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Abstract Interactions between whistler‐mode chorus waves and electrons are a key driver of dynamics in
Earth's radiation belts. These global dynamics are often described using Fokker‐Planck diffusion models.
Whilst, in many cases, such models effectively describe the large scale changes within the region, they often rely
upon spatially and temporally averaged representations of the wave properties. However, observations have
shown that whistler‐mode chorus can display large sub‐second powers that challenge model assumptions and
potentially give rise to non‐diffusive processes. Here, we investigate the power of whistler‐mode chorus on sub‐
second timescales using the high‐resolution data capture mode on the Van Allen Probes' Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS). We show that peak chorus power on sub‐second
timescales is regularly larger than the corresponding spacecraft “survey” power by over a factor of 100. The
work also explores the magnetospheric conditions under which the largest sub‐second power variability of
chorus waves is observed, and we find that trends vary across different chorus frequency bands. Notably, the
largest powers are observed in the lower‐band frequency range during active conditions and between
21:00–12:00 MLT, where >46% of burst samples contain an instantaneous wave intensity that exceeds
2.25 × 104 pT2. Further, binning the lower‐band power by the ratio of plasma‐to‐gyrofrequency separates the
waves into two distinct low and high variability populations. The results quantify sub‐second wave power
variability that may influence energetic electron dynamics not currently captured in time‐averaged wave
models.

Plain Language Summary Whistler‐mode chorus is an electromagnetic emission excited in Earth's
magnetosphere that can interact with electrons in the outer radiation belt. Through such interactions, electrons
can be accelerated, or scattered into the atmosphere. Over long timescales, the resulting global changes in the
electron population are typically modeled as a diffusive process. The wave power spectrum is a key input to
these models. However, spacecraft measurements show that chorus wave power can be intense and highly
variable on short timescales. These features may not be captured in traditional wave statistics due to a variety of
spatial and temporal averaging. Such intense and rapidly varying waves may also violate assumptions required
for the diffusive framework, and can instead result in interactions with distinct particle responses. Using high‐
resolution spacecraft data, we show that maximum chorus wave powers on short timescales can be orders of
magnitude larger than those inferred from averaged spacecraft surveys. Under certain magnetospheric
conditions, we also identify a population of waves for which up to half may violate assumptions in current
radiation belt modeling. Our study motivates further work to investigate how the short‐timescale variability of
chorus wave power could affect modeling of wave‐particle interactions.

1. Introduction
Chorus waves are electromagnetic emissions in the whistler‐mode that can be found within Earth's magneto-
sphere, primarily outside of the plasmasphere (Burtis & Helliwell, 1969). These waves exist at frequencies be-
tween the lower‐hybrid frequency, fLHR, and the minimum of the electron gyro frequency, fce, or the plasma
frequency, fpe. Their power spectrum often exhibits a lower‐ and upper‐band within this range, separated by a
power gap at 0.5fce (Tsurutani & Smith, 1974). Crucially, chorus waves have been identified as one of the primary
drivers of variability in the flux of electrons within Earth's outer radiation belt; a population of high energy
electrons that form a toroidal‐shaped region around the Earth. The radiation belt electrons, which span across the
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sub‐relativistic to relativistic/ultra‐relativistic energy range, can undergo resonant interactions with chorus waves
that lead to both acceleration (e.g., Horne et al., 2005), and pitch angle scattering into the atmosphere (e.g., Ni
et al., 2008). The radiation belt electron populations often spatially overlap with the orbits of satellites, where
relativistic and ultra‐relativistic electrons can damage instrument electronics through deep‐dielectric charging
(Lohmeyer et al., 2015). Given the reliance of modern society on satellites, it is important to accurately describe
the wave fields to improve predictions of the radiation belt electron population variability.

The long‐term changes (over ∼ hours to days) in radiation belt phase space density are often described using
quasilinear diffusion simulations (e.g., Albert et al., 2009; Drozdov et al., 2015; Fok et al., 2008; Glauert
et al., 2014; Reeves et al., 2012; Subbotin et al., 2010; Varotsou et al., 2005; Varotsou et al., 2008). In this
formalism, it is assumed that waves are small perturbations to the background quasi‐dipolar field controlling the
particle motion. This means that many, successive wave‐particle interactions, which take place on the ∼ms
timescale associated with a few wave periods, will follow a “random‐walk” in phase space. This “random‐walk”
is described in quasilinear diffusion models by calculating pitch angle and energy diffusion coefficients (Kennel
& Engelmann, 1966) that depend upon the background field, wave properties, and plasma conditions. Resulting
simulations have been shown to accurately reproduce the cumulative effects of pitch angle scattering (Lyons
et al., 1972) and acceleration (Summers et al., 1998) that takes place over many particle drift periods. To calculate
these coefficients, models of the wave intensity and wave normal angle are required. These models are often
parameterized spatially, as well as by some activity index, such as AE, Kp or Dst, by using spacecraft obser-
vations (Aryan et al., 2020, 2021; Agapitov et al., 2015; Meredith et al., 2020; Wang et al., 2019).

There are a number of convenient simplifications, however, that are often taken when developing these models.
As it stands, most statistical surveys of spacecraft data use wave intensity averages in their respective spatial and
temporal binning. These wave averages are calculated on timescales that are much larger than that of a wave‐
particle interaction, consistent with the timescales upon which phase space density evolves within the quasi-
linear diffusion framework (Aryan et al., 2021; Meredith et al., 2020; Wang et al., 2019).

Additionally, most, but not all models (where Artemyev et al. (2022) is an example of an exception) make use of
the “survey” data collection mode of satellites. In this mode, the raw waveform data is processed on‐board due to
limitations on the data volume for the instrument telemetry and is thus provided at a lower temporal resolution
than that which may be achieved from the burst‐mode data.

Finally, whilst there have been examples of numerical implementation of spectra into wave models (e.g., Wong
et al., 2024), often the wave spectra is simplified for computational ease. This simplification is usually performed
by assuming that wave power distributions with respect to frequency for both lower‐band and upper‐band chorus
are a Gaussian around their respective central frequency (Glauert & Horne, 2005; Lyons, 1974; Shprits
et al., 2008). This is compatible with the conditions of quasilinear theory, namely that the waves are broadband
with sufficient frequency bandwidths (e.g., Karpman, 1974), and statistical analysis of whistler‐mode waves in
the solar wind have suggested that this criterion is mostly fulfilled in 8 s wave measurements (Tong et al., 2019).
However, key features of the chorus wave spectra could be missing, even in the quasilinear regime. The frequency
attributed to a given wave defines the resonant energy of a particle with which it would interact (e.g., Kennel &
Petschek, 1966). To this point, test particle simulations have demonstrated the importance of correctly specifying
the frequency spectrum (Allanson et al., 2024) in determining particle behavior.

Whilst all of the above simplifications are useful for incisively incorporating wave effects into quasilinear
diffusion models, it is important to recognize that there are a number of limitations. High resolution wave ob-
servations (Agapitov et al., 2014; Cully et al., 2008; Cattell et al., 2008; Kellogg et al., 2010; Li, Bortnik,
et al., 2011), taken on a sampling frequency of either 16 or 32 kHz, have revealed the existence of high‐intensity
waves with significant spectral structure such as rising and falling frequency tones, and small frequency band-
widths. In this work, we will focus on two particular implications introduced by such high‐intensity waves; first,
upon trends seen in wave distributions, and second, upon approximations required by quasilinear diffusion theory.

Considering the former, Tyler et al. (2019a, 2019b) used the higher‐resolution ’burst’ mode of the EFW in-
strument on Van Allen Probes B (Wygant et al., 2013), which has a sampling frequency of 16 kHz, to investigate
peak whistler‐mode wave amplitudes averaged over 0.125 s. It was shown that whistler‐mode peak amplitudes
have different spatial distributions and activity‐dependent trends to that of averaged intensity commonly used in
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statistical models. This suggests that drawing conclusions on global wave behavior from averaged statistics alone
may not be capturing the full picture.

Considering the latter, high‐intensity, coherent chorus waves may additionally break assumptions required by the
quasilinear diffusion theory. In order to have longtime, diffusive behavior of particles in velocity space, subse-
quent wave‐particle interactions must be stochastic, similar to a random walk. There are two implications of this
that motivate the work presented in this paper. First, the derivation of quasilinear theory in the limit of resonant
diffusion (wave growth rates tend to zero) requires wave spectra to be statistically stationary (quasi‐static) over
the diffusion timescale (Kennel & Engelmann, 1966). Therefore, if there are rapid changes in the wave spectra on
the subsecond timescale, indicative of, for example, rising or falling tones, this assumption may not be satisfied by
the waves.

Second, to have uncorrelated wave‐particle interactions, we must have random wave‐gyroangle phases, ensuring
that each successive resonance experienced by a particle is independent, and not determined by the previous (see
discussion in e.g., Artemyev et al., 2025; Karpman, 1974, and references therein). This is known as the “random
phase approximation”. From this comes the requirement that waves must have small wave amplitudes with
respect to the background field, or equivalently, large frequency bandwidths (e.g., see Equation 1 in Allanson
et al., 2024). If we have comparatively high wave amplitudes, or small bandwidths, particle responses can instead
become nonlinear and deterministic (e.g., Bortnik et al., 2008). Such nonlinear interactions can lead to more rapid
acceleration than is predicted by quasilinear theory (e.g., Foster et al., 2017; Kurita et al., 2018). However, the true
effect of such interactions is difficult to diagnose because observed wave properties (jumps in wave phase and
frequency variations) can also reduce the efficiency of nonlinear interactions (Zhang et al., 2020), especially when
considering timescales longer than a bounce period (Tao et al., 2025). Relating this once more to spacecraft
measurements, it is important to understand when, where and how often we may observe high‐amplitude waves,
and to what extent they are being smoothed out in wave “surveys”.

In summary, looking at the temporal variability of chorus wave power on high‐resolutions alongside the averaged,
commonly used survey data could help to evaluate their impact on a more global scale, and for use in radiation belt
modeling. Regarding this point, our analysis examines the conditions under which the survey‐mode data is
representative of underlying waveforms observed in the high‐resolution burst‐mode data. We answer this
question by breaking it down into three parts. First, how do the global distributions of peak chorus power and
underlying 6 s variability compare to survey distributions? Second, how can we characterize the differences in
these statistics for low frequency chorus emissions, lower‐band and upper‐band chorus emissions? Finally, what
are the conditions associated with high, or low, power variability in the chorus populations?

There are two types of magnetic field power spectral density (PSD) analyzed within this study; first, PSDs that are
created by the on‐board survey‐mode processing of waveforms, and, second, PSDs created at higher resolutions,
on a sub‐6 s timescale, using raw waveforms measured by burst‐mode on the EMFISIS instrument. In Section 2,
we present the techniques used to create both of these PSD types. We additionally describe how chorus waves
were identified within the data set, and how the power in common chorus wave frequency ranges, namely low
frequency, lower‐band and upper‐band chorus, is calculated. Distributions of peak magnetic field power and
power variability of chorus on sub‐6s timescales are presented in Section 3. The distinctions and similarities
between chorus frequency ranges, and potential implications for wave model averaging, are discussed in Sec-
tion 4, and our conclusions are presented in Section 5.

2. Van Allen Probes Observations
This study utilizes measurements from the Van Allen Probes satellite mission (Mauk et al., 2013) from 7
November 2012 until 14 October 2019. The twin satellites (A and B) orbited in and out of the heart of the radiation
belts up to three times a day, taking measurements of electromagnetic fields, waves and eV‐GeV particles. Below
we will describe the “survey‐mode” and “burst‐mode” wave measurements from the EMFISIS instrument
(Kletzing et al., 2013, 2023) aboard these satellites, all other parameters required for our analysis, and how chorus
events were selected from the observations.
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2.1. EMFISIS Onboard Processing

The EMFISIS waves instrument took waveform measurements of the 3D electric and magnetic fields (Eu, Ev,
Ew, Bu, Bv, Bw) with a sampling rate of 35,000 samples/s (Kletzing et al., 2013). These measurements were then
processed on board the spacecraft, and a 3D power spectral density (PSD) for both the electric and magnetic field
was sent down every 6 s to make up the frequently used “survey” data set.

Notably, the PSD available at each 6 s timestamp in the survey data is calculated from only the initial 0.468 s of
waveforms within that time frame, with the timestamp on each data entry marking the interval start time. Figure 1
provides a schematic describing this onboard process over a 12 s period. A fast Fourier Transform (FFT) is
applied over the time period 0 < t < 0.468 s to obtain a PSD in linear frequency bins. This is then re‐binned in
semi‐logarithmic frequency bins, as defined in Kletzing et al. (2023). This PSD is provided as the data entry at
time 0.000 s, and this procedure is repeated at 6.000 < t < 6.000 + 0.468 s for the entry at 6.000 s, and so on
every 6 s. This means that the waves captured by the survey product are temporally resolved only above the
0.468 s scale, and then, in fact, only at 6 s intervals. However, some plasma waves in the magnetosphere,
including whistler‐mode chorus emissions, show temporal variability on much shorter timescales (e.g., Li,
Bortnik, et al., 2011; Santolík, Gurnett, et al., 2003; Santolík et al., 2014; Zhang et al., 2018). The discrete
structure of these waves is often characterized by rising and falling frequency tones (e.g., Li, Thorne, et al., 2011;
Shue et al., 2019; Tao et al., 2012).

2.2. Burst‐Mode Data Processing

In addition to the survey‐mode, a second measurement scheme, known as the burst‐mode, provided the full set of
three‐dimensional electric and magnetic field waveform measurements within the 5.968 s duration. This provides
an opportunity to analyze the wave data, particularly the power variability, at a rate of up to 35 kHz resolution.
However, this high‐resolution data was not downloaded continuously (due to the high data volume), but
sporadically (Kletzing et al., 2023). The burst‐mode was preferentially triggered (Kletzing et al., 2023; Němec
et al., 2022) at apogee, when large fluctuations in the magnetic field PSD were detected in a predefined frequency

Figure 1. Schematic depicting how the survey magnetic and electric field data products are determined from raw waveforms.
Every 6 s, the first 0.468 s subsection (beginning at the recorded timestamp) of the raw waveform is used as representative of
the full 5.968 s duration. A single FFT is performed over this 0.468 s sample, and the results rebinned in frequency according
to the semi‐logarithmic bins specified in Kletzing et al. (2023).
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range, typically between (0.1fce < f < 0.7fce), and at perigee, when large fluctuations in the magnetic field PSD
were detected in the magnetosonic wave frequency range ( f < fLHR).

To create the burst PSD, each 5.968 s burst record of Bu, Bv, and Bw, which consists of 208,896 samples, is split
up into 1024‐point segments (∼0.03 s). Each 1024 point time series is multiplied by a Hanning window function
to ensure that the waveform within each segment is effectively periodic (Paschmann & Schwartz, 2000). A Fast
Fourier Transform (FFT) is then applied to project the signal into the frequency domain. To obtain the true signal
from the waveform receiver, the FFT must be multiplied by frequency dependent calibration coefficients that
account for the instrument response. A table of coefficients is provided in the L2 data (Kletzing et al., 2013).
According to Parseval's theorem (Paschmann & Schwartz, 2000), to obtain the PSD, for all positive frequencies,
the absolute value is taken and squared, and then divided by the FFT frequency bandwidth. We also multiply by 2
to account for taking only positive frequencies.

When working with spacecraft data, the period of the measured waveforms will most likely not fit the continuity
criteria during the sampling window. Therefore, a correction can be applied to account for the spectral leakage as
a result of ’forcing’ the signal to be periodic by using a window. The correction used in this work (Equation 1) is
taken from Paschmann and Schwartz (2000), whereN is the number of points, w[ j] is value of the window at each
point, and Wss is the fractional power loss from the PSD due to windowing. Therefore, for an estimate of true
power, the FFT is divided by this correction.

Wss = 1/N ∑
N− 1

j=0
w[ j]2 (1)

The upper frequency limit on the power spectral density is set at 12 kHz, to match the upper limit imposed on the
survey product. We have verified our processes on 0.468 s waveform samples that were sent down every 15 min
as a procedural check that on‐board algorithms were working correctly. This also provided samples throughout
the orbit that were not biased toward large events to show that we can accurately reproduce the survey‐mode
results to high precision.

As well as the EMFISIS survey‐mode PSDs and burst‐mode waveforms, a number of other data products were
required for the analysis. We use wave propagation properties provided in the L4 data, which have been calculated
via the Singular Value Decomposition (SVD) method (Santolík, Parrot, & Lefeuvre, 2003). For the local mag-
netic field required to calculate the gyrofrequency, fce, we used the 1s resolution fluxgate magnetometer data
aboard the Van Allen Probes. Estimates of the plasma frequency, fpe, were provided in the L4 data, as determined
by Kurth et al. (2015). The authors of this data set note that there are data gaps for a variety of reasons. Of all
chorus‐containing samples investigated in this study (and with the knowledge that the chorus identification in part
depends on measurements of the plasma density, as will be detailed below), ∼0.01% do not have an associated
plasma density. When AE and fpe/ fce are considered as parameters together, these samples are omitted.

2.3. Identifying Chorus Waves

The survey spectra were used to identify chorus waves. If a burst sample was taken at the same time step as a
positive survey identification, the burst sample was also classified as containing a chorus wave. In order to
identify whistler‐mode chorus events, wave measurements must satisfy particular criteria. First, chorus waves
must have wave properties consistent with the whistler‐mode solution of the dispersion relation (Stix, 1992).
More specifically, and similar to other studies identifying such waves (e.g., Bingham et al., 2018; Hartley
et al., 2018, 2019, 2023; Li et al., 2014; Li et al., 2016), chorus must have a planarity >0.6, ellipticity >0.7 and
polarisation >0.5. In line with previous definitions (Tsurutani & Smith, 1974), the emissions are assumed to lie
within the frequency range between fLHR < f < 0.9fce, where fLHR is the lower hybrid resonance frequency, and
fce is the local electron gyrofrequency.

Second, the true wave signal must be separated from the background noise on the instrument. We performed a
background subtraction on the EMFISIS survey measurements using a similar method to that described in
Malaspina et al. (2017). For each frequency band, fn, between 2.1 Hz and 11.2 kHz, the three‐dimensional
magnitude of the magnetic field PSD measurements were compiled into distributions of counts against PSD
value. For each distribution, we fitted a Gaussian, and a signal threshold, PSDth,n, was set at 2 standard deviations
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from the mean of the distribution (〈PSD〉n), in each frequency band. Malaspina et al. (2017) perform this
threshold fitting for only the lowest frequency band, and then take PSDth,n = 〈PSD〉n + (PSDth,0 − 〈PSD〉0) as
the threshold in each subsequent band. This is a conservative estimate, as the Gaussian fit to the distributions
become narrower as frequency increases. Therefore, this method could result in a fraction of the wave power
being removed, particularly in higher frequency bands. By performing the fit independently for each frequency
band, we hope to maximize the wave power found. A comparison in the resulting “EMFISIS signal‐to‐noise
thresholds” for each method is presented in Figure S1 of Supporting Information S1.

Finally, the type of whistler‐mode wave that will be observed by a spacecraft is highly dependent on the plasma
density. Within the magnetosphere, chorus waves exist in lower plasma densities, known as the plasma trough
(∼1 cm− 3) (McPherson &Koons, 1970), whilst in the higher density region of the plasmasphere (∼100 cm− 3), hiss
waves are the dominant emission (Thorne et al., 1973). There are a number ofmethods in the literature bywhich the
plasmasphere is identified. In this study,we have tried tomaximize the number of positive chorus identifications by
combining together various methods of plasmapause identification. The details of this optimization are given
below.

2.3.1. Identifying the Plasmapause

The motions of cold plasma within the plasmasphere are controlled by the interplay between Earth's convection
and corotation electric fields. Given that the co‐rotating electric field remains essentially constant in time, changes
in the solar wind, and therefore the convective dawn‐dusk electric field, control the spatial extent of this region
(Koskinen & Kilpua, 2022). For example, under active conditions, the convective electric field will increase and
the plasma will be eroded as a result of the enhanced ExB drifts. This erosion creates a sharp electron density
boundary, called the plasmapause, between the plasmaspheric particles, and the higher energy particles of the
plasma trough whose motion is governed by the dipole magnetic field (Carpenter, 1963, 1966).

There are three main methods by which one can distinguish between measurements taken in the plasmasphere and
the plasma trough in spacecraft data. Below, we describe all three and their associated drawbacks. We will then
present our method of combining these techniques, and a breakdown of the plasmapause “type” statistics.

1. Density gradient criteria. Often the plasmapause appears as a sudden and obvious density drop, or “knee”
(Carpenter, 1963). For our study, using the definition by Moldwin et al. (2002), a density drop of a factor of 5
or larger within 0.5L∗ was required to identify a “gradient‐associated” plasmapause, Lpp,grad, on a given half
orbit. On each half‐orbit, the plasmapause crossing was taken to be at the low‐density end of the gradient
identified closest to perigee. Half‐orbits with double crossings (opposing positive and negative gradients) were
excluded, as these likely indicate passage through a plasmaspheric plume. The plasma density is available in
the L4 data of the EMFISIS instrument, as inferred by Kurth et al. (2015) through identification of waves at the
upper hybrid resonance frequency, fUHR, in the electric field PSD, or, when the latter are not present, the low
frequency cut‐off of electromagnetic continuum radiation. There are timestamps, however, for which no
density data was provided by this algorithm. This was either due to ECH wave contamination of the fUHR line,
uncertainty when fUHR goes below 10 kHz, or human error, as each algorithm “failure” was checked manually.
During these times, the gradient criterion cannot be used.

2. ECH wave criterionWhilst ECH waves may interfere with the density estimations on the Van Allen Probes,
Meredith et al. (2009) suggested that ECH waves also terminate at the plasmapause and can therefore be used
as indication of the boundary. However, X. Liu et al. (2020) found that two categories of ECH wave may exist;
one that terminates at the plasmapause, and a second that may propagate into the plasmasphere, mainly in the
first harmonic. The latter are far fewer in occurrence and predominantly on the night‐side. In this study, ECH
waves are identified in the electric field PSDs if any emissions were found between 2fce < f < 3fce, following
a background subtraction via the same method as was described earlier for the magnetic field PSDs. The first
harmonic is omitted to avoid the latter category of ECH wave that can propagate into the plasmasphere. The
upper frequency bound can creep outside of the WFR receiver range, and in these cases the electric field
measurements from the HFR receiver were used. There are two minor caveats associated with this criterion.
First, the HFR is limited to measurements along a single axis only, meaning that some ECH waves extending
into this frequency range may not be detected. Second, the spatial distribution of ECH waves may introduce an
MLT bias in the chorus identification near post‐midnight and dawn (see spatial distributions, e.g., in Meredith
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et al. (2009), Zhou et al. (2023)). However, this potential bias is largely mitigated by combining all three
identification methods, given that the other two are not affected by this issue.

3. Density threshold criterionWhen moving from inside to outside of the plasmasphere, the density can drop far
more gradually than is required by the density gradient method, particularly during quiet times. In fact, from
the Van Allen Probes perspective, Ripoll et al. (2022) suggested that the density ’knee’ does not exist for up
47% of the satellite orbits. To account for this, a plausible absolute density between 30− 100 cm− 3 is often used
as an alternative (e.g., Hartley et al., 2018; Thaller et al., 2015; Tyler et al., 2019b). Another option would be to
use an empirical model with respect to L based upon the density gradient criteria. For example, Sheeley
et al. (2001) used CRRES observations to derive npp,Sheeley = 10(6.6/L)4 as a density threshold for the
plasmasphere. In our study, we follow the method by Li, Thorne, Bortnik, et al. (2010) and take the maximum
of npp,Sheeley and 50 cm− 3 to estimate the plasmapause density threshold (Lpp,threshold).

In order to balance maximizing the number of chorus wave events found in the survey data, with having con-
fidence in knowing whether we are in‐ or outside of the plasmasphere, a combination of these three methods was
used to identify which region the spacecraft was in. A flow diagram of the algorithm used is shown in Figure 2,
with the “density gradient criteria” used as first preference, then moving onto the “ECH wave criteria” if this was
unsatisfied, and finally using the “density threshold criteria” as the final option. Each half orbit is treated

Figure 2. A flowchart depicting the algorithm used to identify the plasmapause according to the criteria defined in
Section 2.3.1.
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independently, however, in the cases where there was adequate density data but no gradient or threshold criteria
was satisfied, and no ECH waves were detected, the full orbit was considered to have remained inside the
plasmasphere. In the cases where there was not adequate density data, and no ECH waves were detected, the orbit
was classed as “undefined”.

2.4. Survey‐Mode and Burst‐Mode Sampling and Chorus Occurrence

In this study, the selection of whistler‐mode chorus waves identified a total of 14,455,656 chorus‐containing
timestamps in the survey data set, of which there were 749,352 (∼5%) matching samples in the burst data set
for Van Allen Probe A and B. An example of the PSDs for an identified chorus‐containing sample from the survey
and burst data sets is shown in Figure 3.

Figures 4a and 4b show the number of samples in the equatorial region (|λm| < 6◦) as a function of L∗ and MLT
for the survey and burst data respectively. The plots use data from both satellites and bins with samples less than
50 are excluded. The fraction of burst sampling to survey sampling is shown in Figure 4c. There is a smaller

Figure 3. (a) Survey magnetic field PSD for example, date and time (2016‐01‐20). The solid, dashed, and dotted white lines
show local fce, 0.5 fce, and fLHR, respectively. The vertical white line marks the timestamp (19:23:21.9846861) of an identified
chorus‐containing sample. (b) Shows the burst waveforms at the given timestamp converted to PSDs following the procedure in
Kletzing et al. (2023) on‐board the Van Allen Probes. The sub‐sample used as the “survey‐mode” spectra at the given timestamp
is shown in the red dashed box. The green, purple and orange boxes indicate the frequency ranges of low frequency, lower‐band
and upper‐band chorus, respectively, used in this study. (c) Shows the burst PSD as processed as described in Section 2.2., again
with the colored boxes indicating the frequency range. (d) Shows line plots of the integrated power in each chorus frequency
range over the 5.968 s burst record. The dashed red line is an indicative estimate of a nonlinear power threshold.
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burst‐to‐survey relative data coverage for small L∗, between 1 < L∗ ≤ 3.5, as compared to 3.5 < L∗ ≤ 5.5.
The burst‐to‐survey relative coverage in MLT also remains almost uniform between 3.5 < L∗ ≤ 5.5 For
instance, for all 0.1 L∗ bins within this range at equatorial latitudes, the standard deviation in the sampling ratio
across all MLTs was between 10 and 24%, whilst it was between 34 and 100% below L∗ ≤ 3.5. Similarly, at off‐
equatorial latitudes, the standard deviation was between 6 and 35% for 3.5 < L∗ ≤ 5.5, and 29–117% below
L∗ = 3.5. Below L∗ = 3.5, the spacecraft will often be inside the plasmasphere where chorus waves are not
generated. However, within range 3.5 < L∗ ≤ 5.5, the spacecraft will mostly be within the heart of the radiation
belts, and therefore the burst‐mode has sufficient sampling of our particular region of interest.

Figure 4d shows the number of chorus events identified in the survey data, Ncs, and Figure 4e shows the number of
burst samples present when chorus is identified in the survey data, Nbcs. The ratio Nbcs/Ncs is shown in Figure 4f.

From Figure 4d, we can see that chorus events mainly occur within the outer L∗ range of the Van Allen Probe
orbit, between 4 < L∗ ≤ 6, and therefore there is adequate burst coverage within the regions of interest. If one
wanted to perform a similar study using burst‐mode for analyzing other plasma emissions observed in the Van
Allen Probe orbit, for example, with plasmaspheric hiss, greater care might be required before drawing statistical
conclusions.

The chorus occurrence probabilities were calculated by taking pchorus = Nchorus/Nsamples for each data set, and the
normalized difference in probability of chorus occurrence is defined as (pchorus,burst − pchorus,survey)/
(pchorus,burst + pchorus,survey). The difference in occurrence probability between the survey and burst‐mode data sets
shows some preference by the chorus identified in the burst‐mode toward the night side for most L∗, as seen in
Figure 4i. However, the mean difference in chorus occurrence probability across all MLTs was ∼0.12, showing
that the burst coverage can be used as a representative subset of the chorus regions observed by Van Allen Probes.

Figure 4. For equatorial latitudes (|λm| < 6◦), sampling counts from the EMFISIS instrument (Nsamples) for the (a) survey and
(b) burst data sets; detected chorus events (Nchorus) for (d) survey and (e) burst data sets; and the normalized probability of a
sample containing a chorus event in each (MLT, L∗) bin for (g) burst and (h) survey data sets. The ratio (Nburst/Nsurvey) for
samples and chorus events is plotted in panels (c, f), respectively. The normalized difference in chorus probability,
(pchorus,burst − pchorus,survey)/ (pchorus,burst + pchorus,survey), in each (MLT, L∗) bin is given in panel (i).
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The same procedure was repeated for off‐equatorial sampling, and the results are shown in Figure 5. Similarly to
the case of equatorial sampling, the mean difference in chorus occurrence probability across all MLTs was∼0.13.
further supporting the burst‐mode provides a good representation of survey‐mode sampling.

2.5. Survey‐Mode and Burst‐Mode Chorus Power Comparison

We first compared statistics of total chorus power for all chorus‐containing samples found in the survey, against
the statistics of total chorus power for the burst subset. To obtain the total powers, each chorus event was inte-
grated in frequency between the bounds of ( fLHR ≤ f < 0.9fce). For fair comparison and to ascertain whether any
bias had been introduced by the burst‐mode's “triggered” data collection, the integrated burst FFTs were first
averaged over the survey 5.968 s for each chorus‐containing sample, such that we had a burst power average for
the 6s timestamp. We could then construct total power distributions for each data set by binning in MLT, L∗ and
MLAT.

Figures 6 and 7 show the distribution of power for all identified chorus‐containing samples for the equatorial and
off‐equatorial events respectively. The panels in Figures 6a, 6b and 7a, 7b show the mean power in each MLT and
L∗ bin for all of the chorus events for survey and burst respectively, whilst Figures 6c, 6d and 7c, 7d show the
corresponding normalized power (Paverage × pchorus) in each bin for survey and burst respectively.

Figures 6a–6d show that when the spacecraft was at equatorial latitudes, the chorus waves were strongest in the
post‐midnight sector, between 0 and 6MLT. Moving to higher latitudes, Figures 7a–7d show that the chorus wave
power persisted in this region, but also spread out toward the morning sector, around 6–12 MLT.

Both Figures 6 and 7 show that the average power for the burst samples was higher than that of the survey. Given
that the burst chorus samples are a subset of the survey, this suggests that, even if the sampling distribution was

Figure 5. For off‐equatorial latitudes (|λm| ≥ 6◦), sampling counts from the EMFISIS instrument (Nsamples) for the (a) survey
and (b) burst data sets; detected chorus events (Nchorus) for (d) survey and (e) burst data sets; and the normalized probability of
a sample containing a chorus event in each (MLT, L∗) bin for (g) burst and (h) survey data sets. The ratio (Nburst/Nsurvey) for
samples and chorus events is plotted in panels (c, f), respectively. The normalized difference in chorus probability,
(pchorus,burst − pchorus,survey)/ (pchorus,burst + pchorus,survey), in each (MLT, L∗) bin is given in panel (i).
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mostly uniform across MLT and L∗, burst‐mode was consistently sampling from the higher‐power chorus
populations. Additionally, because the burst had (on average) higher occurrence probabilities, as seen in
Figures 4e and 5e, the normalized chorus power is much higher for the burst chorus events in the central chorus
regions around L = 4. However, large numbers of bins on the outer and inner boundaries of the chorus region for
the burst subset had fewer samples than our minimum bin requirement (50 samples), resulting in a narrower
distribution in L∗.

The histograms in Figures 6e and 7e show the total distribution of power in all burst and survey samples,
respectively. The samples have been logarithmically binned between 10− 2 and 106 pT2. From these histograms,
it's clear that for both the equatorial and off‐equatorial populations, the burst subset shows a higher probability of
the power in a sample being >102 pT2. However, the range of chorus powers was roughly the same across both
distributions, between 10− 1 pT2 < P < 106 pT2. Therefore, burst samples are not constrained to high‐
amplitude waves only. A further breakdown of the histograms by MLT and L∗ are provided in Figures S2 and
S3 of Supporting Information S1 for equatorial chorus, and in Figures S4 and S5 of Supporting Information S1 for
off‐equatorial chorus in the Supporting Information S1.

Figure 6. For equatorial latitudes (|λm| < 6◦), average chorus wave power over chorus events for (a) survey and (b) burst data
sets; average chorus wave power over all sampling for (c) survey and (d) burst data sets; and (e) The probability distribution
of chorus power in the survey and burst data sets.

Figure 7. For off‐equatorial latitudes (|λm| ≥ 6◦), average chorus wave power over chorus events for (a) survey and (b) burst
data sets; average chorus wave power over all sampling for (c) survey and (d) burst data sets; and (e) the probability
distribution of chorus power in the survey and burst data sets.
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3. Chorus Power and Its Variability
From now on, all statistics are for the chorus events identified in the survey‐mode data set that had a corre-
sponding burst‐mode record only. Therefore, the statistics presented describe times only when we have simul-
taneous and co‐located burst and survey records. Subsequent comparisons made between survey‐ and burst‐mode
powers are therefore direct one‐to‐one comparisons between the two data‐capture modes operating concurrently.

3.1. Power and Variability of Low Frequency, Lower‐Band and Upper‐Band Chorus

The events were then divided into three frequency bands, and the burst and survey PSDs were integrated between
the following bounds; Low Frequency (LF, with range fLHR ≤ f < 0.1fce); Lower‐Band (LB, with range
0.1fce ≤ f < 0.5fce); and Upper‐Band (UB, with range 0.5fce ≤ f < 0.9fce), as defined in Figure 3. It is
interesting to note how often we see each type of band over the Van Allen Probes' orbits. The event list can be
broken down into different combinations of chorus frequency ranges, with the percentage of samples in each
combination presented in Table 1. We emphasize that these percentages are derived from samples only when at
least one chorus type is observed; and is thus a conditional distribution. All further comparison between chorus
waves observed in different frequency ranges are with respect to these populations.

From this it is clear that the most common spectral combination was low frequency and lower‐band waves
together. Additionally, upper‐band chorus was almost never observed without lower‐band chorus. Both of these
statistics agree with what is expected from current wave generation theories (e.g., Gao et al., 2016), as well as
results from another observational study (Teng et al., 2019).

We choose to study the following parameters because they provide key information regarding the chorus power
and its variability on short timescales. Additionally, they help to highlight the waves that could potentially violate
the conditions required for the formal validity of quasilinear theory (Allanson et al., 2024), as discussed in the
introduction. In particular, for each 5.968 s burst record, we record:

1. The survey power at the corresponding 6s timestamp, Psurvey. This is calculated by integrating the standard
survey data product in each frequency range. This is the “traditional” measurement of wave power, taken on
timescales upon which global wave statistics are made and fed into quasilinear models.

2. Peak burst power over the 5.968 s duration, Pburst,max, for each frequency range. These show us the maximum
powers that are reached, which cannot be resolved in survey‐mode data sets. Additionally an understanding of
where and when high‐intensity waves are prevalent could indicate where nonlinear wave‐particle interactions
occur (Bortnik et al., 2008).

3. The ratio between the peak burst power and survey power for every simultaneous pair of individual burst‐ and
survey‐mode record, Pburst,max/Psurvey, to infer the extent to which the peak burst power can exceed the survey
power.

4. The ratio between the inter‐quartile range of the power (difference between the 75th (Pburst,Q3) and 25th
( Pburst,Q1) percentiles) and the median power (Pburst,Q2), which we shall call normalized inter‐quartile range
(IQRnorm) from now on. This parameter will help to characterize the variability of wave power over a small
number of wave periods.

Finally, an approximate “high‐power” threshold above which one may expect nonlinear wave‐particle in-
teractions to occur, is shown by the dashed red horizontal line in Figure 3d. First devised in Zhang et al. (2018)
and Mourenas et al. (2018) by balancing the wave electromagnetic field force and the force on a particle due to
background magnetic field, the threshold is dependent upon several properties of the field, waves and particles in
question. In this case, the threshold was derived under the following assumptions: the interaction takes place in a
dipolar magnetic field, in the heart of the radiation belts (L ∼ 4− 5), near equatorial latitudes; the waves propagate
nearly parallel to the field and have a power spectrum peaking at lower‐band chorus frequencies; and the particles

Table 1
Table of Co‐Occurrence of Different Spectral Chorus Types Among Detected Chorus Waves

LF only LB only UB only LF & LB LB & UB LF & UB LF & LB & UB Total

|λm| < 6◦ 13.93% 10.22% 4.09% 30.07% 7.34% 1.60% 6.03% 73.28%

|λm| ≥ 6◦ 4.68% 5.02% 0.26% 14.03% 0.81% 0.18% 1.73% 26.72%
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are at equatorial pitch angles (∼50–70◦) and relativistic energies (∼0.3–0.5 MeV). For the above parameters this
corresponds to a threshold wave amplitude of about ≈120–160 pT. This threshold has since been used in
Chakraborty et al. (2025) to indicate the presence of high‐amplitude waves in Van Allen Probe data. Further
evaluation of this technique can be found in the discussion.

It should be noted that only chorus‐containing samples with power in a given band were included in the statistics
for that band. For example, if chorus power was only observed in the lower‐band for a given sample, that sample
would not be included in the low frequency or upper‐band statistics. In Figures 8 and 9, the mean of each statistic
in a givenMLT and L∗ bin is calculated by averaging over the values for each individual burst (and corresponding
survey) record in that bin. This is done for each of the three frequency bands for equatorial and off‐equatorial
chorus events, respectively.

From the analysis of both Figures 8 and 9, it is evident that the peak burst power is significantly larger than the
corresponding survey power. For example, in both the equatorial and the off‐equatorial populations, and all
frequency ranges, the ratio never went below 10 in any (MLT,L∗) bin. Additionally, low frequency and lower‐

Figure 8. Chorus events in burst divided into low frequency, lower‐band and upper‐band for equatorial latitudes (|λm| < 6◦).
For each frequency range, the subpanels show (a–c) average chorus power for corresponding survey events; (d–f) maximum
chorus power from burst events; (g–i) ratio between the maximum burst power and the survey power; and (j–l) the
normalized inter‐quartile range (Q3 − Q1Q2 ) for each burst sample.
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band chorus showed the largest ratio (>100) between the burst and survey distributions in the post‐midnight and
dawn sectors for both latitude ranges. Interestingly, across all (MLT,L∗) bins in which chorus was observed, the
upper‐band chorus showed a consistent ratio (∼100).

Additionally, from panel (j–l) in each Figure, for all chorus groups, the ratio between inter‐quartile range and
median was greater than 1—indicating that the spread of the middle 50% of data in each burst sample was always
larger than the median value. A similar trend to that of the peak power‐to‐survey ratio was observed for both the
lower‐band and upper‐band chorus; the IQRnorm was largest for the lower‐band frequencies, in the regions be-
tween 0 and 6 MLT for equatorial events, and further extending between 0 and 12 MLT for off‐equatorial events,
whilst the upper‐band chorus showed an almost constant IQRnorm across all MLTs and L∗, with slightly larger
values in the 0–6 MLT sector for off‐equatorial cases.

These results show that lower‐ and upper‐band chorus have a significant power variability below the 0.468s
timescale upon which the survey‐mode data set is determined. Furthermore, the average of the peak powers on
this timescale in a given MLT and L∗ bin can be orders of magnitude larger than the average survey power. It is

Figure 9. Chorus events in burst divided into low frequency, lower‐band and upper‐band for off‐equatorial latitudes
(|λm| ≥ 6◦). For each frequency range, the subpanels show (a–c) average chorus power for corresponding survey events;
(d–f) Maximum chorus power from burst events; (g–i) ratio between the maximum burst power and the survey power; and (j–l)
the normalized inter‐quartile range (Q3 − Q1Q2 ) for each burst sample.
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important to note, using Table 1, that whilst the underlying variability appears most dramatic for upper‐band
chorus, upper‐band chorus was only observed for ∼22% of the chorus samples, whilst lower‐band chorus was
observed in over 78% of chorus samples.

We now proceed to further analyze these aggregated statistics by breaking them down with respect to activity
index, AE, in Section 3.2 and fpe/ fce in Section 3.3. We would like to emphasize that the “triggered” burst‐mode
did not skew the chorus statistics toward active conditions. The probability distribution of AE values across all
chorus‐containing burst records is shown in Figure S7 of Supporting Information. From these, the activity ranges
with the largest number of samples were below 100 nT (during quiet times).

3.2. Dependence on AE

The AE geomagnetic activity index was chosen because it is often associated with substorm activity and chorus
wave generation (Jaynes et al., 2015; Meredith et al., 2001; Tsurutani & Smith, 1974). Additionally, and for this
reason, the AE index has repeatedly been used to parameterize chorus wave models (Aryan et al., 2014, 2020;
Agapitov et al., 2019; Li, Bortnik, et al., 2011; Meredith et al., 2012), including those that are fed into radiation
belt models (e.g., Aryan et al., 2021; Meredith et al., 2001, 2012, 2020).

From now on, we shall focus on the events at equatorial latitudes. The events were separated into three activity
levels, using the AE index supplied as 1‐min averages; AE < 100 nT, 100 nT ≤ AE < 300 nT, and
AE ≥ 300 nT. The results are shown in Figures 10–12 for each of the three frequency ranges, respectively. For
each activity, the rows show, from top to bottom, Psurvey, Pburst,max, Pburst,max/Psurvey ratio and IQRnorm, respec-
tively. Additionally, the probability distribution for each statistic is given at the end of each row. For each

Figure 10. Low frequency chorus events at equatorial latitudes separated by activity into AE < 100 nT, 100 nT ≤ AE < 300 nT, and AE ≥ 300 nT. The sub‐panels
show the same statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio
between the maximum chorus burst power and the survey power; and (m–o) Q3 − Q1Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak
power, power ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d) and (h).
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combination of statistic, activity level, and frequency range, the probability distributions were calculated by
binning the events between the same ranges in logarithmic bins for fair comparison. Below, the results for each
frequency range are discussed in turn.

3.2.1. Low Frequency Chorus

The average survey and average peak burst powers for low frequency chorus are shown as a function of L∗ and
MLT for the three activity levels in Figures 10a–10c and 10e–10g, respectively. For all activities, the burst data set
reproduces the spatial distribution of power found using the survey averages for low frequency chorus, even if
there are differences in the absolute magnitude.

The power probability distributions within both Figures 10d and 10h demonstrate that low frequency chorus
power has only a weak dependence on activity, with slightly heavier tails for moderate and active conditions.
Additionally, there is a near‐zero probability that the powers observed in the survey and burst will exceed the
high‐power threshold, shown by the black dashed horizontal line in each plot.

From the dial plots in Figures 10i–10k and 10m–10o, the metrics of variability, Pburst,max/Psurvey and IQRnorm, are
both largest in the post‐midnight sector for all activities. The probability distributions in Figures 10l and 10p show
slightly heavier tails toward large variability for the active conditions.

Figure 11. Lower‐band chorus events at equatorial latitudes separated by activity into AE < 100 nT, 100 nT ≤ AE < 300 nT, and AE ≥ 300 nT. The sub‐panels show
the same statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio between
the maximum chorus burst power and the survey power; and (m–o) Q3 − Q1

Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak power,
power ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d, h).
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3.2.2. Lower‐Band Chorus

The average survey lower‐band chorus wave power increases with increasing activity, with an average intensity
of 400 pT2 during quiet times, up to 1 × 104 pT2 during active times from 21:00 MLT through dawn to noon
(Figures 11a–11c). The average lower‐band chorus peak burst powers also increase with increasing activity, with
an average power of 3 × 103 pT2 during quiet times, moving up to 9 × 104 pT2 during active times
(Figures 11e− 11g). Additionally, the peak burst powers showed the largest ratios relative to the survey power
during active conditions. For instance, Pburst,max/Psurvey > 100 in ∼9% of cases for AE > 300 nT, decreasing to
∼6% and ∼3% of cases during moderate and quiet times, respectively.

The probability distributions of the survey and peak burst powers are shown in Figures 11d and 11h respectively.
During active times a large fraction (∼25%) of the lower‐band chorus peak burst power exceeds the high‐power
threshold. If we limit the MLT range to between 21:00–12:00 MLT, this percentage increases up to 46%. The
survey powers can also exceed the high‐power threshold, although these are less common, being seen in ∼8% of
the observations. Furthermore, the peak burst power exhibits a double‐peaked distribution during active times,
with the second peak well in excess of the high‐power threshold.

IQRnorm, shown in Figures 11m–11o, increases with increasing activity and is largest during active times in the
region from 21:00 MLT through midnight to 10:00 MLT, largely corresponding to the region where the strongest
waves are observed. This region and activity condition is also associated with the largest differences between the
peak burst power and the average survey power, shown in Figure 11k. Furthermore, the probability distribution in

Figure 12. Upper‐band chorus events at equatorial latitudes separated by activity into AE < 100 nT, 100 nT ≤ AE < 300 nT, and AE ≥ 300 nT. The sub‐panels show
the same statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio between
the maximum chorus burst power and the survey power; and (m–o) Q3 − Q1

Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak power,
power ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d, h).
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Figure 11p reveals a secondary peak at higher values of IQRnorm during active times, with IQRnorm > 1 for∼54%
of cases.

3.2.3. Upper‐Band Chorus

The average upper‐band chorus survey wave power increases with increasing activity, with an average intensity
of 2 × 102 pT2 during quiet times, up to 2 × 103 pT2 during active times from 21:00MLT through dawn to noon
(Figures 12a–12c). Similarly, focused upon the same MLT sector, the upper‐band chorus peak burst powers
increase with increasing activity, with an average power of 2 × 103 pT2 during quiet times, moving up to
1.6 × 104 pT2 during active times (Figures 12e− 12g).

Of the upper‐band chorus waves identified during active times, ∼18% have peak powers that exceed the high‐
power threshold. However, the survey powers rarely exceed the high‐power threshold (Figures 12d and 12h).

However, in contrast to low frequency and lower‐band chorus, the ratio of peak burst to survey power shown in
Figures 12i–12k, is consistently large across all activity ranges and independent of MLT. Considering the
probability distributions in Figure 12l, we find that Pburst,max/Psurvey > 100 between∼7 − 8% of the time across all
activities.

From Figures 12m–12o, and again in contrast to low frequency and lower‐band chorus, IQRnorm is largely in-
dependent of MLT and activity. Furthermore, there are large differences in the shape of the probability distri-
butions for IQRnorm between the lower‐ and upper‐band waves. From Figure 11p, the distribution of IQRnorm for
lower‐band chorus is either a bimodal distribution (during active times), or a dominant single‐peaked distribution
at low values of IQRnorm followed by an extended tail at higher values (during quiet‐moderate times). In

Figure 13. Low frequency chorus events at equatorial latitudes separated by fpe/ fce into fpe/ fce < 5, 5 ≤ fpe/ fce < 9, and fpe/ fce ≥ 9. The sub‐panels show the same
statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio between the
maximum chorus burst power and the survey power; and (m–o) Q3 − Q1Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak power, power
ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d, h).
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comparison, across all activities, the distribution of IQRnorm in Figure 12p for upper‐band chorus is a wide, single‐
peaked Gaussian, centered ∼2. This leads to an IQRnorm > 1 between 59 − 67% of the time for upper‐band
chorus.

3.3. Dependence on fpe/ fce

The ratio of the electron plasma frequency to the electron gyrofrequency (fpe/ fce) is an important factor in
determining the efficiency of wave particle interactions (Horne et al., 2003). Acceleration of electrons to rela-
tivistic energies is most efficient for lower‐band chorus in regions of low fpe/ fce (Horne & Thorne, 2003; Meredith
et al., 2002; Summers et al., 1998) and recent studies have demonstrated the importance of capturing the vari-
ability of the wave power and fpe/ fce in radiation belt modeling (e.g., Agapitov et al., 2019; Allison et al., 2021;
Daggitt et al., 2024; Ross et al., 2021; Watt et al., 2019).

Furthermore, the value of fpe/ fce correlates with many spectral properties of chorus waves that can have impli-
cations in nonlinear theories, such as frequency band‐width (Gao et al., 2014), chirping rate and time duration of
subpackets (He et al., 2023).

The events were divided into three fpe/ fce groups; fpe/ fce < 5, 5 ≤ fpe/ fce < 9, and fpe/ fce ≥ 9. Binning by fpe/ fce
resulted in 89 fewer chorus‐containing samples owing to unavailable density measurements, corresponding to a
small ∼0.01% reduction.

Figure 14. Lower‐band chorus events at equatorial latitudes separated by fpe/ fce into fpe/ fce < 5, 5 ≤ fpe/ fce < 9, and fpe/ fce ≥ 9. The sub‐panels show the same
statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio between the
maximum chorus burst power and the survey power; and (m–o) Q3 − Q1Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak power, power
ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d, h).
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3.3.1. Low Frequency Chorus

Both survey and burst powers tend to increase with increasing fpe/ fce (Figures 13a–13c and 13e− 13g, respec-
tively). Furthermore, in each fpe/ fce range, the probability distributions of both powers are similar (Figures 13d
and 13h). This suggests, similarly to the results shown in the previous section for activity, that the burst data set
reproduces the spatial distribution of power found using the survey averages for low frequency chorus for all
values of fpe/ fce, with the average maximum burst powers a factor of ∼3 larger than the average survey powers.

There are two significant features in the power distributions of low frequency waves, however, that become more
evident following separation by fpe/ fce. First, there is a higher statistical likelihood of having larger powers at high
fpe/ fce, evident in the probability distributions in Figures 13d and 13h, where the median power shifts by a factor of
∼100 for both the survey and burst powers when moving from low to high fpe/ fce. Additionally, these higher
powers are focused on the afternoon sector. This afternoon feature was not observed when splitting the waves by
AE, suggesting that this population exists across a range of activities.

Second, in contrast, there is a higher statistical likelihood of having large power variability at low fpe/ fce in the pre‐
and post‐midnight sector, evident from large averages of both Pburst,max/Psurvey and IQRnorm (Figures 13i and 13m,
respectively). For example, Pburst,max/Psurvey exceeds 10 for ∼10% of low fpe/ fce events, whilst this percentage
dropped to ∼4% for events at medium‐to‐high fpe/ fce. Similarly, IQRnorm exceeds unity 17% of the time at low
fpe/ fce, with this dropping again to ∼4% for events at medium‐to‐high fpe/ fce. Low frequency power in this MLT
region did tend to increase with activity (Figures 10a–10c and 10e− 10g), similar to the trends with activity
observed for lower‐band chorus.

3.3.2. Lower‐Band Chorus

Globally, we again see the largest powers between 21:00, through midnight, onto 12:00 MLT for both the survey
and peak burst powers across all fpe/ fce ranges (Figures 14a–14c and 14e− 14g, respectively). Overall, however,
the power shows a negative relationship with fpe/ fce. For instance, the average survey (peak burst) power in this
post‐midnight/dawn MLT region is 5.5 × 103 pT2 (4.8 × 104 pT2) when fpe/ fce is low, decreasing to
1.5 × 103 pT2 (9.0 × 103 pT2) when fpe/ fce is high. In other words, average powers for both survey and burst
reduce by roughly a factor of ∼5 when moving from low to high fpe/ fce.

If we consider the fraction of lower‐band waves that exceed the high‐power threshold in each fpe/ fce range, we see
that, in the peak burst powers, the threshold is exceeded ∼21.2% of the time at low fpe/ fce, with this proportion
then falling to ∼6.7% and ∼3.4% at medium and high fpe/ fce, respectively. In comparison to the separation of
lower‐band waves by AE, parameterizing chorus wave power by fpe/ fce does not isolate the largest waves as
distinctly.

For both Pburst,max/Psurvey and IQRnorm, the largest averages are again observed around post‐midnight/dawn, but
there is a negative correlation with fpe/ fce (Figures 14i–14k and 14m–14o, respectively). At low fpe/ fce, there is a
∼12.0% chance that Pburst,max/Psurvey > 100, however this probability reduces to ∼3.9% and ∼1.2% for medium
and high fpe/ fce, respectively. Finally, separating IQRnorm by fpe/ fce almost completely isolates the ’low’ and ’high’
variability peaks identified in the AE‐separated probability distributions from Section 3.2.2. Consistent with this,
we see a single peaked distribution with a mean IQRnorm of ∼2 at low fpe/ fce, whilst the mean IQRnorm for the
medium and high fpe/ fce populations sits around 0.5.

3.3.3. Upper‐Band Chorus

Similarly to lower‐band, upper‐band chorus wave power increases with decreasing fpe/ fce and is strongest from
21:00 MLT through midnight to 12:00 MLT. Within this MLT range, the average intensity is ∼1.4 × 103 pT2

(∼1.2 × 104 pT2) when fpe/ fce is low, dropping to ∼4 × 102 pT2 (∼3 × 103 T2) when fpe/ fce is high for survey
power (peak burst power) (Figures 15a–15c and 15e− 15g, respectively). From this, we can also say that the
average peak burst powers are around a factor of 10 larger than the average survey powers within the region.
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The average survey power rarely surpasses the high‐power threshold. However, the peak burst power has a
substantially higher probability of doing so, especially during low fpe/ fce, where there is a ∼14.5% chance that
wave power will exceed the threshold, in comparison to ∼3 − 4% for both medium and high fpe/ fce.

Figure 15. Upper‐band chorus events at equatorial latitudes separated by fpe/ fce into fpe/ fce < 5, 5 ≤ fpe/ fce < 9, and fpe/ fce ≥ 9. The sub‐panels show the same
statistics as before, with (a–c) average chorus power of survey events for which a burst record exists; (e–g) maximum chorus burst power; (i–k) ratio between the
maximum chorus burst power and the survey power; and (m–o) Q3 − Q1Q2 . Additionally, (d, h, l, p) show the probability distributions of survey power, peak power, power
ratio, and the IQRnorm for these events, respectively. An estimate of a high‐power threshold is given by the dashed red line on (d, h).

Figure 16. “Traffic light” rating of chorus wave sub‐sets for low frequency, lower‐band and upper‐band chorus with all (a) AE ranges, and (b) fpe/ fce ranges.
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With the exception of having insufficient chorus events between 13:00 to 20:00 MLT for low fpe/ fce, the vari-
ability of upper‐band chorus power is uniformly high across all MLTs, and shows a subtle decrease with
increasing fpe/ fce. Notably, for all fpe/ fce ranges, the mean IQRnorm is ∼2 and there is a 5 − 9% chance that
Pburst,max/Psurvey > 100. This is almost identical to the behavior of these statistics with respect to AE in Sec-
tion 3.2.3. This suggests that upper‐band chorus power and its variability increase with decreasing fpe/ fce.

3.4. Comparison of Subset Power and Variability

In the previous sections, distributions of our four power metrics, Psurvey, Pburst,max, Pburst,max/Psurvey ratio and
IQRnorm, were presented for each combination of chorus frequency range and range of AE or fpe/ fce, respectively.
There are two important features of the results for each combination that would be useful to compare; first,
relative sub‐second variability, and second, relative magnitude of the peak power on a sub‐second scale.

First, to directly compare results for the sub‐second variability, the distributions of Pburst,max/Psurvey ratio and
IQRnorm in each subset of chorus, for example, lower‐band chorus at low activity, were evaluated against the
distributions for the complementary (remaining) population of all other chorus waves. More specifically, we
estimate the statistically significant 75th percentile of each distribution using bootstrapping (Efron, 1979;
Manly, 1997). This is a resampling method where, for each subset, we generated many new ’bootstrap’ subsets by
randomly sampling the original subset with replacement. This then gives a robust estimate of the distribution
percentiles, with associated uncertainties. We describe the subset distribution as being significantly large if the
bootstrapped estimate of the 75th percentile exceeded three times the bootstrapped 75th percentile of the com-
plementary chorus population. This technique allows evaluation of which subset of chorus shows the largest
differences from the global statistics, and therefore the largest sub‐second variability. For further context,
probability distributions of each statistic for the total population are provided in Figure S6 of Supporting In-
formation S1. We also wish to reiterate that only samples within which chorus emissions were identified are
considered in these distributions. This allows the physical relationships of each wave type with activity and fpe/ fce
to be investigated without diluting the statistics.

Using a similar method, the relative magnitude of peak sub‐second powers was assessed using the high‐power
threshold. If the peak burst power at the 75th percentile of a given subset distribution was larger than the
high‐power threshold, the subset in question was considered to be showing significant deviations from quasilinear
requirements.

Figure 17. For low frequency, lower‐band, and upper‐band chorus, panels (a–c) show Psurvey and panels (d–f) show Pburst,max for the 10% quantile bins of (AE, fpe/ fce) at
equatorial latitudes.

Journal of Geophysical Research: Space Physics 10.1029/2026JA035082

BLACK ET AL. 22 of 30

 21699402, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026JA

035082 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [20/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Combining these criteria together, we have three thresholds:

1. X0.75,subset > 3X0.75,global, where X = Pburst,max/Psurvey
2. X0.75,subset > 3X0.75,global, where X = IQRnorm
3. >25% of measurements exceed the approximate high‐power threshold

Figure 16 illustrates a “traffic light” style rating of each chorus wave subset, split either by AE or fpe/ fce, where the
number of the criteria fulfilled is given by the color; starting with green, indicating that no criteria are fulfilled,
moving through yellow and amber, to all criteria fulfilled at red. Lower‐band chorus waves at high activity were
the only subset to fulfill all of the above criteria, suggesting that these waves show the largest deviations from the
survey distributions, as well as being the most unsuitable for treatment by quasilinear theory.

3.5. Combined Dependence Upon AE and fpe/ fce

To further distinguish waves with low and high power variability, and thus identify which of AE index and the
fpe/ fce ratio was potentially controlling the behavior, Psurvey, Pburst,max, Pburst,max/Psurvey and IQRnorm were averaged
in (AE, fpe/ fce) bins. The bins were determined by dividing the AE and fpe/ fce values, respectively, into 10%
deciles such that there was roughly an equal number of observations in each bin. The resulting distributions are
shown for the power in Figure 17, and for the variability in Figure 18. The distribution of AE and fpe/ fce values
used to define the decile bins are provided in Figure S7 of Supporting Information S1.

The average survey power and average maximum burst power for each frequency band as a function of AE and
fpe/ fce are shown in Figures 17a–17c and 17d–17f, respectively. There is a clear dependence of lower‐band chorus
power on activity, with higher AE leading to the largest power averages in both Figures 17b and 17e, and only a
slight bias toward higher power at low fpe/ fce for each AE bin. Upper‐band power shows a weaker dependence on
both AE and fpe/ fce, while low frequency power averages are higher at high activity, and at large fpe/ fce.

If we then consider the results for Pburst,max/Psurvey and IQRnorm in Figure 18, the majority of high IQRnorm samples
for lower‐band chorus were observed during periods with low fpe/ fce. However, there was only a weak activity
dependence as you move toward increasing AE in each fpe/ fce bin. This suggests that the ratio of plasma‐to‐
gyrofrequency has a much larger impact on the variability of lower‐band chorus wave power than the AE

Figure 18. For low frequency, lower‐band, and upper‐band chorus, panels (a–c) show Pburst,max/Psurvey and panels (d–f) show IQRnorm for the 10% quantile bins of
(AE, fpe/ fce) at off‐equatorial latitudes.
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activity index. Conversely, upper‐band, shown in Figure 18f, displays a more uniform, large IQRnorm average
across the entire (AE, fpe/ fce) space.

The combination of these results suggests that lower‐band chorus power is well correlated with activity index,
AE, but the normalized variability for these populations has a larger dependence upon fpe/ fce. Therefore, if we
consider parameterizing by only activity or fpe/ fce, then we could be missing key distinguishing features in the
lower‐band populations.

4. Discussion
In our analysis, we identify features present in both the average Pburst,max and Psurvey power distributions that are
consistent with current theories of chorus wave generation and propagation. First, at equatorial (|λm| < 6◦) lat-
itudes, close to the chorus source region (e.g., Burtis & Helliwell, 1976; Lauben et al., 2002; LeDocq et al., 1998),
the distributions for lower‐band chorus in Figures 8b and 8e, and for upper‐band chorus in Figures 8c and 8f, had
the largest survey and burst amplitudes in the post‐midnight to dawn sector. Moderate lower‐band power persisted
into the dayside sector, but for a smaller range of L shells (4 < L∗ < 5).

Second, as the waves propagate away from the equator (|λm| ≥ 6◦), they can experience damping due to the
population of suprathermal electrons (Bortnik et al., 2007), and this damping is most efficient on the nightside for
upper‐band frequencies. In our observations, the lower‐band intensity averages were shown to reduce from
midnight to dawn in both distributions in Figures 9b and 9e. The upper‐band chorus was hugely reduced in all
(MLT,L∗) bins in both distributions shown in Figures 9c and 9f, supporting the suggestion that upper‐band waves
have been most efficiently damped. Finally, in both the low and high latitude distributions for low frequency
chorus (Figures 8a, 8c, and 9a, 9c, respectively), the average Pburst,max and Psurvey were considerably lower than
those observed for lower‐ and upper‐band chorus, and peaked in the post‐noon sector.

We observe two populations of low frequency chorus with different characteristics. One population peaks on the
duskside, is strongest when fpe/ fce is large ( fpe/ fce > 9) and is weakly dependent on AE. Furthermore, the
duskside emissions are “hiss‐like” in structure and associated with relatively low values of IQRnorm
(IQRnorm < 1). These are similar in nature to the THEMIS observations of hiss‐like emissions outside of the
plasmasphere (Li et al., 2012). The location and nature of these emissions suggest that this population of low
frequency chorus is a form of plasmaspheric hiss which has leaked out of the plasmasphere, known as exohiss
(Seo & Kim, 2023; Wang et al., 2020; Watt et al., 2025; Zhu et al., 2019; Zou et al., 2024). The second population
is strongest in the pre‐ and post‐midnight sectors, is strongest during active conditions and when fpe/ fce is low.
This subset of low frequency chorus wave is associated with larger values of IQRnorm (IQRnorm > 3). This
population shows similar characteristics to lower‐ and upper‐band chorus and is likely to be an extension of the
lower‐band chorus to lower frequencies.

In our work, the most intense lower‐band chorus waves were observed during periods of high geomagnetic ac-
tivity, and when fpe/ fce < ∼5. Numerous past single‐spacecraft studies (e.g., Li, Bortnik, et al., 2011; Meredith
et al., 2001; Wang et al., 2019) and combined multi‐spacecraft studies (e.g., Agapitov et al., 2018; Meredith
et al., 2020) on ’survey‐like’ temporal resolutions have provided evidence that lower‐band chorus waves are sub‐
storm‐driven. Lower‐band chorus occurrence and power has also been shown to correlate with low ratios of fpe/ fce
(Li, Thorne, Nishimura, et al., 2010). We have additionally found that the maximum sub‐second powers exhibit a
larger average increase from quiet to active times, or when moving down from high to low fpe/ fce, compared to the
survey power.

Whilst the likelihood of a nonlinear interaction is not solely dependent upon wave amplitude (e.g., Zhang
et al., 2020), we see that>25% of the lower‐band population surpassed the indicative high‐power threshold during
active times. Zhang et al. (2018) similarly observed, in both Van Allen Probes and THEMIS waveform mea-
surements, that ’nonlinear’ candidates for lower‐band chorus were most prevalent in the midnight/dawn sectors
under active conditions. Additionally, and with further analysis in Zhang et al. (2019), a large proportion of the
intense waves they observed also had short packet durations (∼10–20 wave periods). Unlike wave intensity,
however, the packet duration did not show a dependence on AE. Whilst our study does not directly investigate
wave packet duration, the magnitude of IQRnorm on a sub‐second timescale can be closely associated with
temporal variability across wave packets. Therefore, we also observed that whilst lower‐band wave power
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showed a positive correlation with AE, as demonstrated in Figure 17b, the temporal variability in Figure 18b
showed very little dependence on AE.

If we instead consider the variability dependence upon fpe/ fce, the large values of IQRnorm were confined to re-
gions of fpe/ fce < 5. This complements a study by He et al. (2023), in which the shortest, most rapidly changing
and intense lower‐band rising tone elements were observed at low values of fpe/ fce, using the EMFISIS burst data
set. Furthermore, from THEMIS burst observations, Li et al. (2012) showed that discrete lower‐band emissions
were more likely to be seen under low fpe/ fce conditions, whilst “hiss‐like” lower‐band was more common under
higher fpe/ fce.

The upper‐band chorus power in Pburst,max and Psurvey was much lower on average than that observed for the lower‐
band chorus. However, it is also positively associated with AE, and has a slight preference for lower values of
fpe/ fce, though both dependencies are weaker than those for lower‐band chorus. On a sub‐second timescale, we
again saw a shift upwards in average Pburst,max compared to Psurvey, as well as a narrowing of the probability
distribution at high activities. As shown in Sections 3.2, 3.3, and 3.5, the Pburst,max/Psurvey and IQRnorm had almost
no dependence upon activity or fpe/ fce. However, the distributions peaked at large values in all cases in com-
parison to the low frequency and lower‐band chorus. This suggests that, whilst upper‐band has lower average
powers, the underlying wave structure may be more similar to the ‘discrete,” highly variable population of lower‐
band waves.

The spatiotemporal variability of plasma waves on various time and length scales, and the impact upon quasi-
linear diffusion coefficient calculations have been considered in other studies. Using Van Allen Probes wave
measurements averaged over 5‐min timescales, Watt et al. (2025) identified two distinct populations of chorus,
distinguishable by low and high power variability. The low variability population was observed primarily on the
day‐side, within fLHR < f < 0.1fce, and had little dependence upon AE. This population is in the same frequency
and MLT range as the low variability, low frequency emissions presented in this paper. This suggests that low
frequency chorus waves have repeating trends in variability across the sub‐second to 5‐min timescales. The high
variability population focused upon in Watt et al. (2025) was observed on the night‐side, between 00:00–08:00
MLT in the lower‐ and upper‐band frequency ranges. This population had a positive relationship with AE, with a
similar response to our observations for lower‐ and upper‐band chorus. In Watt et al. (2017), using Cluster
measurements over many years, it was shown that distributions of whistler‐mode wave power binned by activity
were not Gaussian and therefore the mean value was a poor representation of the underlying variability. Such
variability around statistical averages of wave properties has been investigated for other wave modes, such as
EMIC waves (e.g., Ross et al., 2020), lightning generated whistlers (e.g., Shane et al., 2025), and hiss waves
(e.g., Zhang et al., 2021).

It has been shown that the acceleration of MeV electrons due to interactions with chorus waves is sensitive to
changes in fpe/ fce, particularly when there are decreases in fpe/ fce during active periods (Agapitov et al., 2019).
Assuming we consider only quasi‐parallel waves, the latitude corresponding to resonance with MeV electrons
becomes smaller with decreasing fpe/ fce. In Section 3.5, we showed that lower‐band chorus waves had the largest
average power and sub‐second variability at low fpe/ fce (<5) during active conditions (AE > 300 nT), and at
equatorial latitudes. Future work could build on these results to further constrain the timescales of electron ac-
celeration and loss due to interactions with chorus waves with respect to fpe/ fce and activity, informed by the
higher‐resolution burst‐mode wave data that we show. Interestingly, we note that multiple studies show that
average plasmaspheric hiss power on the dayside tends to increase with geomagnetic activity (e.g., Meredith
et al., 2004; N. Liu et al., 2020; Su et al., 2018), with Agapitov et al. (2020) finding that fpe/ fce decreases in the
plasmasphere during active periods (AE > 150 nT) and results in shorter MeV electron lifetimes.

Whilst we have investigated the power variability of low frequency, lower‐ and upper‐band chorus,
respectively, the variability of the underlying spectra on finer frequency resolution has not been considered.
However, the spectra of chorus wave power is key in accurately determining the energy of the electrons most
likely to interact with the waves. Future work could therefore focus on power spectra variability, and using
numerical experiments to assess the potential implications of sub‐second variability upon quasilinear diffusion
coefficient calculations.
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5. Conclusions
In this study we analyze 7 years of EMFISIS wave data from Van Allen Probes A and B to investigate the
behavior of the chorus wave power on sub‐second timescales. We note that the average values quoted below were
calculated in the presence of chorus waves identified in the survey data in the appropriate band, and only when a
corresponding burst sample existed (∼5% of all chorus‐containing survey samples). Therefore, our study pro-
vides a full statistical analysis of direct 1‐to‐1 comparisons between simultaneous and co‐located burst‐ and
survey‐mode measurements. Lower‐band and low frequency waves were identified in ∼78% of all chorus‐
containing burst samples, whilst upper‐band was identified in ∼22%. Our principle findings are:

1. Low frequency chorus in the region 11:00–22:00 MLT was strongest when fpe/ fce was large ( fpe/ fce > 9) with
average survey and peak burst powers of 1.3 × 103 and 4.5 × 103pT2 respectively and showed low variability
(IQRnorm < 1), consistent with exohiss.

2. Low frequency chorus near midnight (22:00–04:00 MLT) was strongest during active conditions when fpe/ fce
was low ( fpe/ fce < 5) with average survey and peak burst powers of 1.5 × 102 and 1.3 × 103 pT2 respectively
and showed high variability (IQRnorm > 3), consistent with the chorus emissions at higher relative frequencies.

3. Lower‐band chorus was strongest near the equator in the region 21:00–12:00 MLT during active conditions
across the entire observed range of fpe/ fce, with average survey and peak burst powers of 1 × 104 and
9 × 104 pT2 respectively.

4. Lower‐band chorus waves also showed significant variability (IQRnorm ∼ 3) in the region 21:00–12:00 MLT,
primarily during active conditions and/or low values of fpe/ fce ( fpe/ fce < 5).

5. During active conditions, the average survey wave power exceeded the high‐power threshold in ∼8% of the
observations of lower‐band chorus. However, on sub‐second “burst” timescales, over 25% of the observations
exceeded the high‐power threshold, with this percentage increasing to 46% when only considering the
21:00–12:00 MLT range.

6. Upper‐band chorus was strongest near the equator in the region 21:00–12:00 MLT during active conditions
and/or low fpe/ fce ( fpe/ fce < 5), with average survey and peak burst powers of∼2 × 103 and∼1.5 × 104 pT2

respectively.
7. Upper‐band chorus waves showed high variability (IQRnorm > 2) across all local times for all activities and

values of fpe/ fce.
8. The average survey upper‐band chorus wave power rarely exceeded the high‐power threshold. In contrast, on

sub‐second “burst” timescales, ∼15% of the observations exceeded the high‐power threshold.

Finally, by assessing the implications of sub‐second power and variability together, we found that lower‐band
chorus at high AE will deviate most significantly from averaged spacecraft “surveys,” as well as from re-
quirements of quasilinear theory. It is clear, however, that whilst upper‐band chorus waves are weaker emissions
than those in the lower‐band, on a sub‐second timescale they consistently display significant differences to the
averaged ’survey’ spectra. These results motivate further investigation into how sub‐second variability of chorus
wave power in different frequency bands may affect calculation of diffusion coefficients in quasilinear modeling.
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