphere via Coulomb collisions are included within the bounce loss cone via a loss term with a timescale of
a quarter bounce period. For all runs, we include pitch angle diffusion from Coulomb collisions, plasmaspheric
hiss, and VLF transmitters and impose that a steady decay rate in the pitch angle distribution has been reached
when the decay rate at each pitch angle is within 2% of the average decay rate across all pitch angles. The initial
pitch angle distribution, f,(z = 0), is taken to be

fat = 0) x sin’a. )

The pitch angle distribution varies with energy, spatial location, and geomagnetic activity and the exponent of
3 was chosen following the sin” a fits in Shi et al. (2016) for the region 2 < L* < 3.5. The shape of the initial
distribution is also forgotten once the pitch angle distribution has evolved into its characteristic shape. The decay
rate at time ¢ and pitch angle a, z,, is computed from

fat) = fult = Ar)e™/%, (6

where At is the time step.

Figure 9 presents the loss timescales with and without magnetosonic waves for Kp = 2.5 (Figures 9a-9d) and
Kp = 4.0 (Figures 9e—9h) for, from left to right, increasing energy. Here, the loss timescales with and without
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Loss Timescales with and without Magnetosonic Waves
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Figure 9. Loss timescales, in days, for 1D model runs with (orange) and without (blue) magnetosonic waves for Kp = 2.5
(a—d) and Kp = 4 (e-h), for, from left to right, increasing energy.

magnetosonic waves are colored orange and blue, respectively. Magnetosonic waves result in the reduction of
the electron lifetimes over a range of L* for each energy at both intermediate at high activity levels, with the
reductions being largest during active conditions. For example, during intermediate conditions, the presence of
magnetosonic waves reduces the loss timescales for 500 keV electrons from 6.7 to 2.6 days and for 1 MeV elec-
trons from 133.6 to 51.1 days at L* = 2.5 and 2.0, respectively (Figures 9b and 9c). The effects are even more
significant during active conditions when magnetosonic waves reduce the loss timescales for 500 keV electrons
from 5.6 to 1.5 days and for 1 MeV electrons from 140.4 to 35.7 days at L* = 2.5 and 2.0, respectively (Figures 9f
and 9g).

The ratio of loss timescales between the model runs without and with magnetosonic waves is shown in Figure 10.
Here, this ratio is plotted as a function of L* for, quiet, intermediate, and active conditions for, from left to
right, increasing energy. The largest reductions, of the order of a factor of 4, are seen during active conditions at
L* =2.5 and L* = 2.0 for 500 keV (Figure 10b, red trace) and 1 MeV electrons (Figure 10c, red trace), respec-
tively. During intermediate conditions, at 100 keV, decreases in the loss timescales, of the order 1.5 or more, are
observed in the region 2.9 < L* < 3.5 (Figure 10a, orange trace). Moving to higher energies, the region where
magnetosonic waves decrease the timescales by a factor of 1.5 or more moves to lower L*, being observed in

Ratio of Loss Timescales
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& ]
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Figure 10. Ratio of loss timescales obtained from 1D model runs without (CHT) and with (CHMT) the inclusion of
magnetosonic waves for three Kp values for, from left to right, increasing energy. The effect of magnetosonic waves is largest
at high geomagnetic activity, peaking for lower energies at increasing L*.
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the region 2.4 < L* < 2.8 at 500 keV (Figure 10b, orange trace) and in the region 2.0 < L* < 2.2 at 1 MeV
(Figure 10c, orange trace). Magnetosonic waves become even more important during active conditions where
reductions in the lifetimes by a factor of 2 or more are observed in the regions 2.9 < L* <3.2,2.5 <L* <2.7,and
2.0 < L*<2.2at100keV, 500 keV, and 1 MeV, respectively (Figures 10a—10c, red traces).

6. Discussion

Horne et al. (2007) suggested that magnetosonic waves could accelerate electrons to relativistic energies on a
timescale of the order of 1 day outside the plasmapause and could thus be an important acceleration mechanism
in the Earth’s outer radiation belt. However, more recently, both Shprits et al. (2013) and Ma et al. (2016) have
suggested that the timescales could be an order of magnitude or more larger. Our results show that the bounce-
and drift-averaged energy diffusion rates for magnetosonic waves are always lower than those due to chorus
waves in the important energy range from 100 keV to 2 MeV at L* = 4.0 and 5.0. This suggests that electron
energization to relativistic energies is dominated by whistler mode chorus with magnetosonic waves playing
a very minor role, at least during average conditions. This is in contrast to the suggestion that magnetosonic
waves could be very important for electron acceleration to relativistic energies. Horne et al. (2007) used a peak
wave intensity of 47,000 pT? based on observations from Cluster 3 in November 2002. This intensity is much
larger than the average intensities of 2,866 and 2,620 pT? at L* = 4.0 and 5.0, respectively, in the near equatorial
region, |4,| < 6°, during active conditions 4 < Kp < 9 determined from our global model. Since diffusion rates
are proportional to the magnetic field intensity, Figure 7 shows that the energy diffusion by magnetosonic waves
would be 16—18 times larger than average in this case for ranges of intermediate pitch angles at energies greater
than 500 keV. Indeed, the Van Allen Probe observations show that such large intensities are observed, with total
wave intensities in the region |1, | < 6° exceeding 47,000 pT? for 2.4% of all the positive identifications of magne-
tosonic waves. This suggests that while whistler mode chorus plays the dominant role in the energization of elec-
trons to relativistic energies most of the time, there could be cases when the magnetosonic waves are particularly
strong and persistent and magnetosonic waves play the dominant role.

Meredith et al. (2009) suggested that both lightning-generated whistlers and magnetosonic waves at L = 2.0 could
significantly reduce the lifetimes of 2 MeV electrons, potentially bringing the lifetimes down from 238 days
for plasmaspheric hiss alone to 34 days when lightning-generated whistlers were included and to 43 days when
magnetosonic waves during active conditions were included. However, these results were based on diffusion
rates derived from wave electric field measurements from the Plasma Wave Experiment (Anderson et al., 1992)
on board the CRRES spacecraft (Johnson & Kierein, 1992) and were subject to a potentially inaccurate conver-
sion from the wave electric field to the wave magnetic field. Furthermore, the magnetosonic wave observations
included contributions from plasmaspheric hiss occurring in the same frequency range as the magnetosonic
waves. Here, we use wave magnetic field observations of plasmaspheric hiss and magnetosonic waves, noting
that our definition of plasmaspheric hiss also includes contributions from lightning-generated whistlers in the
frequency range 2 kHz < f < 4 kHz. Furthermore, the waves in the frequency range f,, < f < f, ,, have been clearly
identified as magnetosonic waves by applying the additional criteria of large wave normal angles and low elliptic-
ity. By using the computed diffusion rates in the 1D pitch angle diffusion equation, our results show a significant
reduction in the electron lifetimes in the presence of magnetosonic waves, maximizing for 500 keV electrons at
L* =2.5 and for 1 MeV electrons at L* = 2.0 where the modeled lifetimes are reduced from 5.6 to 1.5 days and
from 140.4 to 35.7 days, respectively, during active conditions.

To understand whether pitch angle diffusion driven by magnetosonic waves results in a better agreement with
measurements, we compare our results with the e-folding lifetimes derived in Claudepierre et al. (2020). In their
study, Claudepierre et al. (2020) computed lifetimes for the decay of electron fluxes over a minimum period of
5 days using data from the MAGEIS instrument (Blake et al., 2013) on the Van Allen Probes. Their paper focuses
on electrons with equatorial pitch angle between 70° and 110°, in contrast to the loss timescales computed here,
for the decay of the flux once a steady rate of decay has been reached, which has no pitch angle dependence. For
the energies and L* values in Table 1 and our choice of initial pitch angle distribution, the fluxes from the 1D
pitch angle scattering model for pitch angles between 70° and 110° often decay slower before reaching the steady
decay rate and the model values in Table 1 can be treated as lower bounds on the loss timescale in the comparison.
The model of lightning-generated whistlers incorporated in the hiss diffusion matrix only includes frequencies
below 4 kHz and a comprehensive treatment would include the effects of lightning-generated whistlers above
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Table 1
Comparison of Electron Loss Timescales From the 1D Model Runs With and Without Magnetosonic Waves for Quiet,
Intermediate, and Active Conditions, and the Lifetimes Determined in Claudepierre et al. (2020), Labeled C2020

Loss timescale (days)

Without magnetosonic With magnetosonic

Energy and L* Kp=0.5 Kp=25 Kp=4 Kp=0.5 Kp=25 Kp=4 C2020

500 keV, L* = 2.5 12.6 6.7 5.6 10.1 2.6 1.5 7
1MeV, L*=2.0 120.2 133.6 140.4 92.3 51.1 35.7 50

Note. All timescales in the table are expressed in units of days.

4 kHz (Agapitov et al., 2014; Green et al., 2020; Ma et al., 2017; Zahlava et al., 2019). However, a deep minimum
in the diffusion rates due to hiss and lightning-generated whistlers still exists even when the higher frequencies
are included (Agapitov et al., 2014) and, in such circumstances, the diffusion driven by magnetosonic waves
reported here will continue to act to fill the bottleneck resulting in a subsequent reduction in the computed elec-
tron loss timescales.

Table 1 shows the electron loss timescales for 500 keV and 1 MeV at three activity levels and the empirical
lifetimes obtained in Claudepierre et al. (2020). The empirical lifetimes are likely to result from a combination
of the modeled lifetimes for different Kp levels and while we do not expect a value of Kp = 4 to be sustained
over a period of 5 days we present the result to show the lifetimes that can be achieved with the model during
active conditions. The observed loss timescale of 7 days for 500 keV electrons at L* = 2.5 falls in the range of the
modeled lifetimes during quiet and intermediate conditions for the scenarios both with and without magnetosonic
waves. However, the observed loss timescale of 50 days for 1 MeV electrons is shorter by more than a factor of 2
than that estimated from plasmaspheric hiss and VLF transmitters alone, even during active conditions, and the
latter is a lower bound. In this case, magnetosonic waves are required to bring the lifetimes down to observable
levels.

The Ozhogin et al. (2012) density model is used to compute f, /f,, when density measurements from the Van Allen
Probes are not available for L* < 2.2 and accounts for 78.6% of the f, /f,, values in the L* = 2 bin. The magne-
tosonic diffusion coefficients for L* = 2 therefore do not capture the full variability of f, /f,,. Model runs with
a magnetosonic diffusion matrix computed using only Ozhogin et al. (2012) density values produced a lifetime
of 42.8 days for 1 MeV electrons at L* = 2 and Kp = 4 compared with 35.7 days with the current method. This
suggests that electron lifetimes at L* = 2 could reduce further if the full variability of f, /f,, is taken into account.

7. Conclusions

We have conducted a global survey of magnetosonic waves and computed bounce- and drift-averaged diffusion
coefficients, taking into account colocated measurements of the wave power and f, /f,,. Using these diffusion
coefficients, we have computed electron lifetimes from running a 1D pitch angle diffusion model with plasmas-
pheric hiss, VLF transmitters, and magnetosonic waves. Our principal findings are as follows:

1. The average magnetosonic wave intensities increase with increasing geomagnetic activity and decreasing
relative frequency with the majority of the wave power in the range f, < f < 0.3f,,, during active conditions.

2. The bounce- and drift-averaged energy diffusion rates in the region 4.0 < L* < 5.0 are lower than those due
to whistler mode chorus, suggesting that whistler mode chorus is the dominant mode for electron energization
to relativistic energies.

3. The bounce- and drift-averaged pitch angle diffusion rates exceed those due to plasmaspheric hiss and VLF
transmitters over a limited range of intermediate pitch angles in the region 2.0 < L* < 3.5.

4. Magnetosonic waves have a significant effect on electron loss timescales in the slot region reducing the loss
timescales from 6.7 to 2.6 days for 500 keV electrons at L* = 2.5 and from 133.6 to 51.1 days for 1 MeV
electrons at L* = 2.0 during intermediate conditions.
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