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Abstract The resonant interaction of energetic particles with plasma waves, such as chorus and
plasmaspheric hiss waves, plays a direct and crucial role in the acceleration and loss of radiation

belt electrons that ultimately affect the dynamics of the radiation belts. In this study, we use the
comprehensive wave data measurements made by the Electric and Magnetic Field Instrument Suite and
Integrated Science instruments on board the two Van Allen probes, to develop multi-parameter statistical
chorus and plasmaspheric hiss wave models. The models of chorus and plasmaspheric hiss waves are
presented as a function of combined geomagnetic activity (AE), solar wind velocity (V), and southward
interplanetary magnetic field (Bs). The relatively smooth wave models reveal new features. Despite,

the coupling between geomagnetic and solar wind parameters, the results show that each parameter
still carries a sufficient amount of unique information to more accurately constrain the chorus and
plasmaspheric hiss wave intensities. The new wave models presented here highlight the importance of
multi-parameter wave models, and can improve radiation belt modeling.

Plain Language Summary The Van Allen radiation belts are donut-shaped belts around the
Earth that consist of highly energetic particle populations. These trapped energetic particles represent

a serious hazard to the electronic components of satellite. The impact can be severe and could lead to
permanent failure of individual electronic subsystems and in some cases even lead to the complete loss of
the satellites. The dynamics of the radiation belts are largely dictated by wave-particle interactions with
plasma waves, such as chorus and plasmaspheric hiss waves. In this study, we use comprehensive wave
data from the entire Van Allen Probes mission to develop multi-parameter wave models as a function of
geomagnetic activity and solar wind conditions combined. The new wave models can improve radiation
belt modeling through more accurate wave specification.

1. Introduction

The Van Allen radiation belts, first discovered more than 60 years ago (Van Allen, 1959), are composed of
highly energetic (MeV) particle populations mainly trapped in two distinctive donut-shaped zones sep-
arated by a lower intensity slot region (Abel & Thorne, 1998; Lyons & Thorne, 1973; Lyons et al., 1972).
These energetic radiation belt electrons represent a serious hazard to satellite electronic components (Blake
et al., 1992). During intense geomagnetic conditions the outer radiation belt energetic electron populations
exhibit dramatic variability that can cause severe and permanent damage to individual electronic subsys-
tems, and may even lead to complete loss of the satellite (Blake et al., 1992; Fennell et al., 2001). Despite
6 decades of ongoing research, the complete dynamics of the Van Allen radiation belts is not comprehen-
sively understood yet. It remains, both scientifically and practically crucial to understand the dynamics
of the Van Allen radiation belts and thus improve space weather predictions. Hence, the Van Allen radia-
tion belts have been the subject of many scientific studies. It is very important to understand this environ-
ment and how it is affected by geomagnetic and solar wind variability. Generally, the Van Allen radiation
belt dynamics arise from a delicate balance between acceleration, transport, and loss of electrons (Baker
et al., 2014; Chen et al., 2007; Foster et al., 2014; Kanekal et al., 2015; Reeves et al., 2003, 2013). The inter-
action of gyroresonant wave particles with plasma waves play a direct and crucial role in the acceleration
and loss of radiation belt electrons that ultimately affect the dynamics of the radiation belts (Bortnik &
Thorne, 2007; Horne et al., 2005; W. Li et al., 2009, 2011, 2014; Meredith et al., 2003, 2012; Thorne, 2010;
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Thorne et al., 2013; Xiao et al., 2010). The most conspicuous are very low frequency (VLF) waves, such as
chorus and plasmaspheric hiss, that largely dictate the dynamics of the radiation belts. Chorus and plasmas-
pheric hiss waves are observed in different regions of the inner magnetosphere. Chorus waves are confined
in the lower-density region outside the plasmasphere, whereas plasmaspheric hiss waves are confined in
the higher-density region inside the plasmasphere.

Substorms and periods of enhanced convection produce seed electron populations, with energies of tens
to hundreds of keV, that are transported into geosynchronous orbit (Boyd et al., 2014; X. F. Li & Cho, 1997;
Meredith et al., 2003; Obara et al., 2000; Tu et al., 2014), forming an important source for the energet-
ic electrons in the radiation belts. The seed electrons are further energized to highly relativistic energies
(>1 MeV), over broad regions of the outer radiation belt on timescales of hours (Agapitov et al., 2019; Baker
& Kanekal, 2008; Baker et al., 2014; Foster et al., 2014; Horne & Thorne, 2003; Jaynes et al., 2015; Meredith
et al., 2003; Reeves et al., 2013; Summers et al., 1998) through local acceleration by wave particle inter-
actions (Baker & Kanekal, 2008; Horne & Thorne, 1998, 2003; Horne et al., 2005; Summers et al., 2002;
Thorne, 2010; Thorne et al., 2005).

Chorus emissions are observed in the frequency range of 0.1f.. < f < fe, With the lower band of chorus
occupying 0.1f.. < f < 0.5f, and the upper band chorus extending over 0.5f.. < f < f.), as short coherent
pulses (Burtis & Helliwell, 1969; Tsurutani & Smith, 1974), where f.. is the local electron gyrofrequency.
They are understood to be very intense right hand polarized electromagnetic whistler mode waves excited
by the injection of substorm electrons in the vicinity of the geomagnetic equator (Burtis & Helliwell, 1969;
Lauben et al., 2002; LeDocq et al., 1998; Meredith et al., 2001, 2003; Tsurutani & Smith, 1974) associated
with the electron temperature anisotropy plasma instability (Kennel & Petschek, 1966). Chorus waves make
significant contributions to the production of the diffuse aurora (Ni et al., 2008; Thorne, 2010). It is believed
that the lower band chorus is the dominant scattering process leading to pulsating auroral precipitation
(Nishimura et al., 2010, 2011) and an important source of plasmaspheric hiss waves (Agapitov et al., 2018;
Bortnik et al., 2008, 2009, 2016; Meredith et al., 2013).

Plasmaspheric hiss is typically observed in the frequency range 100 Hz < f < 2 kHz with a lower power
than chorus (Meredith et al., 2004). Plasmaspheric hiss waves are right hand polarized electromagnetic
whistler mode wave (Bortnik et al., 2008, 2009; Thorne et al., 1973) observed as a steady, incoherent noise
band (Falkowski et al., 2017; Tsurutani et al., 2015, 2018). They are excited naturally in the high plasma den-
sity region inside the plasmasphere and dayside plasmaspheric plumes (Chan & Holzer, 1976; Hayakawa
et al., 1986; Parrot & Lefeuvre, 1986). Plasmaspheric hiss waves are largely responsible for the continuous
scattering of radiation belt electrons into the atmospheric loss cone, the decay of energetic electrons in the
outer radiation belt during relatively quiet geomagnetic conditions (Lyons et al., 1972; Meredith et al., 2006;
Summers et al., 2007) due to resonant pitch angle scattering of energetic electrons (Lyons et al., 1972), and
are responsible for the formation of the slot region (Abel & Thorne, 1998; Lyons & Thorne, 1973; Lyons
et al., 1972).

Chorus and plasmaspheric hiss emissions depend on geomagnetic activity (Agapitov et al., 2013; Ar-
yan et al., 2014, 2016, 2017; W. Li et al., 2009, 2013; Meredith et al., 2012, 2018, 2020) and solar wind
parameters (Aryan et al., 2014, 2016, 2017). The average intensities of these waves are generally statis-
tically modeled as a function of spatial location (L-shell [L], magnetic local time [MLT], and magnetic
latitude[MLat]), solar wind parameters (solar wind velocity [V], solar wind density [n], and southward
interplanetary magnetic field [Bs]) (Aryan et al., 2014, 2016), geomagnetic activity as expressed by the
geomagnetic indices (AE, Kp, or Dst) (Agapitov et al., 2013; Aryan et al., 2014, 2016; W. Li et al., 2009;
Meredith et al., 2012), and even as a function of combined solar wind parameter and geomagnetic in-
dices (Aryan et al., 2016). These statistical wave models are needed to calculate diffusion coefficients in
radiation belt models, such as the Comprehensive Inner Magnetosphere-Ionosphere (CIMI) model (Ar-
yan et al., 2017; Fok et al., 2008, 2011, 2014), the Versatile Electron Radiation Belt (VERB) code (Shprits
et al., 2009; Subbotin & Shprits, 2009), and British Antarctic Survey (BAS) Radiation Belt Model (BAS-
RBM) (Glauert et al., 2014).

Aryan et al. (2017) used the CIMI model to demonstrate that combined parameter (combination of a solar
wind parameter with the AE index) wave models perform better than single parameter wave models in
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radiation belt modeling. They concluded that the results could improve further with a more sophisticated
combination of parameters using a larger wave database. In this study we develop multi-parameter cho-
rus and plasmaspheric hiss wave models as a function of all three most influential geomagnetic activity
(AE) and solar wind (V and Bs) parameters combined (Aryan et al., 2014, 2016; Boynton et al., 2018). The
magnetosphere is a complex system so it is necessary to include all the most influential parameters that
affects the wave emissions. Multi-parameter wave models are very important to achieve a more realistic rep-
resentation of wave distributions in the inner magnetosphere. However, multi-parameter statistical wave
models require vast data sets that poses a challenge. The current study was made possible, thanks to the
comprehensive wave data measurements by the Electric and Magnetic Field Instrument Suite and Integrat-
ed Science (EMFISIS) instruments on board the two Van Allen probes. The new wave models can be used
in radiation belt models, such as the CIMI model, the VERB code, and the BAS-RBM, to improve radiation
belt modeling.

2. Data

The twin NASA Van Allen probes were launched on August 30, 2012 to understand the processes respon-
sible for causing variability of the Van Allen radiation belts. The mission ended in 2019 after collecting
almost 7 years of valuable data. The two identical probes (Probe A and B) were launched into highly
elliptical (a perigee of ~1.1 Re and an apogee of ~5.8 Re geocentric) and low inclination orbits (inclina-
tion of ~10°) (Mauk et al., 2013). This allowed the Van Allen Probes to spend prolonged periods of time
in the most critical regions of the radiation belts and collect comprehensive wave data. The two probes
orbited the Earth every ~9 h which enabled the satellites to traverse the radiation belts approximately
five times per day. Probes A and B completed more than three full precessions about all MLTs before they
were decommissioned in October 2019 and July 2019, respectively. The EMFISIS instruments on board
the Van Allen Probes were designed specifically to observe plasma waves in the inner magnetosphere.
The EMFISIS suite included a waveform receiver (WFR) (Kletzing et al., 2013; Wygant et al., 2013) that
measured wave power spectral density in the range 10 Hz < f < 12 kHz with full 3-D spectral matrix every
6 s along with a selection of burst modes that provided full waveforms with a sampling rate of approxi-
mately 35 kHz (Kletzing et al., 2013). Each EMFISIS suite also carried a high-frequency receiver (HFR)
instrument that measured electric spectral intensity between 10 and ~400 kHz. The triaxial fluxgate and
triaxial search coil magnetometers measured the background magnetic fields and high frequency wave
magnetic field fluctuations respectively that are used to calculate wave polarization properties (Santolik
& Gurnett, 2003).

We use the comprehensive wave data measurements from the EMFISIS instruments, for the entire Van Allen
Probes mission, to develop multi-parameter statistical chorus and plasmaspheric hiss wave models. The mag-
netic field intensities, Bw, for chorus waves are calculated by integrating the wave spectral intensities (pT*
Hz™") over the frequency range 0.1f,. < f < 0.5f,. (Aryan et al., 2014, 2016; Meredith et al., 2001, 2012). On
the other hand, for plasmaspheric hiss, the magnetic field intensities, Bw, are calculated by integrating the
wave spectral intensities (pT> Hz™") over the frequency range 100 Hz < f < 2 kHz (Aryan et al., 2016; Mere-
dith et al, 2004, 2007, 2018; Thorne et al., 1973). We calculate the total plasma density using the upper hybrid
resonance frequency measured by the HFR (Kurth et al., 2015). The plasmaspheric region is then defined as
the region where the plasma density is higher than the larger value between 10 x (6.6/L)* and 50 cm™ (W. Li
et al., 2010). We distinguish chorus and plasmaspheric hiss waves by the plasma density where frequencies
overlap (Sheeley et al., 2001) (please see Aryan et al. [2014] and Aryan et al. [2016] for more details).

NASA's GSFC online space physics data facility, OMNIWeb, is used to obtain the geomagnetic index (AE)
and solar wind parameters (V and Bs) at relatively high resolutions. The OMNIWeb interface provides
access to near Earth, one AU, solar wind magnetic field and plasma parameters data from WIND and
Advanced Composition Explorer (ACE) missions at high resolution ranging between 1-min and 5-min.
The database is freely available to the scientific community. For solar wind parameters we apply appro-
priate time delays (the maximum value of the velocity in the last 24 h and Bs from 90 min prior using the
5 min averaged data) and we use the high resolutions (1 min) instantaneous value of the AE index (Aryan
et al., 2014, 2016, 2017).
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3. Results and Discussions

The intensities of chorus and plasmaspheric hiss waves are often mapped, statistically, in L, MLT, and MLat
as a function of geomagnetic activity (Agapitov et al., 2013; Aryan et al., 2014, 2016, 2017; W. Li et al., 2009;
Meredith et al., 2012;) or solar wind parameters (Aryan et al., 2014, 2016, 2017). Here, we bin the intensities
of these waves in L and MLT as a function of all three most influential geomagnetic activity (AE) and solar
wind (V and Bs) parameters combined (Aryan et al., 2014, 2016; Boynton et al., 2018). Such multi-parameter
wave models require a vast dataset, which we now have available in the form of almost 7 years of EMFISIS
wave measurements on board the two Van Allen Probes.

The chorus and plasmaspheric hiss wave intensities are separately binned in linear steps of 0.1 L (from
L =28to~6.5L)and 1 h MLT as a function of AE, V, and Bs. The geomagnetic activity, as represented by
the geomagnetic AE index, is split into three intervals: quiet when AE < 100 nT; moderate when 100 < AE
<300 nT; and active when AE > 300 nT. The solar wind velocity, V, is split into three intervals: slow when
V < 400 km/s; moderate when 400 <V < 600 km/s; and fast when V' > 600 km/s. Finally, the Bs is also split
into three intervals: low when Bs < 4 nT; moderate when 4 < Bs < 8 nT; and high when Bs > 8 nT. This
leads to 27 different combinations of wave intensities in L and MLT, for each wave type. We then perform
averaging to make sure the wave models have relatively smooth wave intensity variation in L and MLT.
Generally, these statistical wave models show sporadic variation in wave intensities, especially, for bins
representing extreme conditions where there are relatively fewer number of cases (for example, Figure 1
of Aryan et al. [2016] and also similar figures in Meredith et al. [2012], Agapitov et al. [2013], and Aryan
et al. [2017]). However, it is important to have more gradually varying wave intensities along L and MLT,
when incorporating these models into radiation belt models such as the CIMI model (Aryan et al., 2017; Fok
et al., 2008, 2011, 2014). Hence, in this study we apply a moving average technique along L and MLT respec-
tively. The moving average along the L-shell takes into account the wave intensities of the current bin and
its two neighboring bins on each side (for example; for the bin 4.0 < L < 4.1 the moving average takes into
account the intensity of 3.8 <L <3.9,3.9<L <4.0,40<L<4.1,41<L<4.2,and 4.2 <L < 4.3 bins) due
to the small bin sizes (0.1 L) and expected small variations in wave intensities across small steps of L-shell.
The moving average along MLT, however, takes into account the wave intensity of the current bin and only
one neighboring bin on each side (for example, for the bin 7 < MLT < 8, the moving average takes into ac-
count the intensity of 6 < MLT < 7,7 < MLT < 8, and 8 < MLT < 9 bins) due to relatively larger variation in
wave intensities across each MLT (1 h MLT) bin. The smoothing technique (number of neighboring bins to
smooth) was carefully chosen to provide smooth wave models while preserving wave intensities; smoothing
over too many bins could result in losing information, however, smoothing over too few bins may not pro-
vide smooth wave intensity distributions.

Figure 1 shows the average chorus wave intensities observed by the Van Allen Probes as a function of L,
MLT, AE, V and Bs. From left to right, the panels show increasing AE (low AE [a, d, g, j, m, p, s, v, y], mod-
erate AE [b, e, h, k, n, q, t, w, z], and high AE [c, {, i, 1, 0, 1, u, X, zz]). The solar wind velocity increases down
the rows of the panels and repeats after every three rows (slow V [a, b, ¢, j, k, 1, s, t, u], moderate V [d, e, f, m,
n,o,v,w, x|, fast V[g, h, i, p, q, 1, y, z, zz]). From top to bottom, Bs increases in groups of three panels (low
Bs [a-i], moderate Bs [j-r], high Bs [s-zz]). The results show that generally chorus wave intensities increase
with increasing geomagnetic activity, solar wind velocity and southward interplanetary magnetic field. The
most intense wave emissions are observed during active conditions (high AE, fast V, and high Bs) from
around midnight to midday. The lowest wave intensities, however, are observed during quiet times (low AE,
slow V and low Bs) consistent with past studies (Agapitov et al., 2013; Aryan et al., 2014, 2016, 2017; W. Li
et al., 2009; Meredith et al., 2012). It is clear that all three geomagnetic and solar wind parameters (AE, V,
and Bs) are important in defining the intensity of chorus wave emissions. Even though these parameters are
known to be coupled (McPherron et al., 2015), it is clear from the forgoing analysis that each parameter still
carries a sufficient amount of unique information to more accurately constrain the chorus intensities. To
understand this better, we look at the importance of each parameter individually. For example, considering
the middle row (panels m, n, and o), the chorus wave intensities increase as geomagnetic activity increases
(lowest wave intensities are observed in panel m for low AE, but the highest wave intensities are observed in
panel o for high AE), while V and Bs are moderate and remain unchanged. Similarly, considering panels 1,
o and r where AE and Bs remain high and moderate respectively, the chorus wave intensities increase with
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Figure 1. The average chorus wave intensities observed by the Van Allen Probes as a function of L, MLT, AE, V and
Bs. From left to right the panels show increase in AE (low AE [a, d, g, j, m, p, s, V, y|, moderate AE [b, e, h,k, n, g, t,

w, z], and high AE [c, f, 1,1, o, 1, u, X, zz]). The solar wind velocity increases down the panels and repeats after every
three panels (slow V [a, b, ¢, j, k, 1, s, t, u], moderate V [d, e, f, m, n, o, v, w, x|, fast V [g, h, i, p, q, 1, ¥, 2, zz]). From top to
bottom, Bs increases in groups of three panels (low Bs [a-i], moderate Bs [j-r], and high Bs [s-zz]).
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Figure 2. The average chorus wave intensities for a single parameter AE wave model, for high AE, compared with multi-parameter wave models for high AE
but various different Bs and V conditions. The x-axis is the L-shell and the y-axis is the average chorus wave intensity for MLT between mid-night to mid-day
(where chorus is more prominent). The black lines show the average chorus wave intensity for a single parameter AE wave model for high AE. The red, green,
blue and light blue lines represent multi-parameter wave models for high AE but different Bs and V conditions. In both panels (a and b), the light blue lines
represents extreme conditions (high AE, high Bs, and fast V). In panel a, for the red, green and blue lines, the Bs is the only changing variable (high Bs [red
line], moderate Bs [green line], and low Bs [blue line]), the AE and V are high and moderate respectively and remain unchanged. However, in panel b, for the
red, green and blue lines, the solar wind velocity is the only changing parameter (fast V [red line], moderate V [green line], and slow V [blue line]), the AE and
Bs are high and moderate respectively and remain unchanged.

solar wind velocity (lowest wave intensities are observed in panel 1 for slow V, but the highest wave intensi-
ties are observed in panel r for fast V). Finally, in panels i, r, and zz, the Bs is the only changing parameter,
it is clear that the chorus wave intensities increase as Bs turns more southward (lowest wave intensities are
observed in panel i for low Bs, but the highest wave intensities are observed in panel zz for high Bs). In the
later case, the AE and V are both high in all three panels (i, r, and zz), however, the peak wave intensities for
low Bs is up to a magnitude lower than the peak wave intensities for high Bs (as in panel i compared to panel
zz). This emphasizes the importance of each parameter in multi-parameter wave models. Estimating wave
intensities using a single parameter wave model may not be accurate. For example, in a single parameter
wave model, such as a chorus wave model based on the AE index alone, the peak wave intensities for low
AE (<100) conditions would be expected to be ~10” [pT*] (Aryan et al., 2014, 2016). However, as shown in
panel y, the peak wave intensities can be an order of a magnitude higher (~10° [pT*]), providing that the
solar wind velocity is fast and the Bs is highly southwards. In addition, it is worth noting that the general
understating is that chorus wave activity increases everywhere as Bz turns southward, solar wind velocity
increases, and AE increases. But the results presented in Figure 1 shows that this may not always necessary
be the case. At some MLTs the chorus wave activity may actually decrease as AE, V, and Bs increases. For
example, the AE index increases from panels a to ¢, while V and Bs remains unchanged, but the chorus
wave intensities for some MLTSs on the dusk side decreases. This could be due to strong Landau damping by
suprathermal electrons (Bortnik & Thorne, 2007).

The difference between single and multi-parameter wave models can be determined by directly comparing
the wave intensities from a single parameter wave model with multi-parameter wave models presented in
current study. Figure 2 shows the average chorus wave intensities for a single parameter AE wave model,
for high AE, compared with multi-parameter wave models for high AE but various different Bs and V con-
ditions. The x-axis is the L-shell and the y-axis is the average chorus wave intensity for MLT between mid-
night to mid-day (where chorus is more prominent). The black lines show the average chorus wave intensity
for a single parameter AE wave model for high AE. The red, green, blue and light blue lines represent mul-
ti-parameter wave models for high AE but different Bs and V conditions. In both panels, the light blue lines

ARYAN ET AL.

6of 14



 oad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028403

i Bs <4 r 4<Bs<8 zz Bs>8
0.15

0.1

0.05

400 600 800 1000 400 600 800 1000 400 600 800 1000
AE AE AE

Figure 3. The distribution of AE index in panels i, r, and zz of Figure 1.

represent extreme conditions (high AE, high Bs and fast V). In panel a, for the red, green and blue lines, the
Bs is the only changing variable (high Bs [red line], moderate Bs [green line], and low Bs [blue line]), the
AE and V are high and moderate respectively and remain unchanged. On the other hand, in panel b, for the
red, green and blue lines, the solar wind velocity is the only changing parameter (fast V [red line], moder-
ate V [green line], and slow V [blue line]), the AE and Bs are high and moderate respectively and remain
unchanged. It's clear that, when the Bs and V are moderate, the wave intensity is roughly similar for single
parameter (black lines) and multi-parameter (green lines) wave models. However, as we can see in panel a,
when Bs is high (red line), the single parameter wave model underestimates the wave intensities and vice
versa. Also the same effect can be observed in panel b for changing solar wind velocity. In this case, when V
is high (red line), the single parameter wave model under estimates the wave intensities and vice versa. The
difference between wave intensities for single parameter (black line) and multi-parameter wave models is
more significant during extreme conditions (light blue line).

The importance of multi-parameter wave models can also be shown, from a different perspective, by study-
ing the distribution of the data binned in each panel. For example, Figure 3 shows the distribution of AE in
panels i, r, and zz of Figure 1. The only parameter that is, changing in these three panels (i, r, and zz) is the
Bs, the AE and V are both high in all three panels (AE > 300 nT and V > 600 km/s respectively) and remain
unchanged. When Bs is low (panel i), the majority of the data binned in this panel are concentrated around
lower AE values (AE = 300 to ~600 nT). However, for high Bs (panel zz), the majority of the data binned in
panel zz are concentrated toward higher AE values (AE > ~700 nT). For moderate Bs (panel r) conditions,
the data binned in panel r poses a more even distribution with respect to high AE. This shows that different
parameters define where the data is binned. In addition, Figure 3 indicates that the wave models may im-
prove further if the AE, V and Bs parameters are split into smaller intervals. However, splitting these param-
eters into smaller bins will require an even more extensive dataset, consisting of data from multiple satellite
missions combined, to form meaningful statistics for wave intensities. Though, for the sake of the current
study, we split the AE (for high AE values as presented in Figure 3) into smaller bins and check whether a
similar pattern in the distribution of AE (as observed in Figure 3) can be observed.

Figure 4 shows the distribution of AE index for low (top row), moderate (middle row), and high (bottom row)
Bs, as presented in Figure 3 but with smaller AE bins (left: 300 < AE < 450 nT, middle: 450 < AE < 700 nT,
and right: AE > 700 nT). Generally, for low Bs (top row) the data selected in each bin is concentrated toward
the lower AE values for each bin. On the other hand, for high Bs (bottom row) the data selected in each bin
is concentrated toward the higher AE values within each bin. This is consistent with the trend observed
with larger AE bins shown in Figure 3. This emphasis that multi-parameter wave models are important
even if we split the AE index into smaller intervals. However, it's worth noting that the affect of data resolu-
tion (averaging) may become more significant as we split the AE index into smaller bins. The wave models
presented in this study uses the instantaneous high resolution (1-min averaged) AE index data. The results
may look different if different resolution data is used. For example, lower resolution (1h averaged) AE index
data will eliminates some of the fast variability from the 1-min AE values. This will result in some data
binned in different bins and therefore the results may look slightly different.

In addition, the same analysis can be applied to plasmaspheric hiss wave intensities. Figure 5 shows the
average plasmaspheric hiss wave intensities observed by the Van Allen Probes as a function of L, MLT,
AE, V and Bs. From left to right the panels show increasing AE (low AE [a, d, g, j, m, p, s, v, y], moderate
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Figure 4. The distribution of AE index for low (top row), moderate (middle row), and high (bottom row) Bs, as
presented in Figure 3 but with smaller AE bins.

AE [b, e, h, k, n, g, t, W, z], and high AE [c, {, i, |, 0, 1, u, X, zz]). The solar wind velocity increases down the
panels and repeats after every three panels (for example, slow V [a, b, ¢, j, k, 1, s, t, u], moderate V [d, e, f,
m, n, 0, v, W, x], fast V [g, h, i, p, q, 1, y, z, zz]). From top to bottom, Bs increases in groups of three panels
(for example; low Bs [a-i], moderate Bs [j-r], high Bs [s-zz]). The results show a strong day-night asym-
metry with peak wave emissions primarily observed on the dayside, consistent with past studies (Aryan
et al., 2017; Kim et al., 2015; W. Li et al., 2013; Malaspina et al., 2016; Meredith et al., 2004, 2007). Similar to
chorus waves, the peak plasmaspheric hiss intensities increase with increasing geomagnetic activity, solar
wind velocity and southward interplanetary magnetic field. The most intense wave emissions are observed
during active conditions (high AE, fast V, and high Bs). The results show that all three geomagnetic and
solar wind parameters (AE, V, and Bs) are important in defining the intensity of plasmaspheric hiss wave
emissions. However, it should be noted that the variation of the wave intensities with respect to each pa-
rameter for plasmaspheric hiss waves is less than that observed for chorus wave emissions. For example, as
we discussed above for chorus waves, the peak chorus wave intensities observed for high Bs (Figure 1[zz])
is approximately a magnitude higher than that observed for low Bs (Figure 1i) conditions. However, here in
the case of plasmaspheric hiss waves, the peak wave intensities observed for high Bs (Figure 3zz) is less than
a magnitude higher than that observed for low Bs (Figure 3i) conditions. This is probably due to the fact
that plasmaspheric hiss waves are confined within the plasmasphere, much deeper inside the inner magne-
tosphere, and subsequently influenced less dramatically by the changes in AE, V, and Bs. Nevertheless, the
results show that each parameter is still influential. This can be observed more clearly in Figure 6, which
shows the average dayside plasmaspheric hiss wave intensities for a single parameter AE wave model, for
high AE, compared with multi-parameter wave models for high AE but various different Bs and V condi-
tions. The x-axis is the L-shell and the y-axis is the average chorus wave intensity for the dayside (where hiss
is more prominent). The black lines show the average hiss wave intensity for a single parameter AE wave
model for high AE. The red, green, blue, and light blue lines represent multi-parameter wave models for
high AE but different Bs and V conditions. In both panels, the light blue lines represent extreme conditions
(high AE, high Bs, and fast V). In panel a, for the red, green and blue lines, the Bs is the only changing
variable (high Bs [red line], moderate Bs [green line], and low Bs [blue line]), the AE and V are high and
moderate respectively and remain unchanged. However, in panel b, for the red, green and blue lines, the
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Figure 5. The average plasmaspheric hiss wave intensities observed by the Van Allen Probes as a function of L, MLT,
AE, V, and Bs. Caption of Figure 1 applies.
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Figure 6. The average plasmaspheric hiss wave intensities for a single parameter AE wave model, for high AE, compared with multi-parameter wave models
for high AE but various different Bs and V conditions. The x-axis is the L-shell and the y-axis is the average chorus wave intensity for the dayside (where hiss is
more prominent). The black lines show the average hiss wave intensity for a single parameter AE wave model for high AE. The red, green, blue and light blue
lines represent multi-parameter wave models for high AE but different Bs and V conditions. In both panels, the light blue lines represent extreme conditions
(high AE, high Bs and fast V). In panel a, for the red, green and blue lines, the Bs is the only changing variable (high Bs [red line], moderate Bs [green line],
and low Bs [blue line]), the AE and V are high and moderate respectively and remain unchanged. However, in panel b, for the red, green and blue lines, the

solar wind velocity is the only changing parameter (fast V [red line], moderate V [green line], and slow V [blue line]), the AE and Bs are high and moderate
respectively and remain unchanged.

solar wind velocity is the only changing parameter (fast V [red line], moderate V [green line], and slow V
[blue line]), the AE and Bs are high and moderate respectively and remain unchanged. The wave intensity is
roughly similar for single parameter (black lines) and multi-parameter (green lines) wave models when the
Bs and V are moderate. Panel a shows that the single parameter wave model can underestimates the wave
intensities when Bs is high (red line) and vice versa. Panel b shows the same effect for solar wind velocity,
where a single parameter wave model can underestimates the wave intensities during fast solar wind veloc-
ities (red line) vice versa. Finally, a single parameter wave model can under estimate the wave intensities
more significantly during extreme conditions (light blue line).

Overall, the wave models presented here highlights the importance of multi-parameterization. The mag-
netosphere is a complex system, therefore it is necessary to consider all the most influential parameters
when modeling wave intensities for better accuracy. Aryan et al. (2017) demonstrated with the CIMI model
that a double wave parameter model can reduce simulation error by up to 6% in compression to a single
parameter wave model. We hope the new more sophisticated multi parameter wave models developed in
this study, that includes all the most influential parameters (Aryan et al., 2014; Boynton et al., 2018), can
provide significant improvement to radiation belt models, such as the CIMI model (Aryan et al., 2017; Fok
et al., 2008, 2011, 2014), the VERB code (Shprits et al., 2009; Subbotin & Shprits, 2009) and BAS-RBM (Glau-
ert et al., 2014), where the wave models are used for the calculation of diffusion coefficients under different
geomagnetic and solar wind conditions.

4. Conclusion

In this study, we used the comprehensive wave data measurements, by the EMFISIS instrument on board
the two Van Allen probes, to develop multi-parameter statistical chorus and plasmaspheric hiss wave mod-
els. The models of chorus and plasmaspheric hiss waves are presented as a function of combined geo-
magnetic activity (AE), solar wind velocity (V), and southward interplanetary magnetic field (Bs). This
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study shows that all three most influential parameters of solar wind and geomagnetic index (AE, V and
Bs) (Aryan et al., 2014) play an important role in the statistical distribution of chorus and plasmaspheric
hiss wave intensities in L and MLT. Despite, the coupling between geomagnetic and solar wind parameters
(McPherron et al., 2015), the results clearly show that each parameter still carries a sufficient amount of
unique information to more accurately constrain the chorus and plasmaspheric hiss wave intensities. The
results show that a single parameter wave model can over/under estimate the wave intensities based on the
solar wind conditions. In fact, the results show that there can be significant wave activity even during low
AE conditions, providing that the Bs is high and the solar wind velocity is fast.

The magnetosphere is a complex system and therefore it is necessary to consider all the most influential
parameters (Aryan et al., 2014) when modeling wave intensities for better accuracy. Solar wind coupling
with the magnetosphere triggers currents and electric fields, generates changes in the inner magnetosphere,
and produces magnetic storms or substorms. Also, the size of the plasmasphere and the location of the plas-
mapause is strongly influenced by the solar wind conditions (Larsen et al., 2007). The size of the plasmas-
phere is reduced during higher convections due to solar wind. This allows chorus wave growth throughout
broader regions of the inner magnetosphere and ultimately providing a richer source for plasmaspheric hiss
waves (Agapitov et al., 2018; Bortnik et al., 2008, 2009, 2016; Meredith et al., 2013). Another advantage of
the new wave models is the relatively smooth wave intensity variations in L and MLT. This can provide more
convenient estimates of intensities across the whole range of L and MLTs.

The wave models could improve further if we take into account the latitude and frequency resolutions (Mer-
edith et al., 2018, 2020), and also by splitting the AE, V, and Bs parameters into smaller intervals. However,
splitting the AE, V, and Bs parameters into smaller bins or including latitude variations will require an even
more extensive dataset, consisting of data from multiple satellite missions combined, to form meaningful
statistics for wave intensities. Nevertheless, the results presented in this paper show that multi parameter
wave models are important even if smaller intervals are used. Overall, the focus of the current study is to
highlight the importance of multi parameterization. The results suggest that we can build much more so-
phisticated wave models in future.

The new multi parameter wave models are developed to be incorporated into radiation belt models, such
as the CIMI model (Aryan et al., 2017; Fok et al., 2008, 2011, 2014), the VERB code (Shprits et al., 2009;
Subbotin & Shprits, 2009) and BAS-RBM (Glauert et al., 2014), where the wave models are used to calculate
the diffusion coefficients under different geomagnetic and solar wind conditions. We hope the new wave
models can provide significant improvement to radiation belt models. We intend to perform such simula-
tions and comparisons in future studies.

Data Availability Statement

The HFR and WFR data are freely available from the EMFISIS instrument (Kletzing et al., 2013; Wygant
et al., 2013) website at the University of Iowa (https://emfisis.physics.uiowa.edu/). The geomagnetic index
(AE) and solar wind parameters (V and Bs) are freely available from NASA's GSFC online space physics data
facility, OMNIWeb (https://omniweb.gsfc.nasa.gov).
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