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Abstract Numerical models of energetic electron behavior in the outer radiation belt require descriptions of
the wave-particle interactions across the inner magnetosphere. Quasilinear diffusion coefficients describe gyro-
resonant wave-particle interactions over large time- and length-scales but these must be constrained by
observations to construct realistic radiation belt models. Recent work indicates the importance of identifying
and including realistic spatiotemporal variation of diffusion coefficients. In this paper, we study the
spatiotemporal variability of whistler-mode waves outside the plasmasphere, typically referred to as whistler-
mode chorus. We separately consider the probability of (a) parts of the model domain being outside the
plasmasphere, and (b) the probability of detecting wave activity should that part of the model domain be outside
the plasmasphere. We discover that the spatiotemporal variability of whistler-mode waves significantly differs
across the model domain; we propose that wave power variability in short wave intervals (~5 min) is a useful
characteristic to distinguish between two types of whistler-mode waves, especially where their frequency ranges
overlap. Our novel spatiotemporal variability analysis indicates that low variability waves are dayside exohiss
whose typically high occurrence rate (~0.8) decreases with substorm activity, and high variability waves are
sporadic post-midnight/dawn sector substorm-driven chorus with a typical occurrence rate of 0.2. Further,
although previous studies often combine the occurrence rates and wave characteristics into climatological
averages of chorus wave power, this study highlights the importance of separating the study of occurrence rates
and power of the waves, since each can have a different relationship with driving factors.

Plain Language Summary Naturally occurring electromagnetic waves with frequencies in the range
of a hundred to a few thousand Hertz interact with the high-energy electrons of the radiation belt. The resulting
wave-particle interactions lead to both energization and scattering of high-energy electrons, influencing the
number and energy of electrons trapped in Earth's outer radiation belt. Wave-particle interactions can be
captured using diffusion coefficients that describe the efficacy of the interaction. Our main challenge when
building models of diffusion coefficients is to model how they vary in time and throughout near-Earth space,
even though we have only very sparse spacecraft observations to help build up our knowledge. The new results
in this paper use a statistical analysis of wave activity measured by the NASA Van Allen Probes to determine the
spatiotemporal variation of electromagnetic waves known as whistler-mode chorus. We study how the
occurrence rate of these waves varies in space, and in response to geomagnetic activity. We also demonstrate
that waves in different regions of space display variability on short timescales. The short timescale variability
can be used to distinguish one type of waves from another, allowing us to model their occurrence and behavior
more accurately in future.

1. Introduction

Wave-particle interactions are a key process at work in Earth's outer radiation belt (e.g., Horne et al., 2016;
Thorne, 2010). The high-energy electrons that are trapped in the inner magnetosphere forming the outer belt can
have their energy, pitch-angle, and even radial location modified by interactions with a wide range of
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electromagnetic perturbations (e.g., Green & Kivelson, 2004; W. Li & Hudson, 2019; Reeves et al., 2013; Lejosne
et al., 2022; Ripoll et al., 2020).

One of the most well-studied wave-particle interactions in the outer radiation belt is that of whistler-mode waves
with electrons (e.g., Artemyeyv et al., 2016; Horne, Thorne, Glauert, et al., 2005; J. Li et al., 2019; Thorne, 2010).
This wave mode is typically generated with sufficient frequency range that it can interact with electrons over a
broad range of energies (e.g., Allison et al., 2021; Horne et al., 2003) making the wave-particle interaction
particularly effective. In the relatively high-density environment of the plasmasphere, the waves are largely
responsible for enhanced scattering of the direction of the electron momentum, which can ultimately lead to loss
into the bounce, or drift-bounce, loss cone (e.g., Malaspina et al., 2020; Meredith et al., 2006, 2007, 2009; Ni
et al., 2013, 2014; Thorne et al., 1973). In the less dense plasma trough environment, the whistler-mode wave-
particle interaction can also lead to energization (heating, also referred to as acceleration) of high-energy elec-
trons (e.g., Horne, Thorne, Shprits, et al., 2005). The complex balance between acceleration and scattering in the
plasma trough is still under investigation, as it can be significantly affected by the latitudinal distribution of the
waves (D. Wang & Shprits, 2019) and in the presence of strong diffusion (Daggitt et al., 2024). Models of ra-
diation belt evolution in time are more successful when energization and scattering by whistler-mode waves is
included (e.g., Glauert et al., 2014a; Tu et al., 2013). Finally, observations of developing peaks in phase space
density (e.g., Green and Kivelson, 2004; Iles et al., 2006; Reeves et al., 2013) indicates the key importance of
whistler-mode waves in the plasma trough. Because of their connection to the detection of whistler-mode waves
on the ground with particular characteristics (e.g., Allcock, 1957; Helliwell, 1969), naturally generated whistler-
mode waves in the low-density plasma trough are often referred to as “chorus.”

Whistler-mode chorus can be structured in frequency space or relatively broadband and featureless (e.g., W. Li
et al., 2012). In the present study, we will refer to all whistler-mode waves detected outside the plasmasphere as
“chorus” even though we do not study the frequency structure of the emission. We note that this approach of
assuming such waves are chorus is very common in the literature. Chorus emissions have been extensively
studied (e.g., Agapitov et al., 2013, 2017; Cully et al., 2011; Hanzelka & Santolik, 2024; W. Li et al., 2011; Tao
et al., 2021; X.-J. Zhang et al., 2021) and are likely caused by nonlinear processes within the wave-particle
interaction (for a comprehensive review, see Omura, 2021). Structureless emissions outside the plasmapause
are often related to the broadband plasmaspheric hiss that occurs inside the plasmasphere (e.g., Feng et al., 2023;
J. L. Wang et al., 2020; Zhu et al., 2015, 2019). Whistler-mode chorus are right-hand polarized and can have a
range of wave-normal angles (e.g., Agapitov et al., 2013, 2018; Hartley et al., 2022; W. Li et al., 2013, 2016;
Mourenas et al., 2014; Taubenschuss et al., 2014). The strength of whistler-mode chorus has long been associated
with elevated substorm activity (e.g., Ma et al., 2023; Meredith et al., 2001, 2014, 2020; W. Li et al., 2009; Rodger
et al., 2016; Wong et al., 2024) and solar wind dynamic pressure (e.g., Jin et al., 2022; Liu & Su, 2023; Tang
et al., 2023). Chorus wave power envelopes have length-scales of the order of hundreds of kilometers (Aryan
et al., 2016; Agapitov et al., 2017, 2018; S. Zhang et al., 2021) and timescales of around 10 s (S. Zhang
et al., 2021). In short, a lot is known about magnetospheric chorus wave activity, and the community is well-
placed to construct models of the wave-particle interaction to be included in large-scale radiation belt numeri-
cal models.

An effective description of wave-particle interactions in numerical models is the quasilinear diffusion coefficient
(e.g., Allanson et al., 2022; Kennel & Engelmann, 1966; Lemons, 2012), bounce-averaged forms of which can be
found in for example, Lyons et al. (1972), Glauert and Horne (2005) and Cunningham (2023). These descriptions
of the efficacy of the wave-particle interaction have allowed the effective modeling of radiation belt behavior over
a range of different extended time periods: (a) storms that last a few days (e.g., Bourdarie et al., 1997), (b)
extended time periods of months that encompass more than one storm (e.g., Glauert et al., 2014b; Tu et al., 2013),
(c) 1 year (Drozdov et al., 2015) and even (d) 30 years of observations in the inner magnetosphere (Glauert
et al., 2018). Hence a lot of effort to date in outer radiation belt modeling has focused on modeling the diffusion
coefficients themselves and how they vary in space and time (e.g., Horne et al., 2013; Ma et al., 2023; Ripoll
et al., 2014; D. Wang et al., 2019; Wong et al., 2024).

The spatiotemporal variability of wave-particle interactions on relatively short timescales (e.g., minutes to hours)
is an important aspect of models that is, not often considered, even though we have evidence that there is a large
amount of variability in observations of wave power and other characteristics (e.g., Murphy et al., 2016; Spa-
sojevic et al., 2015; Watt et al., 2017). The consequences of large spatiotemporal variability can be seen in
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numerical solutions to the Fokker-Planck equation, and has been demonstrated for both radial diffusion
(Thompson et al., 2020) and pitch-angle scattering (Watt et al., 2021, 2022). In each case, numerical experiments
with different temporal or spatial scales of variability were initiated, resulting in ensembles of Fokker-Planck
solutions that demonstrate significant deviations from expected behavior as characterized by an “averaged co-
efficient” (for an in-depth discussion on appropriate averaging, see Watt et al. (2019) and Ross et al. (2020)). In
the case of pitch-angle scattering due to plasmaspheric hiss, numerical experiments showed that rapid variation in
the strength of wave-particle interactions with timescales less than 30 min resulted in ensembles of solutions that
can be effectively described using appropriately averaged diffusion coefficients. However, for longer timescales
of variation, the members of the ensembles deviated significantly from one another, demonstrating a wide range
of outcomes (Watt et al., 2021, 2022). A key missing piece of information in the study of the effect of temporal
variability of wave-particle interactions is the identification of timescales on which bounce- and drift-averaged
diffusion coefficients vary in the inner magnetosphere.

Constructing statistical models of diffusion coefficients remains necessary because wave-particle interactions
vary in L*, magnetic local time and magnetic latitude (e.g., Meredith et al., 2018). Therefore, even for those events
where in situ measurements exist and event-specific diffusion coefficients can be calculated (e.g., Ripoll
etal., 2017), we are not always guaranteed that the spacecraft providing those event-specific diffusion coefficients
have sampled from sufficient magnetic local times or latitudes to construct a global picture of wave activity at that
moment. Advances in this area can be made by including statistical information beyond long-term averages (see
e.g., Bentley et al., 2019; Thompson et al., 2020; Watt et al., 2017, 2021, for discussion) to describe the variability
of the wave-particle interaction in addition to the average levels.

The cause of the spatiotemporal variability of wave and plasma characteristics in the inner magnetosphere is not
always fully understood. When the variability of diffusion coefficients has been studied in the past, for example,
for plasmaspheric hiss (Watt et al., 2019), it was clear that parameterization by single parameters such as
geomagnetic activity could only slightly reduce the amount of inherent variability in the wave-particle interaction.
Since the uncertainty in the Fokker-Planck solutions is related to the amount of variability in the underlying
diffusion coefficient model (Thompson et al., 2020), if we cannot reduce the variability through effective
parameterization, it is important to faithfully include it in the diffusion coefficient model.

Motivated by recent numerical results, it is our aim to construct statistical models of the spatiotemporal variability
of wave activity and plasma conditions such as number density, so that they may be combined to create models of
the spatiotemporal variability of diffusion coefficients that can be used in a range of radiation belt models (e.g.,
Fokker-Planck models like the BAS-RBM (Glauert et al., 2014b) or test-particle models like K2 (Chan
etal., 2023)). The spatiotemporal models would reproduce the physical time and length-scales of variability of the
underlying wave and plasma environment such that realistic time-series of bounce- and drift-averages of the
diffusion coefficients can be created. We are additionally motivated to develop methods to quantify the uncer-
tainty in the solutions to radiation belt models, as is common in weather and climate modeling (see e.g., Tebaldi &
Knutti, 2007).

In this paper, we focus in particular on the occurrence rates and spatiotemporal variability of whistler-mode waves
in the spatial and temporal region covered by the Van Allen Probe mission, and those factors that might contribute
to their variation. While investigating whistler-mode spatiotemporal variability outside the plasmasphere, we
uncovered a methodology for separating different types of whistler-mode waves, and suggest that future models
should separate the two different types of chorus waves due to their significant differences.

2. Statistical Model-Building

Models of quasilinear diffusion coefficients Dj; for gyroresonant wave-particle interactions require inputs of
plasma and wave properties for their construction (e.g., Glauert & Horne, 2005). Here, i and j could be pitch-
angle, or one of either energy or momentum, and i can equal j. The input of the number density and magnetic
field strength (and in some cases plasma composition) are required to constrain the resonant condition. The wave
properties, including power as a function of frequency and wavevector, further dictate the strength of the wave-
particle interaction.

All inputs to the quasilinear diffusion coefficients vary in time and space, but the factors that dictate the different
variations are not necessarily the same. For example, dayside magnetospheric reconnection and inner
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magnetospheric dynamics play large roles in constraining the structure of cold plasma density in the inner
magnetosphere (Goldstein, 2006). However, many studies indicate that substorm injections have influence on the
activity of whistler-mode waves in the inner magnetosphere (e.g., Meredith et al., 2001; W. Li et al., 2009), hence
the factors that control one input to the diffusion coefficient may have a different effect on another. The “in-
gredients” that are combined to make the D;; can vary on different time and length-scales (e.g., Watt et al., 2021).
It is therefore important to consider both individual variation and co-variation of important parameters when
building combined models.

Our long-term aim is to construct spatiotemporal models for each input into the quasilinear diffusion coefficients,
including any co-dependencies, and then in future work construct a spatiotemporal model of the resulting D;;. In
this effort, we define the model domain, or “model-space”, as the parameter space in which models of gyro-
resonant wave-particle interactions are constructed for use in radiation belt models. Typically, this model-
space has coordinates L*, magnetic local time MLT, and magnetic latitude 1. For our planned spatiotemporal
models of diffusion coefficients, we require information about:

e occurrence rates of waves,

o distribution of wave power,

* how wave power varies with wave frequency @ and wave-normal angle 6,
o temporal scales of variation of waves, number density and magnetic field,
¢ length scales of variation of waves, number density and magnetic field.

In the current work, our initial focus will be on the occurrence rates and wave power of whistler-mode waves
found outside the plasmasphere in the region sampled by the NASA Van Allen Probes mission. We will
demonstrate how additional statistical analysis of years of observations can allow for better understanding of the
spatiotemporal variability of whistler-mode chorus activity in the inner magnetosphere and provide key building
blocks for future models.

3. Methods

For this study, we use ~7 years of data from the EMFISIS instrument (Kletzing et al., 2013, 2023) on Van Allen
Probe A from 7 November 2012 to the end of the mission on 14 October 2019. Although there is plenty of
evidence of magnetospheric chorus activity outside of the volume of space sampled by the Van Allen Probes (e.g.,
Agapitov et al., 2013; Meredith et al., 2012, 2020), we here focus on chorus wave activity in the heart of the outer
radiation belt. The extensive and high-quality observations collected by the Van Allen Probes are ideally suited to
the task. The database of magnetic field measurements used in this study is described in detail in Wong
et al. (2024), and important features of the processing are reiterated here. Magnetic field spectra, measured
onboard in the frequency range 2.1 Hz—11.2 kHz, are mapped to a common frequency scale of 10 frequency
channels from the lower hybrid frequency f; gz to the electron gyrofrequency f... The 10 mapped frequency
channels have the bounds (f; gz, 0.1f.., 0.2f.., 0.3f., 0.4f., 0.5f., 0.6f., 0.7f., 0.8f., 0.9£.. f..). We choose to
normalize all wave frequencies to the local electron gyrofrequency and do not map to the equatorial gyrofre-
quency. Although such mapping is an effective method to study whistler mode waves that are generated at the
equator (e.g., Santolik et al., 2010), we choose to normalize instead by local gyrofrequency in case some of the
waves detected in the lower frequency bands are not generated in this way. Note that we will analyze waves as a
function of magnetic latitude 4 (i.e., angular displacement from the magnetic equator) and so this alternative
method should not introduce insurmountable problems for interpretation. Instrumental background noise is
removed from the magnetic field spectral density using the technique described in Malaspina et al. (2017) and
applied in Wong et al. (2022, 2024). In the database, zero power P = 0 is assigned to wave power in each
frequency range that is below the background noise as determined above. Each observation is assigned an L*
value using the TS04 reference model (Tsyganenko & Sitnov, 2005) and assuming a local pitch-angle of 90°.

Importantly, to identify the waves as chorus, they must be observed outside the plasmasphere. To flag individual
observations as inside or outside the plasmasphere, a number of tests are used. First the wave spectra are checked
for the presence of electrostatic electron cyclotron harmonics (ECH). A background subtraction is made to ob-
servations from the high-frequency receiver (HFR) instrument on EMFISIS as described in Malaspina
etal. (2017). The presence of ECH above this background level indicates that the spacecraft are in the low density
environment outside the plasmasphere (Meredith et al., 2004), and intervals are checked to ensure that they have

WATT ET AL.

4 of 22

858017 SUOLUWIOD 3A 1110 3[cedldde 8Ly Aq pausienob afe sejole YO ‘8sn Jo sainJ 10} Ariq1T8ul|UO 3|1 UO (SUORIPLOD-pUe-SWB) LD A8 | 1M Afe.q)1|BuJUO//Sd1Y) SUORIPUOD pUe SWe | 8Ly 88S " [G202/0T/90] U A%iqi8uliuo A8|Im “Aenins onoseiuy ushug Aq T90VE0VISZ02/620T OT/I0p/w0d A3 1m Arelq1jeut|uo'sandnBe//sdny woiy pepeojumod ‘0T ‘SZ0Z ‘20766912



Vil . .
M\ Journal of Geophysical Research: Space Physics 10.1029/2025JA034061
3.5<L*<4.0 4.0<L*<4.5 4.5<L*<5.0 5.0<L*<5.5 106
5 ¢
Data § 'g_
coverage § ]
z3
£
)
8
®]
[}
2
Qo
PWIO) 58
S
[
2
[
PW) =&
8
(o]

12
MLT MLT

Figure 1. Occurrence rates for conditions in wave observations from Van Allen Probe A for 2012-2019. Each column shows a different L* range from L* = 3.0 to
L* = 5.5 and each panel indicates coverage or occurrence rates as a function of MLT (horizontal axis) and absolute magnetic latitude (vertical axis). [First row] Number
of data-points in each (MLT, Mlat) bin (shown using a log-base-10 scale). [Second row] Occurrence rates of positive spacecraft identification outside the plasmasphere
Nirougn/N using the criteria described in the text. [Third row] Occurrence rate of wave power greater than noise for f; z <f <0.5f,, when spacecraft is outside of the
plasmasphere. [Fourth row] Occurrence rate of wave power greater than noise for f; yz <f <0.5f,, for entire data set.

consistent inside/outside identifications for intervals of at least 500 s. If the ECH waves fall outside the frequency
range of the EMFISIS suite, specifically if the third harmonic band falls below the lower frequency limit of the
HFR then a density criterion is used for identification where the spacecraft is assumed to be outside the plas-
masphere should the density be lower than max(10 x (6.6/ L)4,50.0) cm™ (W. Li et al., 2015). Densities are all
derived from plasma wave measurements made by the HFR instrument on EMFISIS as described in Kurth
et al. (2015). If neither criteria are appropriate to the observation, then it is flagged as “unknown.” Further details
on the processing of the data are given in Wong et al. (2024). The “unknown” data-points correspond to <0.1% of
the entire set of Van Allen Probe A observations and will not be used in the following analysis.

We will analyze both occurrence rates and wave power distributions in this work; both can vary with L*, MLT,
magnetic latitude 4 and frequency f. We define N as the number of observations in a particular (L*, MLT, 1) bin,
Ncp, as the number of observations with P > 0, and Nougn as the number of observations positively identified to
be outside the plasmasphere in the plasma trough. In the text, we will often use the terminology “occurrence rate”
and “probability” interchangeably because it aids comprehension of certain concepts. We here acknowledge that
the occurrence rate of observations with particular characteristics during the Van Allen Probe mission is the same
as the probability that an observation with those characteristics would occur so long as the Van Allen Probes have
representatively sampled conditions of the inner magnetosphere during times when the plasmapause retreats well
within the Van Allen Probe orbits.

The geomagnetic AE indices are obtained from the OMNI database (Papitashvili & King, 2023).

4. Occurrence Rates of Whistler-Mode Waves Relative to Plasmasphere Behavior

Our first presentation of whistler-mode occurrence rates as a function of L*, MLT and 4 is shown in Figure 1. We
integrate over all lower-band frequencies, from f; g to 0.5f., in order to obtain a general picture of the occurrence
of lower-band whistler-mode waves. Each column of the Figure includes data from a different L* range in
3.0 < L* < 5.5. Note that although the Van Allen Probe orbits often extend past L* = 5.5, there is insufficient
(MLT, A) coverage to include a column for 5.5 < L* < 6.0 that would have data in all bins; we have therefore
decided to limit our analysis to L* <5.5.

The first row of panels in Figure 1 shows the number of data points N in each (MLT, 1) bin on a logarithmic scale.
The second row indicates the occurrence rates of times that the spacecraft are identified outside the plasmasphere,
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which we identify as the probability P(O) = Nyouen/N. We note that P(O) = 0 would occur if the spacecraft was
never identified outside the plasmasphere, and P(O) = 1 would occur if the spacecraft was always identified
outside the plasmasphere in that (MLT, 1) bin for that particular L* range. The third row shows the occurrence
rates of whistler-mode wave power identified above the noise floor should the spacecraft be outside the plas-
masphere, which we identify as the probability P(W|O) = N,/ Nyguen. In this case, P(W|O) = 0 would
correspond to there never being any whistler-mode wave power detected above the noise floor when the
spacecraft was identified to be outside the plasmasphere, and P(W|O) = 1 would indicate that every time the
spacecraft was outside the plasmasphere, and sampled that (MLT, 4, L*) bin, whistler-mode wave power above
the noise level was detected. Finally, the fourth row shows the occurrence rates of whistler-mode wave signals
above the noise level in each (MLT, A, L*) bin, which we identify as the probability P(W) = N_,/N. This
probability is equivalent to the occurrence rate of chorus waves in that particular (MLT, A, L*) bin, where
P(W) = 0if whistler-mode wave activity is never detected above noise level in that bin, regardless of the number
density value, and P(W) = 1 if whistler-mode wave activity is always detected there. The fourth row can also be
obtained by combining rows two and three P(W) = P(O)P(W|O).

Comparing the second and third row of Figure 1 indicates the importance of separating the two probabilities of (a)
being outside the plasmasphere P(O), and (b) observing waves should the spacecraft be outside the plasmasphere
P(W|O). The variation of P(O) (second row) in each L* shell follows the known shape of the plasmasphere (e.g.,
Ebihara & Miyoshi, 2011). At low L* < 3.5, it is quite unlikely that the spacecraft will exit the plasmasphere for
any MLT, but as L* increases, the likelihood of exiting the plasmasphere on the dawn side of the Earth grows.
Even for 3.5 < L* < 4.0, there is a marked difference in the probability of being inside or outside the plasmasphere
between dawn and dusk sides of the Earth. For 5.0 < L* < 5.5, the spacecraft spends nearly 60% of its time outside
of the plasmasphere between midnight and 08 MLT where P(O) ~ 0.6, but only 10% of its time outside the
plasmasphere between 16 and 20 MLT where P(O) ~ 0.1. We note here that plasma trough detections on the
dusk side of the Earth are low in our analysis coincident with a region where ECH waves are rarely observed (e.g.,
Meredith et al., 2004; Zhou et al., 2023). Number densities in the inner magnetosphere sampled by the Van Allen
Probes also demonstrate similar patterns. Recent work analyzing the influence of geomagnetic activity on
electron number density indicates that the average electron number density for L>5 and 12-18 MLT is not
diminished until activity levels reach Kp >5, even though number densities for L>35 and 00-06 MLT are
diminished at much lower activity levels Kp >1 (Ripoll et al., 2024). Given the statistical distribution of Kp
values (e.g., Chakraborty & Morley, 2020; Fiori et al., 2020) both electron number density analysis and the ECH
identification used in this paper indicate that plasma trough conditions are observed for L > 5 much more often
between midnight and noon than they are between noon and midnight.

In the third row, we show the probability of observing whistler-mode waves with power greater than background
noise for fiyr<f < 0.5f, should the spacecraft be identified outside the plasmasphere, that is,
P(W|O) = Ncn/ Nyough- The probability of detecting wave activity larger than the noise level as a function of
MLT and 4 (third row) is markedly different than the probability of being inside or outside of the plasmasphere
(second row). The occurrence rates of wave activity for all values of L* are very high, and are centered around
noon. Note that the probability color scale on the second row extends 0—0.6, but the probability color scale in the
third row extends up to 1. On the rare occasions that the spacecraft are outside the plasmasphere at low L*, there is
nearly always whistler-mode wave activity on the dayside, and occurrence rates are larger than 0.5 across the
remaining MLT and 4 sampled by the Van Allen Probe mission. As we move to higher L*, wave activity is much
more restricted to dayside MLT values.

The fourth row of Figure 1 is much more easily understood by considering the multiplication of probabilities in
rows two and three. The resulting occurrence rates of lower-band whistler-mode chorus, or, the probability that a
high-energy electron would encounter whistler-mode wave activity during its drifting and bouncing path around
the Earth, is controlled both by the likelihood of being outside the plasmasphere P(O), and by the likelihood of
waves being generated at a particular MLT and 1, P(W|O). It is also important to remember that as electrons drift
around the Earth along their drift-bounce trajectories, the times spent in the pale areas of the fourth row of Figure 1
are likely to be times where they will experience plasmaspheric hiss. The second and fourth rows of Figure 1
indicate that in many circumstances, electrons will experience lower-band chorus for part of their drift-bounce
trajectory, and plasmaspheric hiss for other parts. When drift-averaging a more detailed spatiotemporal model
of diffusion coefficients, as we propose in future, the consequences of these circumstances should be explored.
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Figure 2. Occurrence rates of wave power greater than noise when spacecraft is outside of the plasmasphere as a function of MLT (horizontal axis of each panel) and 1
(vertical axis of each panel). Frequency band increases from bottom row (f;yr <f <0.1f,) to top row (0.9 <f/f.. < 1), and L* increases from left column

(3.0<L*<3.5) toright (5.0<L* <5.5).

The inclusion of all whistler-mode wave activity between f; ; and 0.5f;, is prompted by work on “low-frequency
chorus” (e.g., Meredith et al., 2014), but could be conflating different types of plasmatrough whistler-mode
waves, i.e. traditional chorus (e.g., Agapitov et al., 2013; Aryan et al., 2014; Meredith et al., 2020) and exo-
hiss (e.g., Feng et al., 2023; Gao et al., 2018; Thorne et al., 1973; Zhu et al., 2015, 2019). In what follows, we will
separate the wave activity into smaller frequency bands in order to study the occurrence of whistler-mode wave
activity in more detail.

5. Statistical Wave Properties as a Function of Wave Frequency
5.1. Occurrence Rates and Statistical Descriptions of Power

Figure 2 shows the occurrence rates of whistler-mode chorus outside the plasmasphere as a function of MLT
(horizontal axis of each panel), magnetic latitude (vertical axis of each panel), frequency (row, where lowest
frequency band is shown in the lowest row, and highest frequency band is shown in the top row) and L* (column,
with innermost measurements for 3.0 < L* < 3.5 in the first column, and high L* measurements 5.0 < L* < 5.5 in
the final column). The lowest five rows therefore represent lower-band chorus, and the top five rows show upper-
band chorus. The color in the plots represents the occurrence rate of detecting wave power above instrumental
noise when the spacecraft is positively identified outside the plasmasphere, that is, Ncn/Nyougn, @and varies be-

tween O and 1.

Studying Figure 2 as a whole, we can see that of the 4 variables L* (column), f (row), MLT (horizontal axis) and A
(vertical axis), the patterns of chorus occurrence rates vary only slightly with L*, that is, many columns look very
similar, especially the results for 4.0 <L* <5.5.

In general, the occurrence rates of whistler-mode chorus decrease rapidly with increasing frequency, becoming
negligible at all (L*,MLT, 1) for f/f., > 0.8. This is as expected from previous work (e.g., Wong et al. (2024).
Occurrence rates are very high in the lowest frequency band, with rates approaching 1 for 08 < MLT < 16 and for
L* <4.5. Occurrence rates are also high (~0.8) for 08 <MLT < 16, 4.5<L* <5.5 and f/f., <0.2.
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Concentrating now on the trends in (MLT, 1) for each frequency band, the trends for L* < 4.0 are less clear than
those for L* > 4.0, and so we will often focus on the higher L* range, remembering that Ny, is very low for
L* <4.0. The lowest frequency bands show peaks in occurrence rates that are symmetric about noon and vary
gently with A. For higher frequency bands (e.g., 0.4 < f/f., <0.6), the occurrence rate patterns are no longer
symmetric about noon. In these frequency ranges, occurrence rates peak close to the equator post-midnight
(00 < MLT < 04) and peak at higher magnetic latitude near noon. For frequencies 0.2 < f/f., < 0.4 there ap-
pears to be a mixture of the two occurrence patterns—a symmetric pattern 08 < MLT < 16 around noon that only
varies gradually with 4, and an asymmetric pattern that increases in magnetic latitude with increasing MLT from
00 to ~12 MLT.

We next visualize the occurrence rates and wave properties as a function of MLT, 4 and f, by combining data at all
L*. This may mask variations at low L*, since observations outside the plasmasphere are very rare for low L*.
However, Figure 2 indicates that the variations with MLT, A and f are much more important.

In Figure 3 we have combined observations at all L*, and investigate wave occurrence rates and wave power as a
function of MLT (horizontal axis of each panel), frequency (vertical axis of each panel), and magnetic latitude
(row, with 0 < 1< 6°in the lowest row, 6° < 4 < 12°in the middle row, and 12° < 4 < 18°in the top row). The
occurrence rates are shown in the first column, and fall between 0 (no wave activity observed) and 1 (wave
activity always observed). The second column shows the median of observations where P> 0. Given the large
variability of chorus waves (e.g., Watt et al., 2017), the medians are shown on a log-base-10 scale, where a value
of 2.0 is equivalent to 7 = 10? pT?. The interquartile range (IQR) of the distribution of > 0 is shown in the third
column. We display the IQR of log;,(P) to reflect the large variability in the chorus wave intensity, and it is
therefore equivalent to log;, of the interquartile ratio 7;5/P,s. In the third column, a value of 1 would indicate that
there was one order of magnitude between the 25th and 75th percentile. Finally the fourth column shows the total
average of observations of wave power in each bin, including 7 = 0 values. These are calculated in the usual
fashion, but displayed using a log-base-10 scale for comparison with the median in the second column. Any white
spaces in the second-fourth columns indicate regions of the (MLT,f, ) model space where the median, average
and upper quartile of the wave power are zero.

In panel (i) at low magnetic latitudes (i.e., close to the magnetic equator), there are two separate regions of finite
wave occurrence rates covering roughly 06 < MLT < 20, f/f., < 0.3 (with high occurrence rates 0.8—1) and
00 < MLT < 10, 0.3 < f/f.. < 0.7 (with relatively low occurrence 0.2—0.3). In panel (e), for latitudes just off
the equator at 6° < 4 < 12°, the two wave activity groups are much less separated in MLT. There is still a region
of high occurrence rates covering roughly 06 < MLT < 20, f/f., < 0.3 that neighbors a region of lower
occurrence rates covering 02 < MLT < 14, 0.2 < f/f., < 0.6. In panel (a), for the highest latitude bin studied
(12° < 4 < 18°), there does not appear to be two separate regions of occurrence rates, just one. This might be
because there are no longer two different regions of enhanced occurrence rates, or it could be that they signifi-
cantly overlap in frequency and MLT. The analysis presented later in this paper will investigate these regions of
enhanced occurrence rates seen in Figures 3a, 3e and 3i more closely.

Turning attention to the statistical properties of the waves, near the equator (bottom row: 0 < 1 < 6°), the two areas
of enhanced wave occurrence rate coincide with the largest median wave power (panel (j)) and the largest average
wave power (panel (1)). However, the variability in the wave power (represented by the interquartile range of the
log;, wave power in panel (k)) is small (<0.5) for the high-occurrence rate region at 06 < MLT < 20, f/f,, <0.3,
but much larger (1.5-1.75) for the lower-occurrence rate region at 00 < MLT < 10, 0.3 <f/f., <0.7.

At higher latitudes, the pattern repeats. High values of median and average wave power (columns 2 and 4)
coincide with regions of enhanced wave occurrence rates (column 1), although as mentioned before, the regions
of high wave power and occurrence rates merge in (MLT,f)-space as latitude increases. At all latitudes, there
remains a region of low wave variability for 06 < MLT < 20 and low frequency. As latitude increases, the region
of low variability around noon occupies a diminishing range of frequency.

We provide additional Figures in the Supporting Information S1 that show the occurrence rates, median and IQR
of the waves as a function of L*. These Figures indicate that the statistics for 4.0 < L* <5.0 and 5.0 < L* < 6.0 are
quite similar to those shown in Figure 3 but those for 3.0 < L* < 4.0 are quite different. The very small number of
events recorded outside the plasmasphere for 3.0 < L* < 4.0 will not contribute greatly towards the conclusions of

WATT ET AL.

8 of 22

858017 SUOLUWIOD 3A 1110 3[cedldde 8Ly Aq pausienob afe sejole YO ‘8sn Jo sainJ 10} Ariq1T8ul|UO 3|1 UO (SUORIPLOD-pUe-SWB) LD A8 | 1M Afe.q)1|BuJUO//Sd1Y) SUORIPUOD pUe SWe | 8Ly 88S " [G202/0T/90] U A%iqi8uliuo A8|Im “Aenins onoseiuy ushug Aq T90VE0VISZ02/620T OT/I0p/w0d A3 1m Arelq1jeut|uo'sandnBe//sdny woiy pepeojumod ‘0T ‘SZ0Z ‘20766912



Vel
e Journal of Geophysical Research: Space Physics 10.1029/2025JA034061
P Occurrence P Median log10 Power P IQR of log10 Power P Average incl. zero power
T ) T e o T
n-
N N
0.5f.c
0.1fc
finR
0 12
MLT
fCE
(e)
0.5f.c
|
0.1f.e
fimg
0 12
MLT
fee
(i)
0.5z
0.1z
firm 12 24 2 0 12 24 o 12 24
MLT MLT MLT MLT

0.0

0.4 0.6

Occurrence rate

E— [EE—— g E— R

1.0 -2 -1 0 1 2 00 0.5 1.0 15 2.0 -2 -1 0 1 2
10g10(P), pT? IQR(log10(P) l0g10(P), pT?

Figure 3. Statistics of chorus wave activity as a function of MLT (horizontal axis of each panel) and frequency (vertical axis of each panel). Frequencies span the range
from the lower hybrid resonance f; y to the electron gyrofrequency f.,. The ratio f; yz/f.. has values in the range 0.016-0.022 for Van Allen Probe observations outside
the plasmasphere. Panels (a—d) show statistics from 12° < 4 < 18°, (e-h) from 6° < 4 < 12° and (i-1) from 0 < A2 < 6°. Occurrence rates of P are displayed in the first
column. Median wave power greater than noise level is displayed in the second column using a log-base-10 scale (so that a value of —2 is equivalent to ? = 1072 pT?).
Interquartile ratio of log;,(P) when P is greater than noise is displayed in the third column. The average wave power, calculated including values of 7 = 0 when wave
power does not exceed instrumental noise, is displayed in the fourth column, also on a log-base-10 scale. In the 2nd, 3rd and 4th columns, values are set to zero if there are
fewer than five P > 0 values in that particular (MLT, 4,f) bin.

this study, but should not be ignored when constructing statistical models of wave behavior across the inner
magnetosphere.

5.2. Comparison Between Wave Statistics and Previous Works

Many studies have determined different aspects of the statistical distribution of whistler-mode wave power in the
Earth's magnetosphere, including W. Li et al. (2009, 2010); Agapitov et al. (2011); Meredith et al. (2012);
Agapitov et al. (2013); Tyler et al. (2019); Meredith et al. (2020). Some reported occurrence statistics (e.g.,
Agapitov et al., 2011; Tyler et al., 2019), and many reported maps of average wave activity (e.g., W. Li
et al., 2009, 2010; Meredith et al., 2012, 2020). The statistical occurrence rates determined in Agapitov
et al. (2011) are similar to those we show in Figures 2 and 3, although we show more detail in magnetic latitude
and frequency band. Both Agapitov et al. (2011) and the results in Figure 3 demonstrate that occurrence rates tend
to peak on the dayside and large occurrence rates can persist into the post-noon sector. Averaged maps tend to
give the impression that lower-band whistler-mode wave activity near the equator extends from 00 to 12 MLT,
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and peaks between 06 and 12 MLT (e.g., W. Li et al., 2009; Meredith et al., 2012). We note from Figure 3 that the
pattern of occurrence rates (first column) can be quite different from an averaged map (final column), and in this
section we explore this in more detail.

We isolate waves in a single frequency band 0.1 <f/f;, <0.2 and select those close to the magnetic equator
(|4] < 6°). In Figure 4 we show histograms of all 6s whistler-mode power observations in this frequency band for
P > 0. Occurrence rates for P > 0 in each (MLT, 1) bin are shown in the title of each panel (a—d). It is important
to note that the horizontal axis is log,,P and so a value of 2 corresponds to 10? pT?, and a value of 4 is two orders
of magnitude larger at 10* pT2. The histogram at 02-04 MLT has a pronounced heavy tail, with some values
exceeding 10° pT?. In contrast, the histograms at 1012 MLT and 14—16 MLT indicate that power values here
rarely exceed 10° pT?. The median and 75th percentile of the 7> 0 values are shown using blue dashed lines in
each panel; these do not vary much with MLT. The occurrence rates increase with MLT, from a low value of 0.1 at
02-04 MLT to a value of 0.6 for 10-12 MLT and 14-16 MLT.

The average wave power in this frequency band, including the P = 0 values, is indicated in each panel with a
solid blue line. The average wave power, as used to construct statistical maps like those in W. Li et al. (2009,
2010); Meredith et al. (2012, 2020) is a combination of the wave power and the occurrence rate since it includes
the P = 0 values. We can see that the average wave power reduces with MLT, even as the wave occurrence rates
increase. Waves are detected above the noise level much more often at larger MLT, but never display the high
power observed at lower MLT in the post-midnight sector.

The significant changes in the distribution of wave power and wave occurrence rates between 02-04 MLT and
10-12 MLT results in the averaged wave power maps often presented in the literature. However, the averaged
wave power in the post-midnight sector remains much smaller than the very large values of power that have been
the subject of other studies (e.g., Cattell et al., 2008; Tyler et al., 2019; Wilson III et al., 2011) and can be seen in
the long statistical tail of power in Figure 4a.

Guided by previous numerical studies of the consequences of temporal variations in diffusion coefficients
(Thompson et al., 2020; Watt et al., 2021, 2022), we suggest that the consequences of wave-particle interactions
with high-power waves that exist a small fraction of the time (see Figure 4 and Tyler et al., 2019) may be very
different to the consequences of wave-particle interactions with much less strong waves that exist >50% of the
time. Thompson et al. (2020) demonstrated that the numerical solutions to the Fokker-Planck equation depended
upon the amount of variability in the underlying distribution of diffusion coefficients, in addition to the shape of
the distribution of diffusion coefficients. The statistics presented here will contribute towards future numerical
experiments to determine the importance of the occurrence rates and distributions of whistler-mode wave activity
in the plasmatrough.

6. Wave Spatiotemporal Variability

Evidence from near the equator indicates that there may be two different unconnected regions of wave activity,
but that these regions overlap in frequency at higher latitude. This section uses the differences in wave variability,
motivated by column 3 of Figure 3, to determine whether there are any differences in the two wave activity
regions.

6.1. Variability in the Spatiotemporal Series of Spacecraft Observations

We first visualize the spatiotemporal variability of chorus wave activity in the two regions of (MLT, 4,f) that
seem separated at low magnetic latitude |4| < 6° in Figure 3i; the post-midnight sporadic region at relatively high
frequency relative to f;,, and a dayside near-continuous region at relatively low frequency. Figure 5a shows an
example interval of the wave power spectral density from the EMFISIS instrument on Van Allen Probe A, when
the spacecraft was in the post-midnight equatorial region 4 ~ 3° and MLT ~ 05. Dotted and dashed lines
indicate the frequency boundaries used in this study from f; 5z up to 0.6f,, where we reiterate that these are local
values, not mapped equatorial values. The dashed lines indicate 0.5f., and 0.6f., which delimit the power dis-
played in panel (c) during the same interval. In comparison, Figure 5b shows an example interval of whistler-
mode wave power spectral density from the dayside at MLT ~ 11. Again, dashed and dotted lines show the
frequency boundaries used in this study, and the dashed lines now show the frequency limits for panel (d): f; zr
and 0.1f.,. The most striking difference between the two examples of spatiotemporal observation series is the
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