17

18

19

21

22

23

Occurrence rates and variability of whistler-mode
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Key Points:

¢ Whistler-mode wave variability over short time scales can separate substorm-driven
chorus from exohiss despite overlap in frequency

+ Chorus and exohiss have different occurrence rates, spatio-temporal behavior and
response to driving factors

« Using our analysis, diffusion coefficient models could be reformulated to avoid av-
eraging over two different types of wave activity
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Abstract

Numerical models of energetic electron behavior in the outer radiation belt require de-
scriptions 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 includ-
ing realistic spatio-temporal variation of diffusion coefficients. In this paper, we study

the spatio-temporal variability of whistler-mode waves outside the plasmasphere, typ-
ically referred to as whistler-mode chorus. We separately consider the probability of (i)
parts of the model domain being outside the plasmasphere, and (ii) the probability of
detecting wave activity should that part of the model domain be outside the plasmas-
phere. We discover that the spatio-temporal variability of whistler-mode waves signif-
icantly differs across the model domain; we propose that wave power variability in short
wave intervals (~ 5 minutes) is a useful characteristic to distinguish between two types

of whistler-mode waves, especially where their frequency ranges overlap. Our novel spatio-
temporal variability analysis indicates that low variability waves are dayside exohiss whose
typically high occurrence rate (~ 0.8) decreases with substorm activity, and high vari-
ability waves are sporadic post-midnight/dawn sector substorm-driven chorus with a typ-
ical occurrence rate of 0.2. Further, although previous studies often combine the occur-
rence 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 hun-
dred to a few thousand Hertz interact with the high-energy electrons of the radiation belt.
The resulting wave-particle interactions lead to both energisation 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 dif-
fusion 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 knowl-
edge. The new results in this paper use a statistical analysis of wave activity measured
by the NASA Van Allen Probes to determine the spatio-temporal variation of electro-
magnetic 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, allow-
ing 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. Thorne, 2010; Horne et al., 2016). 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 electromagnetic per-
turbations (e.g. Green & Kivelson, 2004; Reeves et al., 2013; Lejosne et al., 2022; W. Li
& Hudson, 2019; 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. Horne et al., 2005a; Thorne, 2010;
Artemyev et al., 2016; J. Li et al., 2019). This wave mode is typically generated with
sufficient frequency range that it can interact with electrons over a broad range of en-
ergies (e.g. Horne et al., 2003b; Allison et al., 2021) making the wave-particle interac-
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tion 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. Thorne et al., 1973; Meredith et al., 2006, 2007, 2009; Ni et al., 2013, 2014; Malaspina
et al., 2020). 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 electrons (e.g. Horne et al., 2005b). 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 radiation belt evolu-

tion in time are more successful when energization and scattering by whistler-mode waves
is included (e.g. Tu et al., 2013; Glauert et al., 2014a). Finally, observations of devel-
oping peaks in phase space density (e.g. Green & Kivelson (2004); Tles 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. Helliwell, 1969; Allcock, 1957), 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 plasmsphere 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 exten-
sively studied (e.g. W. Li et al., 2011; Cully et al., 2011; Agapitov et al., 2013, 2017; Tao
et al., 2021; X.-J. Zhang et al., 2021; Hanzelka & Santolik, 2024) 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. Zhu et al.,
2015, 2019; J. L. Wang et al., 2020; Feng et al., 2023). Whistler-mode chorus are right-
hand polarized and can have a range of wave-normal angles (e.g. Agapitov et al., 2013;
W. Li et al., 2013; Mourenas et al., 2014; Taubenschuss et al., 2014; W. Li et al., 2016;
Agapitov et al., 2018; Hartley et al., 2022). The strength of whistler-mode chorus has
long been associated with elevated substorm activity (e.g. Meredith et al., 2001; W. Li
et al., 2009; Meredith et al., 2014; Rodger et al., 2016; Meredith et al., 2020; Ma et al.,
2023; 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 or-
der of hundreds of kilometers (Aryan et al., 2016; Agapitov et al., 2017, 2018; S. Zhang
et al., 2021) and timescales of around 10 seconds (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 radi-
ation belt numerical models.

An effective description of wave-particle interactions in numerical models is the quasi-
linear diffusion coefficient (e.g. Kennel & Engelmann, 1966; Lemons, 2012; Allanson et
al., 2022), bounce-averaged forms of which can be found in e.g. Lyons et al. (1972), Glauert
& 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: (i) storms that last a few days (e.g. Bour-
darie et al., 1997), (ii) extended time periods of months that encompass more than one
storm (e.g. Tu et al., 2013; Glauert et al., 2014b), (iii) 1 year (Drozdov et al., 2015) and
even (iv) 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 dif-
fusion coefficients themselves and how they vary in space and time (e.g. Horne et al.,
2013; Ripoll et al., 2014; D. Wang et al., 2019; Ma et al., 2023; Wong et al., 2024).
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The spatio-temporal 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. Spasojevic et al., 2015; Murphy et al., 2016;
Watt et al., 2017). The consequences of large spatio-temporal variability can be seen in
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 demon-
strate significant deviations from expected behavior as characterized by an “averaged
coefficient” (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 in-
teractions with timescales less than 30 minutes 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, etc.). Therefore, even for those events where in-situ measurements
exist and event-specific diffusion coefficients can be calculated (e.g. Ripoll et al., 2017,
etc.), we are not always guaranteed that the spacecraft providing those event-specific dif-
fusion coefficients have sampled from sufficient magnetic local times or latitudes to con-
struct 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. Watt et
al., 2017; Bentley et al., 2019; Thompson et al., 2020; Watt et al., 2021, for discussion)
to describe the variability of the wave-particle interaction in addition to the average lev-
els.

The cause of the spatio-temporal variability of wave and plasma characteristics in
the inner magnetosphere is not always fully understood. When the variability of diffu-
sion coefficients has been studied in the past, e.g. 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 variabil-
ity in the underlying diffusion coefficient model (Thompson et al., 2020), if we cannot
reduce the variability through effective parameterization, it is important to faithfully in-
clude it in the diffusion coefficient model.

Motivated by recent numerical results, it is our aim to construct statistical mod-
els of the spatio-temporal variability of wave activity and plasma conditions such as num-
ber density, so that they may be combined to create models of the spatio-temporal vari-
ability 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 mod-
els like K2 (Chan et al., 2023)). The spatio-temporal models would reproduce the phys-
ical 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 un-
certainty 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 spatio-temporal
variability of whistler-mode waves in the spatial and temporal region covered by the Van
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Allen Probe mission, and those factors that might contribute to their variation. While
investigating whistler-mode spatio-temporal variability outside the plasmasphere, we un-
covered a methodology for separating different types of whistler-mode waves, and sug-
gest 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 D;; for gyroresonant wave-particle in-
teractions 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 momen-
tum, and ¢ 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 condi-
tion. 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 magnetospheric dynamics play large roles
in constraining the structure of cold plasma density in the inner magnetosphere (Gold-
stein, 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 co-
efficient may have a different effect on another. The “ingredients” 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 impor-
tant parameters when building combined models.

Our long-term aim is to construct spatio-temporal models for each input into the
quasilinear diffusion coefficients, including any co-dependencies, and then in future work
construct a spatio-temporal 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 A. For our
planned spatio-temporal models of diffusion coefficients, we require information about:

 occurrence rates of waves,

« distribution of wave power,

» how wave power varies with wave frequency w and wave-normal angle 6,
« 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 spatio-temporal 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 7th November 2012 to the end of the mis-
sion on 14th October 2019. Although there is plenty of evidence of magnetospheric cho-
rus activity outside of the volume of space sampled by the Van Allen Probes (e.g. Agapi-
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tov 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 col-
lected 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, mea-
sured onboard in the frequency range 2.1 Hz to 11.2 kHz, are mapped to a common fre-
quency scale of ten frequency channels from the lower hybrid frequency frggr to the elec-
tron gyrofrequency fe.. The ten mapped frequency channels have the bounds: (frgr,
0.1fce, 0.2fce, 0.3fce, 0.4fce, 0.5fce, 0.6fce, 0.7fce, 0.8 fce, 0.9fce, fee). We choose to nor-
malize all wave frequencies to the local electron gyrofrequency and do not map to the
equatorial gyrofrequency. 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 func-
tion of magnetic latitude A (i.e. angular displacement from the magnetic equator) and

so this alternative method should not introduce insurmountable problems for interpre-
tation. Instrumental background noise is removed from the magnetic field spectral den-
sity 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 fre-
quency range that is below the background noise as determined above. Each observa-
tion is assigned an L* value using the T'S04 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 plas-
masphere. To flag individual observations as inside or outside the plasmasphere, a num-
ber 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 observations
from the high-frequency receiver (HFR) instrument on EMFISIS as described in Malaspina
et al. (2017). The presence of ECH above this background level indicates that the space-
craft are in the low density environment outside the plasmasphere (Meredith et al., 2004),
and intervals are checked to ensure that they have consistent inside/outside identifica-
tions for intervals of at least 500 seconds. 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 plasmasphere should the density be lower than
max(10x(6.6/L)*,50.0) cm™3 (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 A and frequency f. We define N as the
number of observations in a particular (L*, M LT, \) bin, N¢y, as the number of obser-
vations with P > 0, and Niyough as the number of observations positively identified to
be outside the plasmasphere in the plasma trough. In the text, we will often use the ter-
minology ”occurrence rate” and ”probability” interchangeably because it aids compre-
hension of certain concepts. We here acknowledge that the occurrence rate of observa-
tions 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).
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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* = 3.0to 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 (M LT, Mlat) bin
(shown using a log-base-10 scale). [Second row| Occurrence rates of positive spacecraft identifi-
cation outside the plasmasphere Nirougn /N using the criteria described in the text. [Third row]
Occurrence rate of wave power greater than noise for frzr < f < 0.5f.c when spacecraft is
outside of the plasmasphere. [Fourth row] Occurrence rate of wave power greater than noise for
frar < f < 0.5f for entire dataset.

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 A is shown in Figure 1. We integrate over all lower-band frequencies, from f;ggr to
0.5 fce in order to obtain a general picture of the occurrence of lower-band whistler-mode
waves. Fach 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,\) 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,\)
bin on a logarithmic scale. The second row indicates the occurrence rates of times that
the spacecraft are identified outside the plasmasphere, which we identify as the proba-
bility P(O) = Niough/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,)\) bin for that particular
L* range. The third row shows the occurrence rates of whistler-mode wave power iden-
tified above the noise floor should the spacecraft be outside the plasmasphere, which we
identify as the probability P(W|O) = N /Nirough. 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 sam-
pled that (MLT, A, 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

Number of
data points

Occurrence Occurrence

Occurrence

rate

rate

rate
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the noise level in each (MLT, A\, L*) bin, which we identify as the probability P(W) =
N.p/N. This probability is equivalent to the occurrence rate of chorus waves in that par-
ticular (MLT, A\, L*) bin, where P(W) = 0 if whistler-mode wave activity is never de-
tected 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 ob-
tained 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 sep-
arating the two probabilities of 1) being outside the plasmasphere P(O), and 2) observ-
ing waves should the spacecraft be outside the plasmasphere P(W|O). The variation of
P(0O) (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 plas-
masphere 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 16-20 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. Mered-
ith et al., 2004; Zhou et al., 2023). Number densities in the inner magnetosphere sam-
pled by the Van Allen Probes also demonstrate similar patterns. Recent work analysing
the influence of geomagnetic activity on electron number density indicates that the av-
erage electron number density for L > 5 and 12-18 MLT is not diminished until activ-
ity levels reach Kp > 5, even though number densities for L > 5 and 00-06 MLT are
diminished at much lower activity levels Kp > 1 (Ripoll et al., 2024). Given the sta-
tistical 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 in-
dicate 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 frgr < f < 0.5f.. should the spacecraft be
identified outside the plasmasphere, i.e. P(W]|O) = Ncn/Nirough. The probability of
detecting wave activity larger than the noise level as a function of MLT and A (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 A 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 mul-
tiplication 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 A, P(W|O) . It is also im-
portant 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 cho-
rus for part of their drift-bounce trajectory, and plasmaspheric hiss for other parts. When
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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 A (vertical axis of
each panel). Frequency band increases from bottom row (frar < f < 0.1fc) to top row
(0.9 < f/fee < 1), and L* increases from left column (3.0 < L* < 3.5) to right (5.0 < L* < 5.5).

drift-averaging a more detailed spatio-temporal model of diffusion coefficients, as we pro-
pose in future, the consequences of these circumstances should be explored.

The inclusion of all whistler-mode wave activity between fryr and 0.5f.. is prompted
by work on “low-frequency chorus” (e.g. Meredith et al., 2014), but could be conflat-
ing different types of plasmatrough whistler-mode waves, i.e. traditional chorus (e.g. Agapi-
tov et al., 2013; Aryan et al., 2014; Meredith et al., 2020) and exohiss (e.g. Thorne et
al., 1973; Zhu et al., 2015; Gao et al., 2018; Zhu et al., 2019; Feng et al., 2023). 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 plasma-
sphere 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 low-
est row, and highest frequency band is shown in the top row) and L* (column, with in-
nermost measurements for 3.0 < L* < 3.5 in the first column, and high L* measure-
ments 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, i.e. Nch/Nirough, and varies
between 0 and 1.
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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 in-
creasing frequency, becoming negligible at all (L*, M LT, \) 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 < M LT < 16 and for
L* < 4.5. Occurrence rates are also high (~ 0.8) for 08 < M LT < 16, 4.5 < L* < 5.5
and f/fce < 0.2.

Concentrating now on the trends in (M LT, \) 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 Nt ouen is very low for L* < 4.0. The lowest fre-
quency 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/fee < 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 < M LT < 04) and peak at higher
magnetic latitude near noon. For frequencies 0.2 < f/fe < 0.4 there appears to be a
mixture of the two occurrence patterns - a symmetric pattern 08 < M LT < 16 around
noon that only varies gradually with A\, and an asymmetric pattern that increases in mag-
netic latitude with increasing MLT from 00 to ~ 12 MLT.

We next visualize the occurrence rates and wave properties as a function of MLT,
A and f, by combining data at all L*. This may mask variations at low L*, since obser-
vations 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 occur-
rence 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 < A < 6° in the low-
est row, 6° < A < 12° in the middle row, and 12° < XA < 18° in the top row). The oc-
currence rates are shown in the first column, and fall between 0 (no wave activity ob-
served) 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 equiv-
alent to P = 102 pT2. The interquartile range (IQR) of the distribution of P > 0 is
shown in the third column. We display the IQR of log;,(P) to reflect the large variabil-
ity in the chorus wave intensity, and it is therefore equivalent to log,, of the interquar-
tile ratio Pr5/P25. 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 P = 0 values.
These are calculated in the usual fashion, but displayed using a log-base-10 scale for com-
parison with the median in the second column. Any white spaces in the second-fourth
columns indicate regions of the (MLT, f, A\) 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 < M LT < 20,
f/fee < 0.3 (with high occurrence rates 0.8 — 1) and 00 < M LT < 10, 0.3 < f/fee <
0.7 (with relatively low occurrence 0.2—0.3). In panel (e), for latitudes just off the equa-
tor at 6° < A < 12°, the two wave activity groups are much less separated in MLT.
There is still a region of high occurrence rates covering roughly 06 < M LT < 20, f/fe <
0.3 that neighbors a region of lower occurrence rates covering 02 < M LT < 14, 0.2 <
f/fee < 0.6. In panel (a), for the highest latitude bin studied (12° < A < 18°), there
does not appear to be two separate regions of occurrence rates, just one. This might be
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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 frur to the electron gyrofrequency fce. The ratio frLrr/fee has values in the
range 0.016-0.022 for Van Allen Probe observations outside the plasmasphere. Panels (a-d) show
statistics from 12° < A < 18° (e-h) from 6° < A < 12° and (i-]) from 0 < A < 6°. Occur-
rence 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
P = 1072 pT?). Interquartile ratio of logio(P) when P is greater than noise is displayed in the
third column. The average wave power, calculated including values of P = 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,\, f) bin.
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because there are no longer two different regions of enhanced occurrence rates, or it could
be that they significantly overlap in frequency and MLT. The analysis presented later

in this paper will investigate these regions of enhanced occurrence rates seen in Figure
3(a,e,i) more closely.

Turning attention to the statistical properties of the waves, near the equator (bot-
tom row: 0 < A < 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
log1o wave power in panel (k)) is small (< 0.5) for the high-occurrence rate region at
06 < MLT < 20, f/f.e < 0.3, but much larger (1.5-1.75) for the lower-occurrence
rate region at 00 < MLT < 10, 0.3 < f/fee <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 (col-
umn 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 re-
gion of low wave variability for 06 < MLT < 20 and low frequency. As latitude in-
creases, the region of low variability around noon occupies a diminishing range of fre-
quency.

We provide additional Figures in the Supplementary Information that show the oc-
currence rates, median and IQR of the waves as a function of L*. These Figures indi-
cate 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 con-
tribute greatly towards the conclusions of 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); Agapi-
tov et al. (2011); Meredith et al. (2012); Agapitov et al. (2013); Tyler et al. (2019); Mered-
ith 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 Agapi-
tov 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 re-
sults 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
00-12 MLT, and peaks between 06-12 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 (|A| < 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,\) 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* pT?2. The histogram at 02-04 MLT has a
pronounced heavy tail, with some values exceeding 10° pT2. In contrast, the histograms
at 10-12 MLT and 14-16 MLT indicate that power values here rarely exceed 103 pT?2.
The median and 75th percentile of the P > 0 values are shown using blue dashed lines
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Figure 4. Histograms of chorus wave power when P > 0 for frequency band 0.1 < f/fee < 0.2
and magnetic latitude |A\] < 6° for (a) 02-04 MLT, (b) 06-08 MLT, (c) 10-12 MLT and (d) 14-16
MLT. Dashed blue lines indicate the median and 75th percentile of the P > 0 values. The solid

line indicates the average value including the P = 0 values.
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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 con-
struct 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 pre-
sented 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; Wilson III et al., 2011; Tyler et al., 2019) and
can be seen in the long statistical tail of power in Figure 4(a).

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 dis-
tribution of diffusion coefficients, in addition to the shape of the distribution of diffu-
sion 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 Spatio-temporal Variability

Evidence from near the equator indicates that there may be two different uncon-
nected regions of wave activity, but that these regions overlap in frequency at higher lat-
itude. This section uses the differences in wave variability, motivated by column 3 of Fig-
ure 3, to determine whether there are any differences in the two wave activity regions.

6.1 Variability in the spatio-temporal series of spacecraft observations

We first visualize the spatio-temporal variability of chorus wave activity in the two
regions of (M LT, A, f) that seem separated at low magnetic latitude |A| < 6° in Fig-
ure 3(i); the post-midnight sporadic region at relatively high frequency relative to fe.,
and a dayside near-continuous region at relatively low frequency. Figure 5(a) 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 \ ~
3° and MLT ~ 05. Dotted and dashed lines indicate the frequency boundaries used
in this study from frgr up to 0.6f.. where we reiterate that these are local values, not
mapped equatorial values. The dashed lines indicate 0.5 f.. and 0.6 f.. which delimit the
power displayed in panel (¢) during the same interval. In comparison, Figure 5(b) 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): frgr and 0.1f...
The most striking difference between the two examples of spatio-temporal observation
series is the amount of variability from one 6s sample to the next. For the waves observed
in the post-midnight region (Figure 5(c)), there are large amounts of variability in the
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Figure 5. (a,c) Example interval of spatio-temporal variability of post-midnight equato-

rial whistler-mode wave activity: (a) Wave power spectral density from Van Allen Probe A

on August 30, 2014. Dashed white lines indicate the frequencies 0.5 f.. and 0.6 f.e which de-

limit the wave power shown in panel (c). Dotted white lines indicate the other important fre-
quencies that delimit wave power in this study: frur, 0.1fce, 0.2fce, 0.3 fce and 0.4fcc. The
colorscale has a ceiling at 10™* nT?/Hz to highlight variability in 0.5 < f/fee < 0.6 band.
(b) logo(P(0.5 < f/fee < 0.6)) during the interval identified in panel (a), where L* ~ 5,
MLT ~ 05and A ~ 3°. (b,d) Example interval of spatio-temporal variability of dayside equa-
torial whistler-mode wave activity: (b) Wave power spectral density from Van Allen Probe A on
April 21, 2014. Dashed white lines indicate frequencies frmr and 0.1fc., which delimit the wave
power shown in panel (b). Dotted white lines indicate frequencies: 0.2fce, 0.3 fce, 0.4 fce, 0.5 fce
and 0.6 f... Colorscale has a ceiling at 10™* nT?/Hz to compare with August 30, 2014 interval.
(d) logo(P(frar < f < 0.1fce)) during the interval identified in panel (b), where L* ~ 4.7,
MLT ~ 11 and X\ ~ 0°.
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signal, and the power in one sample is not strongly related to the power six seconds later.
For the waves observed in the dayside region (Figure 5(d)), there is much smaller vari-
ability in the spatio-temporal series, and each 6s sample is much more similar to the next
sample. In other words, some of the variability differences seen in Figure 3(k) between
post-midnight and daytime waves are occurring on timescales as short as ~ 6 s. We re-
mind the reader that the 6s sampling of wave power spectral density by the EMFISIS
instrument involves a calculation of power spectral density over a 0.5s interval every 6s
(Kletzing et al., 2023).

We approximate the variability in short sub-intervals of data using the inter-quartile
range (IQR) of log;y(P) over time intervals that allow us to combine multiple 6s sam-
ples. We have analyzed intervals of 2 minutes (20 data points), 5 minutes (50 data points)
and 10 minutes (100 data points), and there is little substantive difference in results. We
proceed with 5 minute intervals as it provided the best separation in the results that fol-
low. We also note that other measures of variability exist (e.g. the coefficient of varia-
tion), but interpretation of such measures often rests upon assumptions of Gaussian or
log-Gaussian distributions. The IQR of log1o(P) has the benefit of being easy to inter-
pret, and makes no assumptions regarding the underlying distribution of values. Using
the IQR of log10(P) results in inherent normalization of the variability, since it describes
the number of orders of magnitude between the 25th and 75th percentile. Hence vari-
ability that spans values of, say, 10° pT2? and 10' pT? would result in the same value of
IQR(log,((P)) as variability that spans values of 10? pT? and 10® pT2.

We calculate the IQR of log,y(P) in each frequency band for contiguous 5-minute
intervals of wave power throughout the entire dataset, discarding a wave interval at a
particular frequency if more than 20% of samples are missing because the spacecraft is
passing from inside to outside the plasmasphere, or if more than 25% of wave power in
that 5-minute interval is indistinguishable from noise, since that results in a lower quar-
tile of zero and makes the logy operation problematic. The distribution of IQR for 0.5 <
f/fee < 0.6 in the post-midnight low-latitude region (i.e. |A| < 6° and 00 < MLT <
08) is shown in Figure 6(a), and the distribution of IQR for fruyr < f < 0.1f in the
dayside low-latitude region (i.e. |A\| < 6° and 08 < MLT < 20) is shown in Figure
6(b). The IQR of the higher frequency post-midnight intervals is typically significantly
greater than 0.5, whereas the IQR for the lower frequency dayside waves is typically sig-
nificantly less than 0.5. We note that the spread of IQR values is very large for the post-
midnight intervals is also much larger than the spread of IQR values for the dayside in-
tervals. The two regions of enhanced occurrence rates near the equator (see Figure 3(i))
exhibit very different variabilities over 5-minute intervals.

6.2 The dependence of low-variability dayside equatorial waves and high-
variability post-midnight equatorial whistler-mode waves on sub-
storm activity

In the previous section we showed that near equatorial magnetic latitudes, low-frequency

whistler-mode waves with high occurrence rates that occur on the dayside of the mag-
netosphere tended to exhibit low variability in wave power during five minute windows
(hereafter termed “low-variability waves”). Higher-frequency whistler-mode waves that
are more sporadic and found in the post-midnight sector exhibit high variability during
five-minute intervals (hereafter termed “high-variability waves”). In this section, we de-
termine whether there are further differences between the two wave types. In this sub-
section, we will continue our focus on equatorial latitudes (0 < A < 6°), before mov-
ing on to analyze all waves in section 6.3.

Many previous studies have indicated evidence for a dependence of whistler-mode
waves activity on substorm activity (e.g. Meredith et al., 2001; W. Li et al., 2009, 2011;
Meredith et al., 2014, 2020; Ma et al., 2023; Wong et al., 2024). In Figure 7, we inves-
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Figure 6. Histograms of the IQR of logio(P) for 5-minute intervals during the entire Van
Allen Probe A dataset subject to the following constraints: Each 5-minute interval must have

> 80% 6s samples positively identified to be outside the plasmasphere, > 75% of 6s samples must
have P > 0. The 5-minute intervals were additionally chosen to satisfy (a) 0.5 < f/fee < 0.6,
A <6°,00 < MLT < 08 and (b) frur < f < 0.1fce, |\ <6°, 08 < MLT < 20
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Figure 7. Dependence of whistler-mode wave activity on the AE index for two different re-

gions of the magnetosphere and two different frequency bands: First row shows dependence on

the AE index of (a) the occurrence rates of P(0.5fc < f < 0.6fcc) greater than noise and (b) the
values of P(0.5fce < f < 0.6fcc) greater than noise for |A| < 6° and 00 < MLT < 08. Second
row indicates dependence on the AE index of (c¢) the occurrence rates of P(frar < f < 0.1fce)
greater than noise and (d) the values of P(frur < f < 0.1fce) greater than noise for |\| < 6°
and 08 < MLT < 20. In (b) and (d), medians are indicated by circles and IQR are indicated by
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tigate the dependence of both high-variability and low-variability types of waves on the
geomagnetic activity index AF (extracted from NASA/GSFC’s OMNI data set through
OMNIWeb (Papitashvili & King, 2023)). AF is chosen to make meaningful comparison
with previous work (e.g. W. Li et al., 2009; Meredith et al., 2012, 2020) and we note
that we also investigate AE™ and time-lagged AF in Figure S1. The analysis in Figure

7 compares high-variability waves with frequencies 0.5 < f/fee < 0.6 in the post-midnight
sector (00 < MLT < 08) in panels (a) and (b) with low-variability waves with frequen-
cies frur < f < 0.1f.. on the dayside (08 < MLT < 20) in panels (¢) and (d). The
occurrence rates of the waves (Figure 7(a) and (c)) is shown, in addition to the wave power
(Figure 7(b) and (d)), where filled circles indicate median power, and the vertical lines
indicate the extent of the IQR. In all panels, the occurrence rates or power of five minute
intervals of whistler-mode wave activity is indicated as a function of instantaneous AFE.

Considering first the occurrence rate of five-minute intervals of waves, we see that
the occurrence rates of the high-variability waves in the post-midnight sector increases
with AE (Figure 7(a)), but the occurrence rate of low-variability waves on the dayside
decreases with AE (Figure 7(c)). The occurrence rate of high-variability waves increases
dramatically from < 0.1 to around 0.5 for 0 < AE < 400 nT, but beyond that, there
is little further increase in occurrence rates as AE increases to 750 nT. (Note that al-
though the plots span 0 < AF < 1000 nT, the number of points in the highest activ-
ity bins is relatively small and so we will try to avoid over-interpretation of the results
in these bins.) In contrast, the occurrence rate of low-variability waves is ~ 0.8 for AE =
0, and decreases to ~ 0.6 at AE = 750 nT.

The power of high-variability waves varies with AE (Figure 7(b)); median wave power
rises from ~ 10%7 pT2 to ~ 1017 pT? as AFE climbs from ~ 0 to ~ 300. However, there
is no further climb after this, and the IQR of the power is very large at all values of AFE.
We note that for other related wave modes such as plasmaspheric hiss, the variability
remained large even after parameterizing by geomagnetic index (c.f. Watt et al., 2019).
The behavior of high-variability waves shown here supports previous parameterization
choices for whistler-mode chorus , where AF is often split into windows AE < 100 nT,
100 < AE < 300 nT, and AE > 300 nT (see e.g. W. Li et al., 2009, 2010; Meredith
et al., 2020), but we reiterate that there is a large amount of variability not captured by
this parameterization (c.f. Watt et al. (2019)). There appears to be no relationship be-
tween instantaneous AE and the low-variability wave power (Figure 7d). We note that
instantaneous AE may not be the most effective parameter for studying waves at dif-
ferent MLT values, and will extend our analysis to different treatments of AF in the next
section, where we will look at all low and high-variability whistler-mode waves outside
the plasmasphere in our dataset.

6.3 Using the spatio-temporal variability to identify different“types” of
waves

We noted above, relative to Figure 5, that there were systematic differences in IQR
between post-midnight equatorial sporadic whistler-mode waves with frequencies 0.3 <
f/fee <0.7, and dayside low-frequency whistler-mode waves with frequencies fruyr <
f < 0.2f.. whose occurrence rates are much higher. Prompted by these differences, we
choose a threshold IQR value of 0.5, and analyze all five-minute chorus wave intervals
to determine similarities and differences in behavior across the Van Allen Probes sam-
pling region.

First, we analyze differences between the two types of waves across all five-minute
intervals in L*, MLT and A that are identified to be outside the plasmasphere. In Fig-
ure 8 (a) we show that low-variability waves (orange histogram) have a statistically dif-
ferent frequency profile to the high-variability waves (purple histogram). As expected
from our initial analyses, low-variability waves tend to have much lower frequencies than
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Figure 8. (a) Histogram of whistler-mode wave occurrence for all MLT, A and L* as a func-
tion of frequency band for low variability waves (orange) and high variability waves (purple). (b)
Variation in occurrence rates of low-variability waves as a function of AFE for all MLT, X and L*
in 4 different frequency bands. (c) Variation in occurrence rates of high-variability waves as a
function of AFE for all MLT, A and L* in 4 different frequency bands.

high-variability waves. It is important to remember that we have normalized our wave
frequencies to the local gyrofrequency, and leave further analysis of frequency with mag-
netic latitude to Figure 9.

Figure 8(b) and (c) indicate how the occurrence rate of low-variability and high-
variability waves changes with AE. We deliberately chose four frequency channels in which
the low-variability and high-variability wave activity overlap, and these lie between fr g
and 0.4f... For the low-variability waves (Figure 8(b)), the two lowest frequency bands
decrease in occurrence rate as a function of AE. Note that the occurrence rates are much
lower than in Figure 3 because these have been calculated over all L*, MLT and A. How-
ever, for all high-variability wave bands shown in Figure 8(c), occurrence rates increase
with AE. Regardless of where they occur, low variability waves occur less often as AF
increases, and high variability waves occur more often as AF increases. The different de-
pendence of occurrence rates indicates that we have identified a way to distinguish waves
with very different system-level behavior.

We have also investigated how low and high-variability waves depend on other treat-
ments of AE which account for the time taken for electrons to drift around the inner mag-
netosphere following substorm injection (see Figure S1 in the Supporting Information).
We used instantaneous AE, AFE lagged by 3 hours, and AE* (i.e. the maximum value
of AFE in the previous 3 hours) and performed the same analysis as in Figure 8. All anal-
yses demonstrate the same behavior: the occurrence rate of low-frequency low-variability
waves decreases with AFE, whereas the occurrence rate of high-variability waves increases
with AF.

Figure 9 shows the occurrence rates of chorus waves as a function of MLT' (hori-
zontal axis), frequency (vertical axis) and magnetic latitude (row). In the first column,
we show occurrence rates for all five-minute intervals identified outside the plasmasphere
(the same as shown in Figure 3). The second column shows low-variability waves, and
the third column shows high-variability waves. When the wave intervals are split by IQR,
we see that low-variability waves occupy the same region in MLT, and occur at the same
normalized frequencies across all magnetic latitudes in panels (b), (e) and (h).

In contrast, the high-variability waves vary strongly with MLT, normalized frequency
and A, in a similar way to that suggested by the high-IQR regions of the third column
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Figure 9. Occurrence rates of whistler-mode waves as a function of MLT (horizontal axis),

normalized frequency (vertical axis) and magnetic latitude (row, with 0 < A < 6° in the bottom

row, 6° < A < 12° in the middle row and 12° < A < 18° in the top row). The first column (panels

a, d, and g) show occurrence rates of whistler-mode wave activity for all five-minute intervals

where the spacecraft is determined to be outside the plasmasphere, the second column (panels
b, e, and h) shows occurrence rates for low-variability waves, and the third column (panels ¢, f
and i) shows occurrence rates for high-variability waves. Note that the color-scales of the second
and third columns have been fixed between 0.0 and 0.5 in order to compare the different wave
types. Wave occurrence rates in the second column for the lowest frequency bands are therefore

saturated.
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of Figure 3. In the immediate post-midnight region (00—03 MLT'), high-variability waves
occur more frequently at low-latitudes (Figure 9i), with very little wave activity at mid-
latitudes (Figure 9c and f). As MLT increases (03—09 MLT), we see occurrence rates

of ~ 0.2 at all latitudes, but with normalized frequencies that decrease with latitude.
Around noon (09—18 MLT), the behavior of high-variability waves changes. There are
low occurrence rates near the equator at low frequency (f < 0.2f..), and higher occur-
rence rates at higher latitude at higher normalized frequencies (0.2 < f/fee < 0.6).

The two wave activity regions in Figure 9(g) are not completely separated at all
latitudes using this method, as can be seen clearly for the high variability waves in panel
(i). However, the low-variability waves appear to be effectively isolated in panels (h), (e)
and (b), and the high-variability waves appear to be effectively isolated in panels (f) and
(c) (where 6° < X\ < 18°).

The low-variability waves in the second column do not show much variation in nor-
malized frequency with magnetic latitude, i.e. the frequency coverage of Figure 9(b), (e)
and (h) is similar. In contrast, the high-variability waves in the third column tend to have
lower normalized frequencies at higher latitudes. We suggest that the high-variability
whistler-mode waves have the expected normalized frequency dependence on latitude that
suggests the source region is localized near the equator and waves then propagate to higher
latitudes. Further analysis may be required for the low-variability waves since wave oc-
currence patterns in frequency are the same regardless of latitude (for the limited mag-
netic latitude range covered by the Van Allen Probe spacecraft).

We note that we have used frequency normalized to the local gyrofrequency in our
analysis. Other studies (e.g. W. Li et al., 2009; Santolik et al., 2010; Agapitov et al.,
2011) normalize chorus wave frequencies to the estimated simultaneous equatorial gy-
rofreqgency on that field line, obtained through magnetic field modeling. If we had made
the choice to normalize by equatorial gyrofrequency in this study, then it is likely that
the low-variability waves in the second column of Figure 9 would appear to change their
normalized frequency with magnetic latitude, exhibiting higher normalized frequencies
at higher magnetic latitude. In contrast, the high-variability waves in the third column
of Figure 9 would likely span a similar frequency range at all magnetic latitudes. Both
methods of normalization introduce apparent changes in the frequency range of one of
the wave types as a function of magnetic latitude. We stress here the importance of re-
taining the magnetic latitude coordinate in the analysis, regardless of normalization fac-
tor chosen.

7 Exohiss and Substorm-driven chorus

The behavior of the high-variability whistler-mode waves detected outside the plas-
masphere suggests that these are likely to be traditional substorm-driven chorus (e.g.
Meredith et al., 2001; W. Li et al., 2010). These waves are observed sporadically, and
both occurrence rates and wave power increase with AF up to AE ~ 350 nT, before
reaching some kind of plateau in occurrence and wave power (see Figure 8(c)). At low-
latitude (0 < A < 6°) waves occur in the post-midnight region 00 < MLT < 08 with
frequencies 0.3 < f/f.e < 0.7 (see Figure 8(i)). As MLT increases, high-variability
waves are seen at successively higher magnetic latitude, and at lower frequency relative
to the local gyrofrequency (see Figure 8(c) and (f)) (c.f. Meredith et al. (2020)). Exten-
sive observations and modeling indicates that whistler-mode chorus originates near, or
grows most strongly at, the magnetic equator (Muto & Hayakawa, 1987; Muto et al., 1987;
Nagano et al., 1996; LeDocq et al., 1998; Hospodarsky et al., 2001; Watt et al., 2012, 2013).
Indeed, some statistical studies of whistler-mode chorus use mapped equatorial gyrofre-
quency to normalize the frequency of emissions to take this behavior into account (e.g.
Santolik et al., 2014). Our classification of high-variability waves reveals behavior that
has been observed in previous studies (e.g. Meredith et al., 2020), where growth due to
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temperature anisotropy (e.g. W. Li et al., 2010; Watt et al., 2012, 2013) is balanced by
Landau damping due to suprathermal electrons (e.g. Bortnik et al., 2007) both of which
have been characterised as a function of MLT.

The location and behavior of low-variability waves is very different. When consid-
ered in the context of previous work, the evidence presented in the current study sug-
gests that low-variability waves detected outside the plasmasphere are most likely to be
exohiss (Zhu et al., 2015, 2019; J. L. Wang et al., 2020; Feng et al., 2023; Seo & Kim,
2023) since they occur predominantly at low frequencies and on the dayside (see e.g. Fig-
ure 9(b), (e) and (h)). By basing our classification of the waves on their variability dur-
ing a five-minute window, we avoid the need to classify the wave activity based upon ab-
solute frequency values, and we can see that low-variability waves can have frequencies
up to around 0.3 f... It is interesting that in our analysis, the occurrence rates of the low
variability waves reduces with AE (Figure 8(b)), and the power appears independent of
AE. Spasojevic & Inan (2010) study ground-based detections of chorus waves and re-
port that those waves detected at MLT < 10 displayed a stronger dependence on ge-
omagnetic activity than those waves detected at MLT > 10. For Zhu et al. (2019), the
occurrence rates peaked at Kp = 2. These differences may be explained through the
different indices used to quantify geomagnetic activity, but previous work and this study
clearly demonstrate that there are different types of whistler-mode waves present out-
side the plasmasphere, and they are driven by different factors. Our variability-based
method of classification will allow a full study of the possible factors that may control
the behavior of low-variability waves and will be pursued in future.

We compare the results of this study with those that also include statistical stud-
ies of wavenormal angle (e.g. W. Li et al., 2016; Seo & Kim, 2023; Wong et al., 2024).
Exohiss, where defined as wave emissions below 0.1f.. (Seo & Kim, 2023), largely oc-
curs on the dayside with wavenormal angles less than 20°. For whistler-mode waves de-
tected outside the plasmasphere between pre-midnight and dawn, previous work indi-
cates that these are a mixture of low wavenormal angles and oblique waves (e.g. Wong
et al., 2024; W. Li et al., 2016).

It is interesting to note that some author teams (e.g. Seo & Kim, 2023; Feng et
al., 2023) have documented difficulties with positively identifying exohiss, especially dis-
tinguishing it from other types of whistler-mode emission. Typically, a frequency con-
dition is used, e.g. selecting only wave activity f < 0.1fe as exohiss. Our analysis (Fig-
ure 9) indicates that using a frequency condition would group wave activity that has the
occurrence and variability characteristics similar to exohiss alongside traditional chorus
(see e.g. Figure 9e¢). In fact, scrutiny of the interval shown in Figure 5(a) indicates that
waves in the lowest frequency band (frpr < f < 0.1f.. between the two lowest dot-

ted lines) have very low variability in power from the beginning of the interval up to around

01:45UT, before exhibiting much larger variability that coincides with the presence of
highly variable wave power for 0.1 < f/fee < 0.4 during the period 01:50-02:30UT.
Before 01:45UT, the wave power in the lowest frequency band appears independent of
what is happening at other frequencies, whereas after 01:45UT, the wave power in the
lowest frequency band seems to track the variability at higher frequencies. The corre-
lation of wave power in different frequency bands will be explored in future works, but
the interval displayed in Figure 5(a) suggests that high-variability waves in the lowest
frequency band are connected to the high-variability chorus at higher frequencies.

8 Conclusions

Motivated by the aim of creating new spatio-temporal models of the diffusion co-
efficients that describe wave-particle interactions in the inner magnetosphere, we present
occurrence rates and wave power statistics of whistler-mode wave activity in the region
outside of the plasmasphere. Our principal findings are:
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761 « The probability that an electron finds itself outside of the plasmasphere has a very

762 different dependence on L*, MLT and magnetic latitude from the probability that
763 whistler-mode waves will be detected outside the plasmasphere. Both these prob-
764 abilities are required to build a spatio-temporally varying model of diffusion co-

765 efficients.

766 ¢ Occurrence rates of whistler-mode wave activity outside the plasmasphere are a

767 strong function of MLT, magnetic latitude and frequency.

768 « Wave activity is almost always present with occurrence rates around 0.8 at rel-

769 atively low frequencies in the whistler-mode range on the dayside of the inner mag-
770 netosphere, and this wave activity exhibits low variability during five-minute in-

et tervals.

m ¢ The occurrence rates of low-variability whistler-mode waves in the plasma-trough
3 decrease with AE. The power of low-variability waves does not vary with AFE.

774 e There is sporadic wave activity in the post-midnight, dawn and dayside sectors

s of the inner magnetosphere with overall occurrence rates around 0.2 with wave

776 power that is highly-variable during five minute intervals.

Fead e Occurrence rates of high-variability whistler-mode waves in the plasma-trough in-
8 crease with increasing geomagnetic activity as defined by AFE, as does wave power
79 (up to a saturation level of around AE ~ 350 nT).

780 Interpreting the low-variability and high-variability whistler-mode waves in the con-
781 text of previous work leads to the conclusion that low-variability waves are likely to be
78 exohiss, whereas high-variability whistler-mode waves are traditional substorm-driven

783 chorus. Some regions of the plasmatrough can support both high and low-variability waves
784 in the same frequency bands. However, the dependence of high- and low-variability waves
785 on AF indicates that they are driven in different ways.

786 One of the important factors highlighted in this work is that the two different types
787 of whistler-mode waves found outside the plasmasphere not only have different frequen-
788 cies and wave activity regions in (MLT, \), but they also have different dependencies on
789 geomagnetic activity, and different spatio-temporal characteristics. Our advance in dis-
790 tinguishing the different types of whistler-mode waves will enable improved statistical

791 analyses of the behavior of both exohiss and substorm-driven chorus. Our results addi-
792 tionally allow for a more nuanced approach to modeling the whistler-mode wave elec-

793 tron interaction outside of the plasmasphere in the Earth’s inner magnetosphere. The

704 occurrence rates, variability in wave power, and driving factors that control each of the
795 two types of waves are different. This means that diffusion coefficients for each type of
796 whistler-mode wave in the plasmatrough should have very different statistical models.

797 Building on previous numerical experiments (e.g. Watt et al., 2021), we suggest the next
708 logical step is to run numerical Fokker-Planck experiments to determine the different re-
799 sponse of the high-energy electron flux to persistent low variability exohiss versus highly-
800 variable sporadic substorm-driven chorus.
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