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Abstract

Plasmaspheric hiss waves are a dominant source of scattering for keV – MeV radiation belt electrons within the plasmasphere.

Previous simulation and modeling work concerning hiss waves has often incorporated them via particle-based parameterizations

(e.g., L-shell). However, recent work has shown that not only is hiss wave power loosely dependent on L-shell, but that

proximity to the plasmapause may yield more accurate wave power distributions as it pertains to the modeling and scattering

of electrons. This work serves to expand upon those previous studies by creating a low frequency (20 – 150 Hz) hiss wave model

and incorporating a previously crafted high frequency (> 150 Hz) hiss wave model based on plasmapause location, proximity to

the plasmapause, and Kp activity level. Diffusion coefficients created using this method produced shorter lifetimes for electrons

between ˜300 keV – 4 MeV than their L-sorted counterparts. Furthermore, 3D-simulations using and comparing the different

hiss wave models (plasmapause sorting vs. L-sorting) find that the plasmapause based approach yields more accurate results

when compared to Van Allen Probe-A observations.
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Abstract: Plasmaspheric hiss waves are a dominant source of scattering for keV
– MeV radiation belt electrons within the plasmasphere. Previous simulation and
modeling work concerning hiss waves has often incorporated them via particle-
based parameterizations (e.g., L-shell). However, recent work has shown that
not only is hiss wave power loosely dependent on L-shell, but that proximity to
the plasmapause may yield more accurate wave power distributions as it pertains
to the modeling and scattering of electrons. This work serves to expand upon
those previous studies by creating a low frequency (20 – 150 Hz) hiss wave
model and incorporating a previously crafted high frequency (> 150 Hz) hiss
wave model based on plasmapause location, proximity to the plasmapause, and
Kp activity level. Diffusion coefficients created using this method produced
shorter lifetimes for electrons between ~300 keV – 4 MeV than their L-sorted
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counterparts. Furthermore, 3D-simulations using and comparing the different
hiss wave models (plasmapause sorting vs. L-sorting) find that the plasmapause
based approach yields more accurate results when compared to Van Allen Probe-
A observations.

1. Introduction

Plasmaspheric hiss waves play a critical role in the dynamics of
Earth’s inner radiation belt electron population. Through wave
particle-interactions, hiss waves scatter keV – MeV electrons in pitch
angle, primarily inside or near the plasmapause, causing them to pre-
cipitate to Earth’s atmosphere. Therefore, plasmaspheric hiss waves
as a loss mechanism are an important component for simulations of
inner radiation belt electrons (Albert et al., 2009; Fok et al., 2014;
Miyoshi et al., 2006; Y. Y. Shprits et al., 2008; Subbotin & Shprits,
2009; Summers et al., 2007). When included in simulations, hiss
wave activity is typically incorporated using statistically determined
characteristics (e.g., spectral shape, intensity, frequency range, etc.)
parameterized by magnetic local time (MLT), geomagnetic activity
level, and by L shell (Glauert et al., 2014; K. Orlova et al., 2016;
Ksenia Orlova & Shprits, 2014; Tsurutani et al., 2015).

However, recent studies have revealed that the distribution of hiss
wave activity and wave power are largely dictated with respect to
the location of the plasmapause (Malaspina et al., 2016, 2017) with
peak hiss wave intensity found to occur consistently between 1 –
1.5 L shell earthward of the plasmapause. The distribution of hiss
wave power with respect to distance from the plasmapause alters
their corresponding diffusion coefficients, impacting the scattering
of keV – MeV electrons. One-dimensional modeling of an idealized
geomagnetic storm at L = 3.5 found that the plasmapause sorted hiss
wave activity yielded faster decay times of 1 MeV electrons compared
to their L-sorted counterparts (Malaspina et al., 2020). This result
has critical implications for how hiss wave activity is incorporated
into inner magnetosphere radiation belt modeling.

However, Malaspina et al. [2020] only performed a series of one-
dimensional simulations (without comparisons to observations) and
incorporated hiss wave activity observed between 150 – 2000 Hz, de-
spite the existence of a low- frequency hiss component found between
40 – 150 Hz (Li et al., 2013; Malaspina et al., 2017). To determine
the importance of a plasmapause-sorted hiss wave parameterization,
we must expand upon the previous studies, which used only high
frequency (150 – 2000 Hz) hiss, and include the low frequency com-
ponent (like the previous L sorted counterparts (K. Orlova et al.,
2016; Ksenia Orlova & Shprits, 2014; Spasojevic et al., 2015; Zhu et
al., 2019)) while performing a series of three-dimensional simulations
of radiation belt electrons and comparing their results to observed
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radiation belts. This paper uses the same Lpp sorting metric as
Malaspina et al. (2020) and Malaspina et al. (2016) to construct
a low-frequency plasmaspheric hiss model and parameterization, de-
veloping corresponding diffusion coefficients, and testing them by
performing radiation belt simulations.

This current study will be presented in the following manner: Section
2 will focus on the description of the instrumentation used to perform
this study (the Van Allen Probes, Section 2.1), the methodology used
to extract the hiss wave measurements from the Van Allen Probes
(Section 2.2), the development of the hiss wave diffusion coefficients
(Section 2.3), and a description of the Versatile Electron Radiation
Belt (VERB) code used to simulate the radiation belts (Section 2.4).
In Section 3, we will explore the method of how we parameterized
the low-frequency hiss waves. Section 4 will focus on the VERB code
simulations and results. In Section 5, we will discuss the implications
of our results and present our conclusions, respectively.

1. Methodology

(a) Van Allen Probes

For this study, we use observations from the Van Allen Probes, two
identical spacecraft which orbited the Earth with apogee and perigee
of 5.8 and 1.1 Re, respectively. The Probes (denoted as Probe-A
and Probe-B) executed highly elliptical, low-inclination (~10°) orbits
with a ~9-hour orbital period. Both probes were equipped with the
Electric and Magnetic Field Instrument Suit and Integrated Science
(EMFISIS) (Kletzing et al., 2013) with high temporal resolution mag-
netic field measurements (64 vectors per second), and the Electric
Fields and Waves instrument (Wygant et al., 2013), which measured
the spacecraft floating potential. Floating potential measurements,
calibrated against measurements of the upper hybrid line by EMFI-
SIS, are used to determine the in-situ total plasma density. Plasma
measurements were made by the Radiation Belt Space Probes Ener-
getic Particle Composition and Thermal Plasma suite (RBSP-ECT)
(Spence et al., 2013). From the RBSP-ECT suite, we use measure-
ments taken by the Magnetic Electron Ion Spectrometer (MagEIS)
(which measured 20 keV – 5.0 MeV energy electrons) (Blake et al.,
2013) and the Relativistic Electron Proton Telescope (REPT) (which
measured the 1.8 – 20 MeV energy electrons) (Baker et al., 2013).
Observations from Van Allen Probe B from September 2012 to May
2018 are used in this study. Data recorded from September 2012
to May 2016 on Van Allen Probe A were also used. Data recoded
after May 2016 on Van Allen Probe A were not used, as accumu-
lated radiation damage endured by the spacecraft’s electric fields
sensor preamplifiers compromised their ability to accurately mea-
sure spacecraft potential (required to determine the electron density
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in combination with the upper hybrid frequency (Jahn et al., 2020))
shortly after this date.

L-shell was determined using the Olson-Pfitzer quiet-time magnetic
field model (Olson & Pfitzer, 1974) at any given spacecraft loca-
tion and time. The Olson-Pfitzer model performs well at both low
L-shells (L < 4.5, during geomagnetically active and quiet times)
and at high L-shells (L > 4.5, during geomagnetically quiet times).
Since plasmaspheric hiss wave activity is within the plasmasphere
regardless of the plasmapause location (with regards to L-shell), the
Olson-Pfitzer model is an appropriate choice for plasmaspheric hiss
studies.

1. Plasmaspheric Hiss Data and Identification

Following the method described in Malaspina et al., (2016), plasma
density was derived from the spacecraft potential measurements and
calibrated for each orbit, against the measured upper hybrid fre-
quency. Plasmapause crossings were determined whenever changes
in density of 5 times (or higher) over 0.5 L-shells occurred (Moldwin
et al., 2002). Should multiple density gradients with this criterion
occur over a single inbound/outbound pass, the one closest to Earth
was designated as the plasmapause crossing.

A series of exclusions were implemented to remove other phe-
nomenon observed by the Van Allen Probes. First, data recorded
at L < 1.6 were not considered. Half orbits where no plasmapause
crossing were detected using the Moldwin et al. (2002) method
were also excluded since the ΔLpp (distance in L-shell from the
plasmapause) could not be identified. Since we are trying to isolate
the contribution of low-frequency hiss, only wave power observed
between 20 – 150 Hz were considered. Wave observations outside
of the identified plasmapause L shell (or when the corresponding
plasma density was less than 50 cm-3) are excluded as a filter
against chorus wave power.

Further filters were applied to the remaining spectral wave data to
isolate plasmaspheric hiss waves from other wave modes and back-
ground noise. Spectral bins where magnetosonic waves are dominant
were removed (by time and frequency bin) by employing a compress-
ibility threshold of 𝐵𝑤𝑎𝑣𝑒∥

𝐵wave total
> 0.6. Remaining spectral data was

then subject to the following criteria to identify hiss waves: elliptic-
ity > 0.7, signal to noise � 5, and planarity > 0.2.

After the above-described filtering processes, plasmaspheric hiss data
(in units of nT2/Hz) were examined and binned with respect to dis-
tance of the plasmapause from the Earth (Lpp), frequency (using
the EMFISIS frequency bins), distance to the plasmapause (ΔLpp),
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magnetic local time (MLT), and the Kp geomagnetic index. Four
bins were used to describe Lpp: 2 � Lpp < 3, 3 � Lpp < 4, 4 � Lpp <
5, and 5 � Lpp < 6. Twenty-five bins (of 0.2 L) were used to describe
the ΔLpp (spanning a range of -5.0 to 0). Kp was divided into 6
“activity levels”: 0 � Kp < 1, 1 � Kp < 2, 2 � Kp < 3, 3 � Kp < 4, 4
� Kp < 5, and Kp � 5 (the size of this last bin was chosen to ensure
enough data for meaningful statistics, as intense geomagnetic condi-
tions during the Van Allen Probes era were rare (Malaspina et al.,
2020; Saikin et al., 2021)).

1. Calculation of Diffusion Coefficients

The Full Diffusion Code (FDC) (Shprits & Ni, 2009) is used to cal-
culate the low-frequency hiss diffusion coefficients. The Lpp-sorted
low frequency hiss wave polynomials derived in Section 3 are used
as frequency inputs into the FDC. Plasma number density is defined
using the (Denton et al., 2006) model. Following (Glauert & Horne,
2005), the wave normal distribution is assumed to be a Gaussian
distribution with a peak of tan(0°), a width of tan(30°), and a lower
(upper) cutoff at tan(0°) (tan(45°), respectively). Resonance orders
from -5 to 5 (including a zero order) are also considered.

1. The VERB code

The VERB code models the relativistic electrons within the radia-
tion belts by repeatedly solving the Fokker-Planck equation numer-
ically (Shprits et al., 2008; Subbotin, Shprits, Gkioulidou, et al.,
2011). The Fokker-Planck equation incorporates several processes
to describe the dynamics and evolution of radiation belt electrons.
For example, wave-particle interactions (i.e., local acceleration, ra-
dial transport, or electron loss to the atmosphere) caused by light-
ning whistler waves, electromagnetic ion cyclotron waves, chorus, or
plasmaspheric hiss often impact radiation belt electrons through a
combination of pitch-angle, energy, mixed term diffusion, and radial
diffusion (caused by ultralow frequency (ULF) waves).

We use a single grid configuration of modified adiabatic invariants K
(𝐾 = 𝐽

√8𝑚0𝜇 , where � and 𝑚0 represent the first adiabatic invariant
and the electron mass, respectively) and V (𝑉 = 𝜇 ∗ (𝐾 + 0.5)2) to
solve the 3-D Fokker-Planck equation (Landis et al., 2022; Saikin et
al., 2021; Subbotin & Shprits, 2012). The use of these parameteriza-
tions is convenient for numerical calculations and defining boundary
conditions because V is only loosely dependent on the particle’s pitch
angle, and K is independent of the particle’s energy. This method
allows us to sidestep the interpolation between numerical grids used
in earlier VERB-3D simulations, which reduces unstable code behav-
ior and numerical errors (Subbotin & Shprits, 2009). Using these
modified invariants, the Fokker-Planck equation takes the form:
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df
dt = 1

𝐺
𝜕

𝜕𝐿G ⟨𝐷LL⟩ 𝜕𝑓
𝜕𝐿 + 1

𝐺
𝜕

𝜕𝑉 𝐺 (⟨𝐷VV⟩ 𝜕𝑓
𝜕𝑉 + ⟨𝐷VK⟩ 𝜕𝑓

𝜕𝐾 ) + 1
𝐺

𝜕
𝜕𝐾 𝐺 (⟨𝐷KV⟩ 𝜕𝑓

𝜕𝑉 + ⟨𝐷KK⟩ 𝜕𝑓
𝜕𝐾 ) − 𝑓

𝜏 (1)

where f represents the three-dimensional phase space density (PSD),
and � is the electron’s lifetime. Here, ⟨𝐷LL⟩ , denotes the radial diffu-
sion coefficients while ⟨𝐷VV⟩,⟨𝐷KK⟩ , 𝑎𝑛𝑑 ⟨𝐷VK⟩ represent the drift
and bounce-averaged diffusion coefficients. The Jacobian transfor-
mation from an adiabatic invariant system (�, J, Φ) is denoted by G
(𝐺 = −2𝜋𝐵0𝑅2

𝐸𝐿−2√8𝜇𝑚0/(𝐾 + 0.5)2). RE represents the Earth
radius and B0 = 0.3 G (the magnetic field on the equator of the
Earth’s surface). Finally, f/� is a loss term accounting for losses to
the atmosphere and those caused by magnetopause shadowing.

In keeping with previous VERB-3D code simulation studies (Kim et
al., 2011; Subbotin, Shprits, & Ni, 2011), we used the Kp-dependent
electromagnetic (DLLm) radial diffusion coefficients derived from
Brautigam and Albert (2000). Though initially designed for Kp � 6,
the functional dependence derived by Brautigam and Albert (2000)
for the radial coefficient model has been used to include the Kp > 6
values.

All simulations were performed on an orthogonal grid of size 29 x
62 x 61 points for L*, V, and K, respectively. The boundary con-
ditions for these simulations are set at L* = 5.6 (with the total L*
range set from 1.0 – 5.8) for energies from 10 keV to 10 MeV (V)
and pitch angles from 0.7°–89.3° (K), respectively. The VERB code
does not include convection since previous studies have shown that
a lower energy boundary condition set at ~tens of keV have little
effect on radiation belt electrons (Castillo et al., 2019; Subbotin,
Shprits, Gkioulidou et al., 2011). Losses to the atmosphere are rep-
resented by setting the lower L* boundary condition to zero. The
L* and pitch angle grid points are distributed linearly, while the V
grid points are distributed on a logarithmic scale. The effective loss
within the loss cone is simulated through the f/� term in Equation 1.
The upper K boundary condition is set to both 0 and a zero-gradient
PSD (representing a flat distribution at 90°), while the PSD at the
lower K boundary is set to 0 (representing the losses to the atmo-
sphere in the loss cone). PSD at the lower V boundary is set to
an initial value and remains constant (representing the steady state
balance between sources and losses of the low energy populations).
PSD at the upper V boundary is set to 0.

Wave-particle interactions (through gyro resonance) are incorpo-
rated using previously derived parameterizations of waves: Very
Low Frequency (VLF) whistler waves and lightning waves (Sub-
botin, Shprits, & Ni, 2011), dayside and nightside chorus waves (K.
Orlova et al., 2016), and Electromagnetic Ion Cyclotron (EMIC)
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waves (included when Kp > 2 and with a fixed amplitude, 0.1
nT2) (Drozdov et al., 2017). The high-frequency component of
plasmaspheric hiss waves is taken from Malaspina et al. (2020).
For comparison, we have also utilized the plasmaspheric hiss model
developed by Zhu et al. (2019). All diffusion coefficients used
were converted to the modified adiabatic invariant coordinate
system (V and K) using the methodology provided by Subbotin &
Shprits (2012). The plasmapause boundary was modeled using the
Kp-driven Carpenter & Anderson (1992) metric.

1. Parameterizations of low-frequency hiss waves

After hiss wave data were filtered and appropriately binned (accord-
ing to Section 2.2), we employed another MLT categorization. While
hiss wave activity is present throughout all MLT sectors, low fre-
quency hiss waves exhibit stronger wave powers in the dayside mag-
netosphere (Malaspina et al., 2017), compared to the nightside. To
ensure a more accurate parameterization, we have divided the low-
frequency hiss waves into the “active” MLT sectors (7 � MLT < 21)
and the “non-active” sectors (21 � MLT < 7). Figure 1 shows the
wave power spectra (averaged for their respective bin) for all the ac-
tive MLT low-frequency hiss wave spectra (independent of ΔLpp, Kp,
and Lpp). While all observed wave spectra decrease with decreasing
frequency, from visual inspection, it becomes clear that there are
at least two dominant spectral shapes. First, the wave spectra be-
ginning at > 10-2 nT2 at ~142 Hz (i.e., the yellow and gold lines)
immediately begin decreasing with sharper slopes. Wave spectra
which generally begin at either �10-2 nT2 (i.e., the cyan and blue
lines) remain constant in power (140 - ~70 Hz) before they begin
to noticeably decrease. Hiss wave profiles in Figure 1 have been
sorted with respect to at what frequency they cross the wave power
threshold (with each spectra being represented by a singular color).

Figure 1. All “Active” MLT Hiss Spectra vs Frequency
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Figure 1: The wave spectra (nT2) for all “active” MLT hiss waves
versus frequency. The spectra have been sorted (and colorized) with
respect to at which frequency it crosses the wave power threshold
condition (10-2.7 nT2). Each color refers to a specific hiss wave
profile.

From this observation, we have chosen to parameterize wave spectra
based at the frequency at which they cross a threshold wave power
(10-2.7 nT2). Note that altering this wave power threshold would
shuffle which spectra get grouped together and affect the model.
This created eleven frequency categories which crossed the thresh-
old wave power between 35 – 112 Hz. For each category, data points
are averaged and fitted with a 7th order polynomial (in keeping with
Malaspina et al. (2020)):
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PSD(𝑓) = ∑7
𝑛=0 𝑎𝑛𝑓𝑛 (2)

In situations where the Root Mean Square Error (RMSE) > 0.30,
when compared to the averaged data, a k-means clustering analysis
(Jin & Han, 2017) sorting filter was applied. A polynomial number
was assigned for each sorted averaged spectrum (starting with the
lowest frequency threshold crossing, i.e., 35 Hz). Figure 2 shows the
frequency categories and the resulting derived polynomials for the
active MLT sectors (for a total of 24 polynomials).

Figure 2. The “Active” MLT Derived Polynomials

Figure 2: The 24 fitted “active” polynomials by their frequency
threshold crossing and k-means filtering. For each polynomial: the
data used to derive each polynomial (circle), their mean average
(solid line), and their corresponding polynomial fit (dashed lines) are
plotted. The max derived RMSE and the number of polynomials per
frequency bin are also listed.
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A similar process was used to examine the “non-active” hiss wave
spectra (see Figure 3). However, due to the limited variability, the
“non-active” hiss wave spectra were sorted into 3 spectral shapes
(Freq. < 56 Hz (non-active polynomial 1), 56 Hz � Freq. < 72 Hz
(non-active polynomial 2), and 72 Hz � Freq. (non-active polynomial
3)) (Figure 4). The coefficients for each respective polynomial can
be found in the supplementary materials for the “active” and “non-
active” polynomials, respectively.

Figure 3. All Non-active Hiss Spectra vs Frequency

Figure 3: The wave spectra (nT2) for all “non-active” MLT hiss
waves versus frequency. The spectra have been sorted (and colorized)
with respect to at which frequency it crosses the wave power thresh-
old condition (10-2.7 nT2). Each color refers to a specific hiss wave
profile.
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Figure 4. The “Nonactive” Polynomials

Figure 4: The 3 fitted “non-active” polynomials by their frequency
cutoff. For each polynomial: the data used to derive each polyno-
mial (circle), their mean average (solid line), and their corresponding
polynomial fit (dashed lines) are plotted. The max derived RMSE
and the number of polynomials per frequency bin are also listed.

With the 27 unique polynomials, we can describe the entire low-
frequency hiss range by assigning the appropriate polynomial to
the hiss wave spectra observed at that Lpp, ΔLpp and Kp activity
level. The appropriate “active” and “non-active” polynomials are
then weighted (by MLT coverage) and combined as:

𝑃𝑆𝐷 = ( 14
24 ) ∗ 𝐴𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙 + ( 10

24 ) ∗ 𝑁𝑜𝑛𝑎𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙 (3)

Figure 4 shows an example of how well this model performs. Panels
a, d, g, and j show the Van Allen Probe observations of hiss wave
power versus frequency in the indicated Lpp and ΔLpp bins for Kp
activity level 3. At 150 Hz, a horizontal line has been placed to
distinguish the boundary between high- and low-frequency hiss wave
activity. Panels b, e, h, and k showcase the low frequency (below
the 150 Hz line) and the Malaspina et al. (2020) (above the 150 Hz
line) models. Note that the scaling factors derived for Malaspina
et al. (2020) polynomials have been modified to be consistent with
the methods used in this study (e.g., data observations are binned
by 1-hour in MLT instead of 4-hour MLT slices). The normalized
difference between the Van Allen Probes observations and the entire
model is shown in panels c, f, i, and j (along with the maximum and
average normalized difference values). The comparisons at other
Kp activity levels can be found within the supplementary materials
(Figures S1-S5).

Figure 4. Comparison between Polynomials and Data ob-
servations, Kp activity level = 3
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Figure 4: The Van Allen Probes observations of hiss wave power
versus frequency (Panels a, d, g, and j) per Lpp and ΔLpp bin for
Kp activity level 3. Panels b, e, h, and k show the Malaspina et al.
(2020) Hiss wave model results (above the 150 Hz line) and the mod-
eled low-frequency hiss wave power (below the 150 Hz line). The
normalized difference (including the maximum and average normal-
ized difference) is shown on panels e, f, i, and j.

Overall, the low-frequency hiss model closely models the Van Allen
Probes observations. When considering all Kp activity levels (see
Supporting Material Figures S1 - S5), the average normalized differ-
ence per Lpp bin stays below 9%, while only a handful of ΔLpp bins
show large, normalized differences (i.e., > 80%).

Using the FDC (see Section 2.3), the 27 “active” and “non-active”
polynomials are used to derive a series of unique polynomial diffu-
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sion coefficients. These diffusion coefficients are then organized and
reassembled into the appropriate Lpp, ΔLpp, and Kp bins based on
the corresponding polynomial associated with that bin. To accom-
modate the entire range of hiss wave activity, these low-frequency
hiss wave diffusion coefficients were added to the high-frequency hiss
wave diffusion coefficients derived from Malaspina et al. (2020) to de-
scribe the entire frequency spectrum for hiss wave activity. This will
be referred to as the combination of the Malaspina et al. (2020) and
low-frequency hiss wave model or simply, the combination model. A
sample diffusion coefficient comparison between the Malaspina et al.
model the low frequency model, and the combination models can be
seen in Figure 5.

Figure 5. Diffusion Coefficients example

Figure 5: The D�� diffusion coefficients for the Malaspina et al.
(2020) (left), the low frequency (middle), and the combination model
(right) for the Lpp = 5 – 6, L = 4.0, Kp activity level = 2.

With the newly assembled hiss wave diffusion coefficients, we began
exploring how the Lpp sorted method can scatter electrons by cal-
culating the electron lifetime, 𝜏 = 𝐷∝∝(∝LC)−1, where ∝LC is the
loss cone angle (Shprits et al., 2006). Figure 6 shows the electron
lifetimes (�) as a function of kinetic energy (Ek) at L = 3.2, 3.4,
3.6, and 3.8 for Kp activity levels 1, 3, 4, and 5, respectively. Each
plot features three different hiss wave methods: Zhu et al. (2019) in
green; the Malaspina et al. (2020) in the blue-cyan colored lines; and
the combination model in the red-orange lines. Note, multiple lines
are shown for the Malaspina et al. (2020) and combination model
to reflect the differences in plasmapause location, (e.g., “Mal. Lpp3”
refers to the Malaspina et al. (2020) model when the plasmapause
is located between 3 � Lpp < 4, etc.). See Supporting Materials,
Figures S6 and S7, for � lifetimes at other L shells.

Using this format, we noticed a major trend. First, at the lower
energies, the Zhu et al. (2019) method tended to produce lifetimes
around an order of magnitude shorter than Malaspina et al. (2020)
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and the combination model. From 500 keV - ~4 MeV, the combina-
tion model produced the shortest � lifetimes across all Lpp, L shells,
and Kp activity levels. Occasionally the Malaspina et al. (2020)
model also yielded shorter lifetimes than the Zhu et al. (2019) model
(ex. Figure 6d, L = 3.6, Kp activity level 1). As the energy increases
beyond 4 MeV, Zhu et al. (2019) produced the shortest � lifetime.
At energies > ~100 keV and < 4 MeV, the � lifetimes for all three
models exceed 102. At higher L shells (L > 5) and Kp activity level
< 5, both the combination model and Zhu et al. (2019) model pro-
duced short lifetimes (< ~100) at ~10 – 500 keV (see Figure S7 in
the Supplementary Materials).

Figure 6. � lifetimes

Figure 6: The � lifetimes vs. energy for the hiss waves parameter-
ized by Zhu et al. (2019) (green), the Malaspina et al. (2020) (blue
and cyan), and the combination of Malaspina et al. (2020) with the
low-frequency hiss (red and orange) for the selected L shells and Kp
activity levels.

1. VERB code simulation results
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Figure 7 shows a full VERB-3D simulation of the 1.0 MeV 75° pitch
angle radiation belt electrons for the year 2013 between L* = 2.0
– 5.6 using different hiss wave diffusion coefficients per simulation:
a simulation without hiss wave (7b); a Zhu et al. (2019) hiss wave
simulation (7d); the Malaspina et al. (2020) Lpp parameterized hiss
waves (7f); and the combination of Malaspina et al. (2020) with
low-frequency hiss (7h). The corresponding Van Allen Probe-A ob-
servations have been included (panel 7a). Panel 7a shows the Kp
and Lpp during this period. Other select energies simulated (0.2
– 3.5 MeV) are included in supplementary materials (Figures S8 -
S11).

To assess the accuracy of these simulations, we have calculated the
normalized difference and log difference between the simulations and
the Van Allen Probes observations. The normalized difference was
calculated using:

ND(𝐿, 𝑡) = Fluxsimulation(𝐿,𝑡)−FluxObserved(𝐿,𝑡)
max(FluxObserved(𝐿=3.0 𝑡𝑜 𝐿=5.6, 𝑡)) (4)

while the log difference was calculated using:

LD(𝐿, 𝑡) = log10 (Fluxsimulation(𝐿, 𝑡)) − log10 (FluxObserved(𝐿, 𝑡)) (5)

In Figure 7, for each corresponding simulation, we plotted the normalized differ-
ence and printed the mean normalized difference per simulation: No hiss (7c);
Zhu et al. (2019) (7e); Malaspina et al. (2020) (7g); and the combination model
(7i). For full L shell vs. time plot comparisons (like Figure 7), select figures for
the log difference can be found within the supplementary materials (Figures
S12 – S15). To simplify the results found within those figures, we calculated
the mean normalized difference and log difference per energy and pitch angle
(Figure 8). To avoid oversampling small values produced by the simulation and
to focus on the radiation belts, we only included observations for L � 3.0.

As expected, the complete exclusion of hiss wave activity (Figure 7b) did not
produce enough scattering of MeV electrons, which resulted in the worst accu-
racy among the hiss wave parameterizations at most energies (Figure 8). The
purely L parameterized hiss waves (Zhu et al., 2019) noticeably scattered more
electrons within L=~2.5 – 3.5 (Figure 7c) compared to the no-hiss simulation.
However, with the Lpp parameterized hiss wave models (Figures 7d and 7e),
there are sharper pronounced slot regions (ex. L* = 3.2 – 4.0 April 2013) pro-
duced which are not produced in the Zhu et al. (2019) simulation. These sharp
losses more closely track with the Van Allen Probe-A observations. This is re-
flected in the mean normalized difference in Figure 8. Both the Malaspina et al.
(2020) and the combination with low-frequency hiss have lower mean normalized
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differences than the exclusively L* parameterized hiss waves (especially at < 4
MeV and for pitch angle � 60°). As energy increases and decreases beyond 4.0
and 0.4 MeV (respectively), the mean normalized difference across all four sim-
ulations (and pitch angles) begin to converge. As suggested by the increasing �
lifetimes (Figure 6), hiss does not contribute significantly to scattering at those
energies.

Figure 7. The VERB-3D simulated 1.0 MeV 75° pitch angle
radiation belt electrons.

Figure 7: The 2013 Van Allen Probe-A observations of 1.0 MeV
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75° pitch angle radiation belt electron flux (versus L*) (a), and the
corresponding simulated 1.0 MeV 75° pitch angle electron flux when
using no hiss wave activity (b); Zhu et al. (2019) hiss wave model (d);
the Malaspina et al. (2020) hiss wave model (f); the combination of
Malaspina et al. (2020) and our low frequency hiss wave model (h).
The normalized difference for each simulation is also plotted: No
Hiss ©; Zhu et al. (2019) (e); Malaspina et al. (2020) (g); and the
combination model (i). Finally, the Kp and plasmapause position
are also plotted (j).

Figure 8. Mean Normalized and Log Difference vs. Energy
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Figure 8: The mean normalized (a, c, e) and log difference (b, d, f)
per energy for 30°, 60°, and 75° pitch angle electrons between Van
Allen Probe-A observations and the corresponding hiss parameteri-
zation.

1. Discussion and Summary
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This study utilized Van Allen Probes observations of low (20 – 150
Hz) frequency plasmaspheric hiss waves observed between 2012 –
2016, to develop a new empirical hiss wave model parameterized
by plasmapause location (Lpp and ΔLpp), MLT, and geomagnetic
activity (i.e., Kp activity level). The twenty-seven unique polyno-
mials (for both active and non-active MLT sectors) developed to
describe the low-frequency hiss waves were used to derive a new set
of plasmaspheric hiss wave diffusion coefficients. This work serves
as an expansion upon Malaspina et al. (2017) and Malaspina et
al. (2020), which focused on parameterizing hiss wave activity with
respect to the plasmapause.

For energies 0.2 – 4.2 MeV (and pitch angles 30°, 60°, and 75°), a
series of VERB-3D simulations were performed to examine how ac-
curate each unique plasmaspheric hiss wave parameterization was to
Van Allen Probe-A observations. The examples included: a simu-
lation in which no hiss waves were included; an L* parameterized
description (Zhu et al., 2019) covering both low and high frequency
hiss (20 - 2000 Hz); a plasmapause-based high frequency (> 150 Hz)
hiss wave parameterization (Malaspina et al., 2020); and a combina-
tion of both high and low frequency plasmapause parameterized hiss
wave parameterizations. When the results were compared among
each simulation, the combination of high- and low-frequency hiss
parameterized by plasmapause location yielded the most accurate
results by normalized difference. For log difference, the combination
modeled yielded the most accurate results between ~0.5 – 4.4 MeV,
pitch angle � 30° particles.

Beyond the 4.0 MeV, all four simulations converge with respect to
mean normalized difference (Figure 8). This result was inferred with
Figure 6, as beyond this range, the � lifetimes rapidly increased (by
102 – 104, depending on which hiss wave model is used). The < 4.0
MeV energy range is when hiss wave-induced electron scattering is at
its peak. Outside of these energies, other wave-particle interactions
become the dominant form of electron scattering. For example, at
> 4 MeV, EMIC waves become effective scattering mechanisms of
electrons (e.g., Drozdov et al., 2017; Ni et al., 2015; Ni et al., 2018;
Zhang et al., 2016).

While our combination plasmapause hiss wave model produced
sharper slot regions which were more consistent with the Van Allen
Probe-A observations, there still exist remanent belt structures
at L* = ~3 in the simulations (see Figures S8de and S11de in
supplementary materials for examples). These remanent belts are
not produced in the L* parameterization by Zhu et al. (2019)
(Figures S8b and S11b). This may be caused by how our method
parameterized hiss wave power compared to Zhu et al. (2019).
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While both Zhu et al. (2019) and the combination model both
scale with respect to Kp, our wave power distribution differed
with respect to L*. For example, our hiss wave spectra at L* =
3.0 when Lpp = 3 – 4 is not necessarily identical (i.e., a different
active/non-active polynomial) to the hiss wave spectra at L = 3.0
when Lpp = 4 – 5. The Zhu et al. (2019) hiss wave model consists of
a predefined parameterization in L shell that is scaled with respect
to Kp (Spasojevic et al., 2015). This redistribution of hiss wave
power may result in weaker electron scattering at low Kp values
for our plasmapause-based hiss wave model compared to Zhu et al.
(2019).

Since our simulations have become more accurate at reproducing
observed electron fluxes by using the plasmapause related sorting, it
may be worth re-examining other wave activity within this context.
For example, lightning-generated whistler waves are also dominant
at these energies and low L* (Albert et al., 2020). Re-parameterizing
lightning-generated whistlers using ΔLpp may help improve our sim-
ulation results and scatter these low L* remnant electrons. Future
studies should consider re-evaluating these waves (e.g., lightning-
generated whistlers, EMIC, etc.) within the context of their rela-
tionship to the plasmapause.
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