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Abstract24

Numerical models of energetic electron behavior in the outer radiation belt require de-25

scriptions of the wave-particle interactions across the inner magnetosphere. Quasilinear26

diffusion coefficients describe gyro-resonant wave-particle interactions over large time-27

and length-scales but these must be constrained by observations to construct realistic28

radiation belt models. Recent work indicates the importance of identifying and includ-29

ing realistic spatio-temporal variation of diffusion coefficients. In this paper, we study30

the spatio-temporal variability of whistler-mode waves outside the plasmasphere, typ-31

ically referred to as whistler-mode chorus. We separately consider the probability of (i)32

parts of the model domain being outside the plasmasphere, and (ii) the probability of33

detecting wave activity should that part of the model domain be outside the plasmas-34

phere. We discover that the spatio-temporal variability of whistler-mode waves signif-35

icantly differs across the model domain; we propose that wave power variability in short36

wave intervals (∼ 5 minutes) is a useful characteristic to distinguish between two types37

of whistler-mode waves, especially where their frequency ranges overlap. Our novel spatio-38

temporal variability analysis indicates that low variability waves are dayside exohiss whose39

typically high occurrence rate (∼ 0.8) decreases with substorm activity, and high vari-40

ability waves are sporadic post-midnight/dawn sector substorm-driven chorus with a typ-41

ical occurrence rate of 0.2. Further, although previous studies often combine the occur-42

rence rates and wave characteristics into climatological averages of chorus wave power,43

this study highlights the importance of separating the study of occurrence rates and power44

of the waves, since each can have a different relationship with driving factors.45

Plain Language Summary46

Naturally-occurring electromagnetic waves with frequencies in the range of a hun-47

dred to a few thousand Hertz interact with the high-energy electrons of the radiation belt.48

The resulting wave-particle interactions lead to both energisation and scattering of high-49

energy electrons, influencing the number and energy of electrons trapped in Earth’s outer50

radiation belt. Wave-particle interactions can be captured using diffusion coefficients that51

describe the efficacy of the interaction. Our main challenge when building models of dif-52

fusion coefficients is to model how they vary in time and throughout near-Earth space,53

even though we have only very sparse spacecraft observations to help build up our knowl-54

edge. The new results in this paper use a statistical analysis of wave activity measured55

by the NASA Van Allen Probes to determine the spatio-temporal variation of electro-56

magnetic waves known as whistler-mode chorus. We study how the occurrence rate of57

these waves varies in space, and in response to geomagnetic activity. We also demonstrate58

that waves in different regions of space display variability on short timescales. The short59

timescale variability can be used to distinguish one type of waves from another, allow-60

ing us to model their occurrence and behavior more accurately in future.61

1 Introduction62

Wave-particle interactions are a key process at work in Earth’s outer radiation belt63

(e.g. Thorne, 2010; Horne et al., 2016). The high-energy electrons that are trapped in64

the inner magnetosphere forming the outer belt can have their energy, pitch-angle, and65

even radial location modified by interactions with a wide range of electromagnetic per-66

turbations (e.g. Green & Kivelson, 2004; Reeves et al., 2013; Lejosne et al., 2022; W. Li67

& Hudson, 2019; Ripoll et al., 2020).68

One of the most well-studied wave-particle interactions in the outer radiation belt69

is that of whistler-mode waves with electrons (e.g. Horne et al., 2005a; Thorne, 2010;70

Artemyev et al., 2016; J. Li et al., 2019). This wave mode is typically generated with71

sufficient frequency range that it can interact with electrons over a broad range of en-72

ergies (e.g. Horne et al., 2003b; Allison et al., 2021) making the wave-particle interac-73
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tion particularly effective. In the relatively high-density environment of the plasmasphere,74

the waves are largely responsible for enhanced scattering of the direction of the electron75

momentum, which can ultimately lead to loss into the bounce, or drift-bounce, loss cone76

(e.g. Thorne et al., 1973; Meredith et al., 2006, 2007, 2009; Ni et al., 2013, 2014; Malaspina77

et al., 2020). In the less dense plasma trough environment, the whistler-mode wave-particle78

interaction can also lead to energization (heating, also referred to as acceleration) of high-79

energy electrons (e.g. Horne et al., 2005b). The complex balance between acceleration80

and scattering in the plasma trough is still under investigation, as it can be significantly81

affected by the latitudinal distribution of the waves (D. Wang & Shprits, 2019) and in82

the presence of strong diffusion (Daggitt et al., 2024). Models of radiation belt evolu-83

tion in time are more successful when energization and scattering by whistler-mode waves84

is included (e.g. Tu et al., 2013; Glauert et al., 2014a). Finally, observations of devel-85

oping peaks in phase space density (e.g. Green & Kivelson (2004); Iles et al. (2006); Reeves86

et al. (2013)) indicates the key importance of whistler-mode waves in the plasma trough.87

Because of their connection to the detection of whistler-mode waves on the ground with88

particular characteristics (e.g. Helliwell, 1969; Allcock, 1957), naturally-generated whistler-89

mode waves in the low-density plasma trough are often referred to as “chorus”.90

Whistler-mode chorus can be structured in frequency space or relatively broadband91

and featureless (e.g. W. Li et al., 2012). In the present study, we will refer to all whistler-92

mode waves detected outside the plasmsphere as “chorus” even though we do not study93

the frequency structure of the emission. We note that this approach of assuming such94

waves are chorus is very common in the literature. Chorus emissions have been exten-95

sively studied (e.g. W. Li et al., 2011; Cully et al., 2011; Agapitov et al., 2013, 2017; Tao96

et al., 2021; X.-J. Zhang et al., 2021; Hanzelka & Santoĺık, 2024) and are likely caused97

by nonlinear processes within the wave-particle interaction (for a comprehensive review,98

see Omura, 2021). Structureless emissions outside the plasmapause are often related to99

the broadband plasmaspheric hiss that occurs inside the plasmasphere (e.g. Zhu et al.,100

2015, 2019; J. L. Wang et al., 2020; Feng et al., 2023). Whistler-mode chorus are right-101

hand polarized and can have a range of wave-normal angles (e.g. Agapitov et al., 2013;102

W. Li et al., 2013; Mourenas et al., 2014; Taubenschuss et al., 2014; W. Li et al., 2016;103

Agapitov et al., 2018; Hartley et al., 2022). The strength of whistler-mode chorus has104

long been associated with elevated substorm activity (e.g. Meredith et al., 2001; W. Li105

et al., 2009; Meredith et al., 2014; Rodger et al., 2016; Meredith et al., 2020; Ma et al.,106

2023; Wong et al., 2024) and solar wind dynamic pressure (e.g. Jin et al., 2022; Liu &107

Su, 2023; Tang et al., 2023). Chorus wave power envelopes have length-scales of the or-108

der of hundreds of kilometers (Aryan et al., 2016; Agapitov et al., 2017, 2018; S. Zhang109

et al., 2021) and timescales of around 10 seconds (S. Zhang et al., 2021). In short, a lot110

is known about magnetospheric chorus wave activity, and the community is well-placed111

to construct models of the wave-particle interaction to be included in large-scale radi-112

ation belt numerical models.113

An effective description of wave-particle interactions in numerical models is the quasi-114

linear diffusion coefficient (e.g. Kennel & Engelmann, 1966; Lemons, 2012; Allanson et115

al., 2022), bounce-averaged forms of which can be found in e.g. Lyons et al. (1972), Glauert116

& Horne (2005) and Cunningham (2023). These descriptions of the efficacy of the wave-117

particle interaction have allowed the effective modeling of radiation belt behavior over118

a range of different extended time periods: (i) storms that last a few days (e.g. Bour-119

darie et al., 1997), (ii) extended time periods of months that encompass more than one120

storm (e.g. Tu et al., 2013; Glauert et al., 2014b), (iii) 1 year (Drozdov et al., 2015) and121

even (iv) 30 years of observations in the inner magnetosphere (Glauert et al., 2018). Hence122

a lot of effort to date in outer radiation belt modeling has focused on modeling the dif-123

fusion coefficients themselves and how they vary in space and time (e.g. Horne et al.,124

2013; Ripoll et al., 2014; D. Wang et al., 2019; Ma et al., 2023; Wong et al., 2024).125
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The spatio-temporal variability of wave-particle interactions on relatively short timescales126

(e.g. minutes to hours) is an important aspect of models that is not often considered,127

even though we have evidence that there is a large amount of variability in observations128

of wave power and other characteristics (e.g. Spasojevic et al., 2015; Murphy et al., 2016;129

Watt et al., 2017). The consequences of large spatio-temporal variability can be seen in130

numerical solutions to the Fokker-Planck equation, and has been demonstrated for both131

radial diffusion (Thompson et al., 2020) and pitch-angle scattering (Watt et al., 2021,132

2022). In each case, numerical experiments with different temporal or spatial scales of133

variability were initiated, resulting in ensembles of Fokker-Planck solutions that demon-134

strate significant deviations from expected behavior as characterized by an “averaged135

coefficient” (for an in-depth discussion on appropriate averaging, see Watt et al. (2019)136

and Ross et al. (2020)). In the case of pitch-angle scattering due to plasmaspheric hiss,137

numerical experiments showed that rapid variation in the strength of wave-particle in-138

teractions with timescales less than 30 minutes resulted in ensembles of solutions that139

can be effectively described using appropriately-averaged diffusion coefficients. However,140

for longer timescales of variation, the members of the ensembles deviated significantly141

from one another, demonstrating a wide range of outcomes (Watt et al., 2021, 2022). A142

key missing piece of information in the study of the effect of temporal variability of wave-143

particle interactions is the identification of timescales on which bounce- and drift-averaged144

diffusion coefficients vary in the inner magnetosphere.145

Constructing statistical models of diffusion coefficients remains necessary because146

wave-particle interactions vary in L∗, magnetic local time and magnetic latitude (e.g.147

Meredith et al., 2018, etc.). Therefore, even for those events where in-situ measurements148

exist and event-specific diffusion coefficients can be calculated (e.g. Ripoll et al., 2017,149

etc.), we are not always guaranteed that the spacecraft providing those event-specific dif-150

fusion coefficients have sampled from sufficient magnetic local times or latitudes to con-151

struct a global picture of wave activity at that moment. Advances in this area can be152

made by including statistical information beyond long-term averages (see e.g. Watt et153

al., 2017; Bentley et al., 2019; Thompson et al., 2020; Watt et al., 2021, for discussion)154

to describe the variability of the wave-particle interaction in addition to the average lev-155

els.156

The cause of the spatio-temporal variability of wave and plasma characteristics in157

the inner magnetosphere is not always fully understood. When the variability of diffu-158

sion coefficients has been studied in the past, e.g. for plasmaspheric hiss (Watt et al., 2019),159

it was clear that parameterization by single parameters such as geomagnetic activity could160

only slightly reduce the amount of inherent variability in the wave-particle interaction.161

Since the uncertainty in the Fokker-Planck solutions is related to the amount of variabil-162

ity in the underlying diffusion coefficient model (Thompson et al., 2020), if we cannot163

reduce the variability through effective parameterization, it is important to faithfully in-164

clude it in the diffusion coefficient model.165

Motivated by recent numerical results, it is our aim to construct statistical mod-166

els of the spatio-temporal variability of wave activity and plasma conditions such as num-167

ber density, so that they may be combined to create models of the spatio-temporal vari-168

ability of diffusion coefficients that can be used in a range of radiation belt models (e.g.169

Fokker-Planck models like the BAS-RBM (Glauert et al., 2014b) or test-particle mod-170

els like K2 (Chan et al., 2023)). The spatio-temporal models would reproduce the phys-171

ical time and length-scales of variability of the underlying wave and plasma environment172

such that realistic time-series of bounce- and drift-averages of the diffusion coefficients173

can be created. We are additionally motivated to develop methods to quantify the un-174

certainty in the solutions to radiation belt models, as is common in weather and climate175

modeling (see e.g. Tebaldi & Knutti, 2007).176

In this paper, we focus in particular on the occurrence rates and spatio-temporal177

variability of whistler-mode waves in the spatial and temporal region covered by the Van178
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Allen Probe mission, and those factors that might contribute to their variation. While179

investigating whistler-mode spatio-temporal variability outside the plasmasphere, we un-180

covered a methodology for separating different types of whistler-mode waves, and sug-181

gest that future models should separate the two different types of chorus waves due to182

their significant differences.183

2 Statistical model-building184

Models of quasilinear diffusion coefficients Dij for gyroresonant wave-particle in-185

teractions require inputs of plasma and wave properties for their construction (e.g. Glauert186

& Horne, 2005). Here, i and j could be pitch-angle, or one of either energy or momen-187

tum, and i can equal j. The input of the number density and magnetic field strength188

(and in some cases plasma composition) are required to constrain the resonant condi-189

tion. The wave properties, including power as a function of frequency and wavevector,190

further dictate the strength of the wave-particle interaction.191

All inputs to the quasilinear diffusion coefficients vary in time and space, but the192

factors that dictate the different variations are not necessarily the same. For example,193

dayside magnetospheric reconnection and inner magnetospheric dynamics play large roles194

in constraining the structure of cold plasma density in the inner magnetosphere (Gold-195

stein, 2006). However, many studies indicate that substorm injections have influence on196

the activity of whistler-mode waves in the inner magnetosphere (e.g. Meredith et al.,197

2001; W. Li et al., 2009), hence the factors that control one input to the diffusion co-198

efficient may have a different effect on another. The “ingredients” that are combined to199

make the Dij can vary on different time and length-scales (e.g. Watt et al., 2021). It200

is therefore important to consider both individual variation and co-variation of impor-201

tant parameters when building combined models.202

Our long-term aim is to construct spatio-temporal models for each input into the203

quasilinear diffusion coefficients, including any co-dependencies, and then in future work204

construct a spatio-temporal model of the resulting Dij . In this effort, we define the model205

domain, or “model-space”, as the parameter space in which models of gyro-resonant wave-206

particle interactions are constructed for use in radiation belt models. Typically, this model-207

space has coordinates L∗, magnetic local time MLT, and magnetic latitude λ. For our208

planned spatio-temporal models of diffusion coefficients, we require information about:209

• occurrence rates of waves,210

• distribution of wave power,211

• how wave power varies with wave frequency ω and wave-normal angle θ,212

• temporal scales of variation of waves, number density and magnetic field,213

• length scales of variation of waves, number density and magnetic field.214

In the current work, our initial focus will be on the occurrence rates and wave power of215

whistler-mode waves found outside the plasmasphere in the region sampled by the NASA216

Van Allen Probes mission. We will demonstrate how additional statistical analysis of years217

of observations can allow for better understanding of the spatio-temporal variability of218

whistler-mode chorus activity in the inner magnetosphere and provide key building blocks219

for future models.220

3 Methods221

For this study, we use ∼ 7 years of data from the EMFISIS instrument (Kletzing222

et al., 2013, 2023) on Van Allen Probe A from 7th November 2012 to the end of the mis-223

sion on 14th October 2019. Although there is plenty of evidence of magnetospheric cho-224

rus activity outside of the volume of space sampled by the Van Allen Probes (e.g. Agapi-225
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tov et al., 2013; Meredith et al., 2012, 2020), we here focus on chorus wave activity in226

the heart of the outer radiation belt. The extensive and high-quality observations col-227

lected by the Van Allen Probes are ideally suited to the task. The database of magnetic228

field measurements used in this study is described in detail in Wong et al. (2024), and229

important features of the processing are reiterated here. Magnetic field spectra, mea-230

sured onboard in the frequency range 2.1 Hz to 11.2 kHz, are mapped to a common fre-231

quency scale of ten frequency channels from the lower hybrid frequency fLHR to the elec-232

tron gyrofrequency fce. The ten mapped frequency channels have the bounds: (fLHR,233

0.1fce, 0.2fce, 0.3fce, 0.4fce, 0.5fce, 0.6fce, 0.7fce, 0.8fce, 0.9fce, fce). We choose to nor-234

malize all wave frequencies to the local electron gyrofrequency and do not map to the235

equatorial gyrofrequency. Although such mapping is an effective method to study whistler236

mode waves that are generated at the equator (e.g. Santoĺık et al., 2010), we choose to237

normalize instead by local gyrofrequency in case some of the waves detected in the lower238

frequency bands are not generated in this way. Note that we will analyze waves as a func-239

tion of magnetic latitude λ (i.e. angular displacement from the magnetic equator) and240

so this alternative method should not introduce insurmountable problems for interpre-241

tation. Instrumental background noise is removed from the magnetic field spectral den-242

sity using the technique described in Malaspina et al. (2017) and applied in Wong et al.243

(2022, 2024). In the database, zero power P = 0 is assigned to wave power in each fre-244

quency range that is below the background noise as determined above. Each observa-245

tion is assigned an L∗ value using the TS04 reference model (Tsyganenko & Sitnov, 2005)246

and assuming a local pitch-angle of 90◦.247

Importantly, to identify the waves as chorus, they must be observed outside the plas-248

masphere. To flag individual observations as inside or outside the plasmasphere, a num-249

ber of tests are used. First the wave spectra are checked for the presence of electrostatic250

electron cyclotron harmonics (ECH). A background subtraction is made to observations251

from the high-frequency receiver (HFR) instrument on EMFISIS as described in Malaspina252

et al. (2017). The presence of ECH above this background level indicates that the space-253

craft are in the low density environment outside the plasmasphere (Meredith et al., 2004),254

and intervals are checked to ensure that they have consistent inside/outside identifica-255

tions for intervals of at least 500 seconds. If the ECH waves fall outside the frequency256

range of the EMFISIS suite, specifically if the third harmonic band falls below the lower257

frequency limit of the HFR then a density criterion is used for identification where the258

spacecraft is assumed to be outside the plasmasphere should the density be lower than259

max(10×(6.6/L)4, 50.0) cm−3 (W. Li et al., 2015). Densities are all derived from plasma260

wave measurements made by the HFR instrument on EMFISIS as described in Kurth261

et al. (2015). If neither criteria are appropriate to the observation, then it is flagged as262

“unknown”. Further details on the processing of the data are given in Wong et al. (2024).263

The “unknown” data-points correspond to < 0.1% of the entire set of Van Allen Probe264

A observations and will not be used in the following analysis.265

We will analyze both occurrence rates and wave power distributions in this work;266

both can vary with L∗, MLT, magnetic latitude λ and frequency f . We define N as the267

number of observations in a particular (L∗,MLT, λ) bin, NCh as the number of obser-268

vations with P > 0, and Ntrough as the number of observations positively identified to269

be outside the plasmasphere in the plasma trough. In the text, we will often use the ter-270

minology ”occurrence rate” and ”probability” interchangeably because it aids compre-271

hension of certain concepts. We here acknowledge that the occurrence rate of observa-272

tions with particular characteristics during the Van Allen Probe mission is the same as273

the probability that an observation with those characteristics would occur so long as the274

Van Allen Probes have representatively sampled conditions of the inner magnetosphere275

during times when the plasmapause retreats well within the Van Allen Probe orbits.276

The geomagnetic AE indices are obtained from the OMNI database (Papitashvili277

& King, 2023).278
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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∗ = 3.0 to L∗ = 5.5 and each

panel indicates coverage or occurrence rates as a function of MLT (horizontal axis) and absolute

magnetic latitude (vertical axis). [First row] Number of data-points in each (MLT,Mlat) bin

(shown using a log-base-10 scale). [Second row] Occurrence rates of positive spacecraft identifi-

cation outside the plasmasphere Ntrough/N using the criteria described in the text. [Third row]

Occurrence rate of wave power greater than noise for fLHR < f < 0.5fce when spacecraft is

outside of the plasmasphere. [Fourth row] Occurrence rate of wave power greater than noise for

fLHR < f < 0.5fce for entire dataset.

4 Occurrence rates of whistler-mode waves relative to plasmasphere279

behavior280

Our first presentation of whistler-mode occurrence rates as a function of L∗, MLT281

and λ is shown in Figure 1. We integrate over all lower-band frequencies, from fLHR to282

0.5fce in order to obtain a general picture of the occurrence of lower-band whistler-mode283

waves. Each column of the Figure includes data from a different L∗ range in 3.0 ≤ L∗ ≤284

5.5. Note that although the Van Allen Probe orbits often extend past L∗ = 5.5, there285

is insufficient (MLT,λ) coverage to include a column for 5.5 < L∗ < 6.0 that would286

have data in all bins; we have therefore decided to limit our analysis to L∗ < 5.5.287

The first row of panels in Figure 1 shows the number of data points N in each (MLT,λ)288

bin on a logarithmic scale. The second row indicates the occurrence rates of times that289

the spacecraft are identified outside the plasmasphere, which we identify as the proba-290

bility P (O) = Ntrough/N . We note that P (O) = 0 would occur if the spacecraft was291

never identified outside the plasmasphere, and P (O) = 1 would occur if the spacecraft292

was always identified outside the plasmasphere in that (MLT,λ) bin for that particular293

L∗ range. The third row shows the occurrence rates of whistler-mode wave power iden-294

tified above the noise floor should the spacecraft be outside the plasmasphere, which we295

identify as the probability P (W|O) = Nch/Ntrough. In this case, P (W|O) = 0 would296

correspond to there never being any whistler-mode wave power detected above the noise297

floor when the spacecraft was identified to be outside the plasmasphere, and P (W|O) =298

1 would indicate that every time the spacecraft was outside the plasmasphere, and sam-299

pled that (MLT, λ, L∗) bin, whistler-mode wave power above the noise level was detected.300

Finally, the fourth row shows the occurrence rates of whistler-mode wave signals above301
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the noise level in each (MLT, λ, L∗) bin, which we identify as the probability P (W) =302

Nch/N . This probability is equivalent to the occurrence rate of chorus waves in that par-303

ticular (MLT, λ, L∗) bin, where P (W) = 0 if whistler-mode wave activity is never de-304

tected above noise level in that bin, regardless of the number density value, and P (W) =305

1 if whistler-mode wave activity is always detected there. The fourth row can also be ob-306

tained by combining rows two and three P (W) = P (O)P (W|O).307

Comparing the second and third row of Figure 1 indicates the importance of sep-308

arating the two probabilities of 1) being outside the plasmasphere P (O), and 2) observ-309

ing waves should the spacecraft be outside the plasmasphere P (W|O). The variation of310

P (O) (second row) in each L∗ shell follows the known shape of the plasmasphere (e.g.311

Ebihara & Miyoshi, 2011). At low L∗ < 3.5, it is quite unlikely that the spacecraft will312

exit the plasmasphere for any MLT, but as L∗ increases, the likelihood of exiting the plas-313

masphere on the dawn side of the Earth grows. Even for 3.5 < L∗ < 4.0, there is a314

marked difference in the probability of being inside or outside the plasmasphere between315

dawn and dusk sides of the Earth. For 5.0 ≤ L∗ < 5.5, the spacecraft spends nearly316

60% of its time outside of the plasmasphere between midnight and 08 MLT where P (O) ∼317

0.6, but only 10% of its time outside the plasmasphere between 16-20 MLT where P (O) ∼318

0.1. We note here that plasma trough detections on the dusk side of the Earth are low319

in our analysis coincident with a region where ECH waves are rarely observed (e.g. Mered-320

ith et al., 2004; Zhou et al., 2023). Number densities in the inner magnetosphere sam-321

pled by the Van Allen Probes also demonstrate similar patterns. Recent work analysing322

the influence of geomagnetic activity on electron number density indicates that the av-323

erage electron number density for L > 5 and 12-18 MLT is not diminished until activ-324

ity levels reach Kp ≥ 5, even though number densities for L > 5 and 00-06 MLT are325

diminished at much lower activity levels Kp ≥ 1 (Ripoll et al., 2024). Given the sta-326

tistical distribution of Kp values (e.g. Chakraborty & Morley, 2020; Fiori et al., 2020)327

both electron number density analysis and the ECH identification used in this paper in-328

dicate that plasma trough conditions are observed for L > 5 much more often between329

midnight and noon than they are between noon and midnight.330

In the third row, we show the probability of observing whistler-mode waves with331

power greater than background noise for fLHR < f < 0.5fce should the spacecraft be332

identified outside the plasmasphere, i.e. P (W|O) = NCh/Ntrough. The probability of333

detecting wave activity larger than the noise level as a function of MLT and λ (third row)334

is markedly different than the probability of being inside or outside of the plasmasphere335

(second row). The occurrence rates of wave activity for all values of L∗ are very high,336

and are centered around noon. Note that the probability color scale on the second row337

extends 0−0.6, but the probability color scale in the third row extends up to 1. On the338

rare occasions that the spacecraft are outside the plasmasphere at low L∗, there is nearly339

always whistler-mode wave activity on the dayside, and occurrence rates are larger than340

0.5 across the remaining MLT and λ sampled by the Van Allen Probe mission. As we341

move to higher L∗, wave activity is much more restricted to dayside MLT values.342

The fourth row of Figure 1 is much more easily understood by considering the mul-343

tiplication of probabilities in rows two and three. The resulting occurrence rates of lower-344

band whistler-mode chorus, or, the probability that a high-energy electron would encounter345

whistler-mode wave activity during its drifting and bouncing path around the Earth, is346

controlled both by the likelihood of being outside the plasmasphere P (O), and by the347

likelihood of waves being generated at a particular MLT and λ, P (W|O) . It is also im-348

portant to remember that as electrons drift around the Earth along their drift-bounce349

trajectories, the times spent in the pale areas of the fourth row of Figure 1 are likely to350

be times where they will experience plasmaspheric hiss. The second and fourth rows of351

Figure 1 indicate that in many circumstances, electrons will experience lower-band cho-352

rus for part of their drift-bounce trajectory, and plasmaspheric hiss for other parts. When353
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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 λ (vertical axis of

each panel). Frequency band increases from bottom row (fLHR < f < 0.1fce) to top row

(0.9 < f/fce < 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-354

pose in future, the consequences of these circumstances should be explored.355

The inclusion of all whistler-mode wave activity between fLHR and 0.5fce is prompted356

by work on “low-frequency chorus” (e.g. Meredith et al., 2014), but could be conflat-357

ing different types of plasmatrough whistler-mode waves, i.e. traditional chorus (e.g. Agapi-358

tov et al., 2013; Aryan et al., 2014; Meredith et al., 2020) and exohiss (e.g. Thorne et359

al., 1973; Zhu et al., 2015; Gao et al., 2018; Zhu et al., 2019; Feng et al., 2023). In what360

follows, we will separate the wave activity into smaller frequency bands in order to study361

the occurrence of whistler-mode wave activity in more detail.362

5 Statistical wave properties as a function of wave frequency363

5.1 Occurrence rates and statistical descriptions of power364

Figure 2 shows the occurrence rates of whistler-mode chorus outside the plasma-365

sphere as a function of MLT (horizontal axis of each panel), magnetic latitude (vertical366

axis of each panel), frequency (row, where lowest frequency band is shown in the low-367

est row, and highest frequency band is shown in the top row) and L∗ (column, with in-368

nermost measurements for 3.0 < L∗ < 3.5 in the first column, and high L∗ measure-369

ments 5.0 < L∗ < 5.5 in the final column). The lowest five rows therefore represent370

lower-band chorus, and the top five rows show upper-band chorus. The color in the plots371

represents the occurrence rate of detecting wave power above instrumental noise when372

the spacecraft is positively identified outside the plasmasphere, i.e. NCh/Ntrough, and varies373

between 0 and 1.374

–9–



manuscript submitted to JGR: Space Physics

Studying Figure 2 as a whole, we can see that of the 4 variables L∗ (column), f375

(row), MLT (horizontal axis) and λ (vertical axis), the patterns of chorus occurrence rates376

vary only slightly with L∗, that is, many columns look very similar, especially the results377

for 4.0 < L∗ < 5.5.378

In general, the occurrence rates of whistler-mode chorus decrease rapidly with in-379

creasing frequency, becoming negligible at all (L∗,MLT, λ) for f/fce > 0.8. This is as380

expected from previous work (e.g. Wong et al. (2024). Occurrence rates are very high381

in the lowest frequency band, with rates approaching 1 for 08 < MLT < 16 and for382

L∗ < 4.5. Occurrence rates are also high (∼ 0.8) for 08 < MLT < 16, 4.5 < L∗ < 5.5383

and f/fce < 0.2.384

Concentrating now on the trends in (MLT, λ) for each frequency band, the trends385

for L∗ < 4.0 are less clear than those for L∗ > 4.0, and so we will often focus on the386

higher L∗ range, remembering that Ntrough is very low for L∗ < 4.0. The lowest fre-387

quency bands show peaks in occurrence rates that are symmetric about noon and vary388

gently with λ. For higher frequency bands (e.g. 0.4 < f/fce < 0.6), the occurrence389

rate patterns are no longer symmetric about noon. In these frequency ranges, occurrence390

rates peak close to the equator post-midnight (00 < MLT < 04) and peak at higher391

magnetic latitude near noon. For frequencies 0.2 < f/fce < 0.4 there appears to be a392

mixture of the two occurrence patterns - a symmetric pattern 08 < MLT < 16 around393

noon that only varies gradually with λ, and an asymmetric pattern that increases in mag-394

netic latitude with increasing MLT from 00 to ∼ 12 MLT.395

We next visualize the occurrence rates and wave properties as a function of MLT,396

λ and f , by combining data at all L∗. This may mask variations at low L∗, since obser-397

vations outside the plasmasphere are very rare for low L∗. However, Figure 2 indicates398

that the variations with MLT, λ and f are much more important.399

In Figure 3 we have combined observations at all L∗, and investigate wave occur-400

rence rates and wave power as a function of MLT (horizontal axis of each panel), frequency401

(vertical axis of each panel), and magnetic latitude (row, with 0 < λ < 6◦ in the low-402

est row, 6◦ < λ < 12◦ in the middle row, and 12◦ < λ < 18◦ in the top row). The oc-403

currence rates are shown in the first column, and fall between 0 (no wave activity ob-404

served) and 1 (wave activity always observed). The second column shows the median of405

observations where P > 0. Given the large variability of chorus waves (e.g. Watt et406

al., 2017), the medians are shown on a log-base-10 scale, where a value of 2.0 is equiv-407

alent to P = 102 pT2. The interquartile range (IQR) of the distribution of P > 0 is408

shown in the third column. We display the IQR of log10(P) to reflect the large variabil-409

ity in the chorus wave intensity, and it is therefore equivalent to log10 of the interquar-410

tile ratio P75/P25. In the third column, a value of 1 would indicate that there was one411

order of magnitude between the 25th and 75th percentile. Finally the fourth column shows412

the total average of observations of wave power in each bin, including P = 0 values.413

These are calculated in the usual fashion, but displayed using a log-base-10 scale for com-414

parison with the median in the second column. Any white spaces in the second-fourth415

columns indicate regions of the (MLT, f, λ) model space where the median, average and416

upper quartile of the wave power are zero.417

In panel (i) at low magnetic latitudes (i.e. close to the magnetic equator), there are418

two separate regions of finite wave occurrence rates covering roughly 06 < MLT < 20,419

f/fce < 0.3 (with high occurrence rates 0.8− 1) and 00 < MLT < 10, 0.3 < f/fce <420

0.7 (with relatively low occurrence 0.2−0.3). In panel (e), for latitudes just off the equa-421

tor at 6◦ < λ < 12◦, the two wave activity groups are much less separated in MLT.422

There is still a region of high occurrence rates covering roughly 06 < MLT < 20, f/fce <423

0.3 that neighbors a region of lower occurrence rates covering 02 < MLT < 14, 0.2 <424

f/fce < 0.6. In panel (a), for the highest latitude bin studied (12◦ < λ < 18◦), there425

does not appear to be two separate regions of occurrence rates, just one. This might be426
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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 fLHR to the electron gyrofrequency fce. The ratio fLHR/fce has values in the

range 0.016-0.022 for Van Allen Probe observations outside the plasmasphere. Panels (a-d) show

statistics from 12◦ < λ < 18◦, (e-h) from 6◦ < λ < 12◦ and (i-l) from 0 < λ < 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 = 10−2 pT2). Interquartile ratio of log10(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,λ,f) bin.

–11–



manuscript submitted to JGR: Space Physics

because there are no longer two different regions of enhanced occurrence rates, or it could427

be that they significantly overlap in frequency and MLT. The analysis presented later428

in this paper will investigate these regions of enhanced occurrence rates seen in Figure429

3(a,e,i) more closely.430

Turning attention to the statistical properties of the waves, near the equator (bot-431

tom row: 0 < λ < 6◦), the two areas of enhanced wave occurrence rate coincide with432

the largest median wave power (panel (j)) and the largest average wave power (panel (l)).433

However, the variability in the wave power (represented by the interquartile range of the434

log10 wave power in panel (k)) is small (< 0.5) for the high-occurrence rate region at435

06 < MLT < 20, f/fce < 0.3, but much larger (1.5-1.75) for the lower-occurrence436

rate region at 00 < MLT < 10, 0.3 < f/fce < 0.7.437

At higher latitudes, the pattern repeats. High values of median and average wave438

power (columns 2 and 4) coincide with regions of enhanced wave occurrence rates (col-439

umn 1), although as mentioned before, the regions of high wave power and occurrence440

rates merge in (MLT, f)-space as latitude increases. At all latitudes, there remains a re-441

gion of low wave variability for 06 < MLT < 20 and low frequency. As latitude in-442

creases, the region of low variability around noon occupies a diminishing range of fre-443

quency.444

We provide additional Figures in the Supplementary Information that show the oc-445

currence rates, median and IQR of the waves as a function of L∗. These Figures indi-446

cate that the statistics for 4.0 < L∗ < 5.0 and 5.0 < L∗ < 6.0 are quite similar to447

those shown in Figure 3 but those for 3.0 < L∗ < 4.0 are quite different. The very small448

number of events recorded outside the plasmasphere for 3.0 < L∗ < 4.0 will not con-449

tribute greatly towards the conclusions of this study, but should not be ignored when450

constructing statistical models of wave behavior across the inner magnetosphere.451

5.2 Comparison between wave statistics and previous works452

Many studies have determined different aspects of the statistical distribution of whistler-453

mode wave power in the Earth’s magnetosphere, including W. Li et al. (2009, 2010); Agapi-454

tov et al. (2011); Meredith et al. (2012); Agapitov et al. (2013); Tyler et al. (2019); Mered-455

ith et al. (2020). Some reported occurrence statistics (e.g. Agapitov et al., 2011; Tyler456

et al., 2019), and many reported maps of average wave activity (e.g. W. Li et al., 2009,457

2010; Meredith et al., 2012, 2020). The statistical occurrence rates determined in Agapi-458

tov et al. (2011) are similar to those we show in Figures 2 and 3, although we show more459

detail in magnetic latitude and frequency band. Both Agapitov et al. (2011) and the re-460

sults in Figure 3 demonstrate that occurrence rates tend to peak on the dayside and large461

occurrence rates can persist into the post-noon sector. Averaged maps tend to give the462

impression that lower-band whistler-mode wave activity near the equator extends from463

00-12 MLT, and peaks between 06-12 MLT (e.g. W. Li et al., 2009; Meredith et al., 2012).464

We note from Figure 3 that the pattern of occurrence rates (first column) can be quite465

different from an averaged map (final column), and in this section we explore this in more466

detail.467

We isolate waves in a single frequency band 0.1 < f/fce < 0.2 and select those468

close to the magnetic equator (|λ| < 6◦). In Figure 4 we show histograms of all 6s whistler-469

mode power observations in this frequency band for P > 0. Occurrence rates for P >470

0 in each (MLT,λ) bin are shown in the title of each panel (a-d). It is important to note471

that the horizontal axis is log10 P and so a value of 2 corresponds to 102 pT2, and a value472

of 4 is two orders of magnitude larger at 104 pT2. The histogram at 02-04 MLT has a473

pronounced heavy tail, with some values exceeding 105 pT2. In contrast, the histograms474

at 10-12 MLT and 14-16 MLT indicate that power values here rarely exceed 103 pT2.475

The median and 75th percentile of the P > 0 values are shown using blue dashed lines476
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Figure 4. Histograms of chorus wave power when P > 0 for frequency band 0.1 < f/fce < 0.2

and magnetic latitude |λ| < 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,477

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.478

The average wave power in this frequency band, including the P = 0 values, is479

indicated in each panel with a solid blue line. The average wave power, as used to con-480

struct statistical maps like those in W. Li et al. (2009, 2010); Meredith et al. (2012, 2020)481

is a combination of the wave power and the occurrence rate since it includes the P =482

0 values. We can see that the average wave power reduces with MLT, even as the wave483

occurrence rates increase. Waves are detected above the noise level much more often at484

larger MLT, but never display the high power observed at lower MLT in the post-midnight485

sector.486

The significant changes in the distribution of wave power and wave occurrence rates487

between 02-04 MLT and 10-12 MLT results in the averaged wave power maps often pre-488

sented in the literature. However, the averaged wave power in the post-midnight sector489

remains much smaller than the very large values of power that have been the subject of490

other studies (e.g. Cattell et al., 2008; Wilson III et al., 2011; Tyler et al., 2019) and491

can be seen in the long statistical tail of power in Figure 4(a).492

Guided by previous numerical studies of the consequences of temporal variations493

in diffusion coefficients (Thompson et al., 2020; Watt et al., 2021, 2022), we suggest that494

the consequences of wave-particle interactions with high-power waves that exist a small495

fraction of the time (see Figure 4 and Tyler et al., 2019) may be very different to the496

consequences of wave-particle interactions with much less strong waves that exist > 50%497

of the time. Thompson et al. (2020) demonstrated that the numerical solutions to the498

Fokker-Planck equation depended upon the amount of variability in the underlying dis-499

tribution of diffusion coefficients, in addition to the shape of the distribution of diffu-500

sion coefficients. The statistics presented here will contribute towards future numerical501

experiments to determine the importance of the occurrence rates and distributions of whistler-502

mode wave activity in the plasmatrough.503

6 Wave Spatio-temporal Variability504

Evidence from near the equator indicates that there may be two different uncon-505

nected regions of wave activity, but that these regions overlap in frequency at higher lat-506

itude. This section uses the differences in wave variability, motivated by column 3 of Fig-507

ure 3, to determine whether there are any differences in the two wave activity regions.508

6.1 Variability in the spatio-temporal series of spacecraft observations509

We first visualize the spatio-temporal variability of chorus wave activity in the two510

regions of (MLT, λ, f) that seem separated at low magnetic latitude |λ| < 6◦ in Fig-511

ure 3(i); the post-midnight sporadic region at relatively high frequency relative to fce,512

and a dayside near-continuous region at relatively low frequency. Figure 5(a) shows an513

example interval of the wave power spectral density from the EMFISIS instrument on514

Van Allen Probe A, when the spacecraft was in the post-midnight equatorial region λ ∼515

3◦ and MLT ∼ 05. Dotted and dashed lines indicate the frequency boundaries used516

in this study from fLHR up to 0.6fce where we reiterate that these are local values, not517

mapped equatorial values. The dashed lines indicate 0.5fce and 0.6fce which delimit the518

power displayed in panel (c) during the same interval. In comparison, Figure 5(b) shows519

an example interval of whistler-mode wave power spectral density from the dayside at520

MLT ∼ 11. Again, dashed and dotted lines show the frequency boundaries used in this521

study, and the dashed lines now show the frequency limits for panel (d): fLHR and 0.1fce.522

The most striking difference between the two examples of spatio-temporal observation523

series is the amount of variability from one 6s sample to the next. For the waves observed524

in the post-midnight region (Figure 5(c)), there are large amounts of variability in the525
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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 0.5fce and 0.6fce 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: fLHR, 0.1fce, 0.2fce, 0.3fce and 0.4fce. The

colorscale has a ceiling at 10−4 nT2/Hz to highlight variability in 0.5 < f/fce < 0.6 band.

(b) log10(P(0.5 < f/fce < 0.6)) during the interval identified in panel (a), where L∗ ∼ 5,

MLT ∼ 05 and λ ∼ 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 fLHR and 0.1fce, which delimit the wave

power shown in panel (b). Dotted white lines indicate frequencies: 0.2fce, 0.3fce, 0.4fce, 0.5fce

and 0.6fce. Colorscale has a ceiling at 10−4 nT2/Hz to compare with August 30, 2014 interval.

(d) log10(P(fLHR < f < 0.1fce)) during the interval identified in panel (b), where L∗ ∼ 4.7,

MLT ∼ 11 and λ ∼ 0◦.
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signal, and the power in one sample is not strongly related to the power six seconds later.526

For the waves observed in the dayside region (Figure 5(d)), there is much smaller vari-527

ability in the spatio-temporal series, and each 6s sample is much more similar to the next528

sample. In other words, some of the variability differences seen in Figure 3(k) between529

post-midnight and daytime waves are occurring on timescales as short as ∼ 6 s. We re-530

mind the reader that the 6s sampling of wave power spectral density by the EMFISIS531

instrument involves a calculation of power spectral density over a 0.5s interval every 6s532

(Kletzing et al., 2023).533

We approximate the variability in short sub-intervals of data using the inter-quartile534

range (IQR) of log10(P) over time intervals that allow us to combine multiple 6s sam-535

ples. We have analyzed intervals of 2 minutes (20 data points), 5 minutes (50 data points)536

and 10 minutes (100 data points), and there is little substantive difference in results. We537

proceed with 5 minute intervals as it provided the best separation in the results that fol-538

low. We also note that other measures of variability exist (e.g. the coefficient of varia-539

tion), but interpretation of such measures often rests upon assumptions of Gaussian or540

log-Gaussian distributions. The IQR of log10(P) has the benefit of being easy to inter-541

pret, and makes no assumptions regarding the underlying distribution of values. Using542

the IQR of log10(P) results in inherent normalization of the variability, since it describes543

the number of orders of magnitude between the 25th and 75th percentile. Hence vari-544

ability that spans values of, say, 100 pT2 and 101 pT2 would result in the same value of545

IQR(log10(P)) as variability that spans values of 102 pT2 and 103 pT2.546

We calculate the IQR of log10(P) in each frequency band for contiguous 5-minute547

intervals of wave power throughout the entire dataset, discarding a wave interval at a548

particular frequency if more than 20% of samples are missing because the spacecraft is549

passing from inside to outside the plasmasphere, or if more than 25% of wave power in550

that 5-minute interval is indistinguishable from noise, since that results in a lower quar-551

tile of zero and makes the log10 operation problematic. The distribution of IQR for 0.5 <552

f/fce < 0.6 in the post-midnight low-latitude region (i.e. |λ| < 6◦ and 00 < MLT <553

08) is shown in Figure 6(a), and the distribution of IQR for fLHR < f < 0.1fce in the554

dayside low-latitude region (i.e. |λ| < 6◦ and 08 < MLT < 20) is shown in Figure555

6(b). The IQR of the higher frequency post-midnight intervals is typically significantly556

greater than 0.5, whereas the IQR for the lower frequency dayside waves is typically sig-557

nificantly less than 0.5. We note that the spread of IQR values is very large for the post-558

midnight intervals is also much larger than the spread of IQR values for the dayside in-559

tervals. The two regions of enhanced occurrence rates near the equator (see Figure 3(i))560

exhibit very different variabilities over 5-minute intervals.561

6.2 The dependence of low-variability dayside equatorial waves and high-562

variability post-midnight equatorial whistler-mode waves on sub-563

storm activity564

In the previous section we showed that near equatorial magnetic latitudes, low-frequency565

whistler-mode waves with high occurrence rates that occur on the dayside of the mag-566

netosphere tended to exhibit low variability in wave power during five minute windows567

(hereafter termed “low-variability waves”). Higher-frequency whistler-mode waves that568

are more sporadic and found in the post-midnight sector exhibit high variability during569

five-minute intervals (hereafter termed “high-variability waves”). In this section, we de-570

termine whether there are further differences between the two wave types. In this sub-571

section, we will continue our focus on equatorial latitudes (0 < λ < 6◦), before mov-572

ing on to analyze all waves in section 6.3.573

Many previous studies have indicated evidence for a dependence of whistler-mode574

waves activity on substorm activity (e.g. Meredith et al., 2001; W. Li et al., 2009, 2011;575

Meredith et al., 2014, 2020; Ma et al., 2023; Wong et al., 2024). In Figure 7, we inves-576
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Figure 6. Histograms of the IQR of log10(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/fce < 0.6,

|λ| < 6◦, 00 < MLT < 08 and (b) fLHR < f < 0.1fce, |λ| < 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(0.5fce < f < 0.6fce) greater than noise and (b) the

values of P(0.5fce < f < 0.6fce) greater than noise for |λ| < 6◦ and 00 < MLT < 08. Second

row indicates dependence on the AE index of (c) the occurrence rates of P(fLHR < f < 0.1fce)

greater than noise and (d) the values of P(fLHR < f < 0.1fce) greater than noise for |λ| < 6◦

and 08 < MLT < 20. In (b) and (d), medians are indicated by circles and IQR are indicated by

vertical lines. Units of log-base-10 power are pT2.

–18–



manuscript submitted to JGR: Space Physics

tigate the dependence of both high-variability and low-variability types of waves on the577

geomagnetic activity index AE (extracted from NASA/GSFC’s OMNI data set through578

OMNIWeb (Papitashvili & King, 2023)). AE is chosen to make meaningful comparison579

with previous work (e.g. W. Li et al., 2009; Meredith et al., 2012, 2020) and we note580

that we also investigate AE∗ and time-lagged AE in Figure S1. The analysis in Figure581

7 compares high-variability waves with frequencies 0.5 < f/fce < 0.6 in the post-midnight582

sector (00 < MLT < 08) in panels (a) and (b) with low-variability waves with frequen-583

cies fLHR < f < 0.1fce on the dayside (08 < MLT < 20) in panels (c) and (d). The584

occurrence rates of the waves (Figure 7(a) and (c)) is shown, in addition to the wave power585

(Figure 7(b) and (d)), where filled circles indicate median power, and the vertical lines586

indicate the extent of the IQR. In all panels, the occurrence rates or power of five minute587

intervals of whistler-mode wave activity is indicated as a function of instantaneous AE.588

Considering first the occurrence rate of five-minute intervals of waves, we see that589

the occurrence rates of the high-variability waves in the post-midnight sector increases590

with AE (Figure 7(a)), but the occurrence rate of low-variability waves on the dayside591

decreases with AE (Figure 7(c)). The occurrence rate of high-variability waves increases592

dramatically from < 0.1 to around 0.5 for 0 < AE < 400 nT, but beyond that, there593

is little further increase in occurrence rates as AE increases to 750 nT. (Note that al-594

though the plots span 0 < AE < 1000 nT, the number of points in the highest activ-595

ity bins is relatively small and so we will try to avoid over-interpretation of the results596

in these bins.) In contrast, the occurrence rate of low-variability waves is ∼ 0.8 for AE =597

0, and decreases to ∼ 0.6 at AE = 750 nT.598

The power of high-variability waves varies with AE (Figure 7(b)); median wave power599

rises from ∼ 100.7 pT2 to ∼ 101.7 pT2 as AE climbs from ∼ 0 to ∼ 300. However, there600

is no further climb after this, and the IQR of the power is very large at all values of AE.601

We note that for other related wave modes such as plasmaspheric hiss, the variability602

remained large even after parameterizing by geomagnetic index (c.f. Watt et al., 2019).603

The behavior of high-variability waves shown here supports previous parameterization604

choices for whistler-mode chorus , where AE is often split into windows AE < 100 nT,605

100 < AE < 300 nT, and AE > 300 nT (see e.g. W. Li et al., 2009, 2010; Meredith606

et al., 2020), but we reiterate that there is a large amount of variability not captured by607

this parameterization (c.f. Watt et al. (2019)). There appears to be no relationship be-608

tween instantaneous AE and the low-variability wave power (Figure 7d). We note that609

instantaneous AE may not be the most effective parameter for studying waves at dif-610

ferent MLT values, and will extend our analysis to different treatments of AE in the next611

section, where we will look at all low and high-variability whistler-mode waves outside612

the plasmasphere in our dataset.613

6.3 Using the spatio-temporal variability to identify different“types” of614

waves615

We noted above, relative to Figure 5, that there were systematic differences in IQR616

between post-midnight equatorial sporadic whistler-mode waves with frequencies 0.3 <617

f/fce < 0.7, and dayside low-frequency whistler-mode waves with frequencies fLHR <618

f < 0.2fce whose occurrence rates are much higher. Prompted by these differences, we619

choose a threshold IQR value of 0.5, and analyze all five-minute chorus wave intervals620

to determine similarities and differences in behavior across the Van Allen Probes sam-621

pling region.622

First, we analyze differences between the two types of waves across all five-minute623

intervals in L∗, MLT and λ that are identified to be outside the plasmasphere. In Fig-624

ure 8 (a) we show that low-variability waves (orange histogram) have a statistically dif-625

ferent frequency profile to the high-variability waves (purple histogram). As expected626

from our initial analyses, low-variability waves tend to have much lower frequencies than627
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Figure 8. (a) Histogram of whistler-mode wave occurrence for all MLT, λ 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 AE for all MLT, λ and L∗

in 4 different frequency bands. (c) Variation in occurrence rates of high-variability waves as a

function of AE for all MLT, λ and L∗ in 4 different frequency bands.

high-variability waves. It is important to remember that we have normalized our wave628

frequencies to the local gyrofrequency, and leave further analysis of frequency with mag-629

netic latitude to Figure 9.630

Figure 8(b) and (c) indicate how the occurrence rate of low-variability and high-631

variability waves changes with AE. We deliberately chose four frequency channels in which632

the low-variability and high-variability wave activity overlap, and these lie between fLHR633

and 0.4fce. For the low-variability waves (Figure 8(b)), the two lowest frequency bands634

decrease in occurrence rate as a function of AE. Note that the occurrence rates are much635

lower than in Figure 3 because these have been calculated over all L∗, MLT and λ. How-636

ever, for all high-variability wave bands shown in Figure 8(c), occurrence rates increase637

with AE. Regardless of where they occur, low variability waves occur less often as AE638

increases, and high variability waves occur more often as AE increases. The different de-639

pendence of occurrence rates indicates that we have identified a way to distinguish waves640

with very different system-level behavior.641

We have also investigated how low and high-variability waves depend on other treat-642

ments of AE which account for the time taken for electrons to drift around the inner mag-643

netosphere following substorm injection (see Figure S1 in the Supporting Information).644

We used instantaneous AE, AE lagged by 3 hours, and AE∗ (i.e. the maximum value645

of AE in the previous 3 hours) and performed the same analysis as in Figure 8. All anal-646

yses demonstrate the same behavior: the occurrence rate of low-frequency low-variability647

waves decreases with AE, whereas the occurrence rate of high-variability waves increases648

with AE.649

Figure 9 shows the occurrence rates of chorus waves as a function of MLT (hori-650

zontal axis), frequency (vertical axis) and magnetic latitude (row). In the first column,651

we show occurrence rates for all five-minute intervals identified outside the plasmasphere652

(the same as shown in Figure 3). The second column shows low-variability waves, and653

the third column shows high-variability waves. When the wave intervals are split by IQR,654

we see that low-variability waves occupy the same region in MLT, and occur at the same655

normalized frequencies across all magnetic latitudes in panels (b), (e) and (h).656

In contrast, the high-variability waves vary strongly with MLT, normalized frequency657

and λ, in a similar way to that suggested by the high-IQR regions of the third column658
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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 < λ < 6◦ in the bottom

row, 6◦ < λ < 12◦ in the middle row and 12◦ < λ < 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 c, 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 waves659

occur more frequently at low-latitudes (Figure 9i), with very little wave activity at mid-660

latitudes (Figure 9c and f). As MLT increases (03−09 MLT), we see occurrence rates661

of ∼ 0.2 at all latitudes, but with normalized frequencies that decrease with latitude.662

Around noon (09−18 MLT), the behavior of high-variability waves changes. There are663

low occurrence rates near the equator at low frequency (f < 0.2fce), and higher occur-664

rence rates at higher latitude at higher normalized frequencies (0.2 < f/fce < 0.6).665

The two wave activity regions in Figure 9(g) are not completely separated at all666

latitudes using this method, as can be seen clearly for the high variability waves in panel667

(i). However, the low-variability waves appear to be effectively isolated in panels (h), (e)668

and (b), and the high-variability waves appear to be effectively isolated in panels (f) and669

(c) (where 6◦ < λ < 18◦).670

The low-variability waves in the second column do not show much variation in nor-671

malized frequency with magnetic latitude, i.e. the frequency coverage of Figure 9(b), (e)672

and (h) is similar. In contrast, the high-variability waves in the third column tend to have673

lower normalized frequencies at higher latitudes. We suggest that the high-variability674

whistler-mode waves have the expected normalized frequency dependence on latitude that675

suggests the source region is localized near the equator and waves then propagate to higher676

latitudes. Further analysis may be required for the low-variability waves since wave oc-677

currence patterns in frequency are the same regardless of latitude (for the limited mag-678

netic latitude range covered by the Van Allen Probe spacecraft).679

We note that we have used frequency normalized to the local gyrofrequency in our680

analysis. Other studies (e.g. W. Li et al., 2009; Santoĺık et al., 2010; Agapitov et al.,681

2011) normalize chorus wave frequencies to the estimated simultaneous equatorial gy-682

rofreqency on that field line, obtained through magnetic field modeling. If we had made683

the choice to normalize by equatorial gyrofrequency in this study, then it is likely that684

the low-variability waves in the second column of Figure 9 would appear to change their685

normalized frequency with magnetic latitude, exhibiting higher normalized frequencies686

at higher magnetic latitude. In contrast, the high-variability waves in the third column687

of Figure 9 would likely span a similar frequency range at all magnetic latitudes. Both688

methods of normalization introduce apparent changes in the frequency range of one of689

the wave types as a function of magnetic latitude. We stress here the importance of re-690

taining the magnetic latitude coordinate in the analysis, regardless of normalization fac-691

tor chosen.692

7 Exohiss and Substorm-driven chorus693

The behavior of the high-variability whistler-mode waves detected outside the plas-694

masphere suggests that these are likely to be traditional substorm-driven chorus (e.g.695

Meredith et al., 2001; W. Li et al., 2010). These waves are observed sporadically, and696

both occurrence rates and wave power increase with AE up to AE ∼ 350 nT, before697

reaching some kind of plateau in occurrence and wave power (see Figure 8(c)). At low-698

latitude (0 < λ < 6◦) waves occur in the post-midnight region 00 < MLT < 08 with699

frequencies 0.3 < f/fce < 0.7 (see Figure 8(i)). As MLT increases, high-variability700

waves are seen at successively higher magnetic latitude, and at lower frequency relative701

to the local gyrofrequency (see Figure 8(c) and (f)) (c.f. Meredith et al. (2020)). Exten-702

sive observations and modeling indicates that whistler-mode chorus originates near, or703

grows most strongly at, the magnetic equator (Muto & Hayakawa, 1987; Muto et al., 1987;704

Nagano et al., 1996; LeDocq et al., 1998; Hospodarsky et al., 2001; Watt et al., 2012, 2013).705

Indeed, some statistical studies of whistler-mode chorus use mapped equatorial gyrofre-706

quency to normalize the frequency of emissions to take this behavior into account (e.g.707

Santoĺık et al., 2014). Our classification of high-variability waves reveals behavior that708

has been observed in previous studies (e.g. Meredith et al., 2020), where growth due to709
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temperature anisotropy (e.g. W. Li et al., 2010; Watt et al., 2012, 2013) is balanced by710

Landau damping due to suprathermal electrons (e.g. Bortnik et al., 2007) both of which711

have been characterised as a function of MLT.712

The location and behavior of low-variability waves is very different. When consid-713

ered in the context of previous work, the evidence presented in the current study sug-714

gests that low-variability waves detected outside the plasmasphere are most likely to be715

exohiss (Zhu et al., 2015, 2019; J. L. Wang et al., 2020; Feng et al., 2023; Seo & Kim,716

2023) since they occur predominantly at low frequencies and on the dayside (see e.g. Fig-717

ure 9(b), (e) and (h)). By basing our classification of the waves on their variability dur-718

ing a five-minute window, we avoid the need to classify the wave activity based upon ab-719

solute frequency values, and we can see that low-variability waves can have frequencies720

up to around 0.3fce. It is interesting that in our analysis, the occurrence rates of the low721

variability waves reduces with AE (Figure 8(b)), and the power appears independent of722

AE. Spasojevic & Inan (2010) study ground-based detections of chorus waves and re-723

port that those waves detected at MLT < 10 displayed a stronger dependence on ge-724

omagnetic activity than those waves detected at MLT > 10. For Zhu et al. (2019), the725

occurrence rates peaked at Kp = 2. These differences may be explained through the726

different indices used to quantify geomagnetic activity, but previous work and this study727

clearly demonstrate that there are different types of whistler-mode waves present out-728

side the plasmasphere, and they are driven by different factors. Our variability-based729

method of classification will allow a full study of the possible factors that may control730

the behavior of low-variability waves and will be pursued in future.731

We compare the results of this study with those that also include statistical stud-732

ies of wavenormal angle (e.g. W. Li et al., 2016; Seo & Kim, 2023; Wong et al., 2024).733

Exohiss, where defined as wave emissions below 0.1fce (Seo & Kim, 2023), largely oc-734

curs on the dayside with wavenormal angles less than 20◦. For whistler-mode waves de-735

tected outside the plasmasphere between pre-midnight and dawn, previous work indi-736

cates that these are a mixture of low wavenormal angles and oblique waves (e.g. Wong737

et al., 2024; W. Li et al., 2016).738

It is interesting to note that some author teams (e.g. Seo & Kim, 2023; Feng et739

al., 2023) have documented difficulties with positively identifying exohiss, especially dis-740

tinguishing it from other types of whistler-mode emission. Typically, a frequency con-741

dition is used, e.g. selecting only wave activity f < 0.1fce as exohiss. Our analysis (Fig-742

ure 9) indicates that using a frequency condition would group wave activity that has the743

occurrence and variability characteristics similar to exohiss alongside traditional chorus744

(see e.g. Figure 9e). In fact, scrutiny of the interval shown in Figure 5(a) indicates that745

waves in the lowest frequency band (fLHR < f < 0.1fce between the two lowest dot-746

ted lines) have very low variability in power from the beginning of the interval up to around747

01:45UT, before exhibiting much larger variability that coincides with the presence of748

highly variable wave power for 0.1 < f/fce < 0.4 during the period 01:50-02:30UT.749

Before 01:45UT, the wave power in the lowest frequency band appears independent of750

what is happening at other frequencies, whereas after 01:45UT, the wave power in the751

lowest frequency band seems to track the variability at higher frequencies. The corre-752

lation of wave power in different frequency bands will be explored in future works, but753

the interval displayed in Figure 5(a) suggests that high-variability waves in the lowest754

frequency band are connected to the high-variability chorus at higher frequencies.755

8 Conclusions756

Motivated by the aim of creating new spatio-temporal models of the diffusion co-757

efficients that describe wave-particle interactions in the inner magnetosphere, we present758

occurrence rates and wave power statistics of whistler-mode wave activity in the region759

outside of the plasmasphere. Our principal findings are:760

–23–



manuscript submitted to JGR: Space Physics

• The probability that an electron finds itself outside of the plasmasphere has a very761

different dependence on L∗, MLT and magnetic latitude from the probability that762

whistler-mode waves will be detected outside the plasmasphere. Both these prob-763

abilities are required to build a spatio-temporally varying model of diffusion co-764

efficients.765

• Occurrence rates of whistler-mode wave activity outside the plasmasphere are a766

strong function of MLT, magnetic latitude and frequency.767

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

atively low frequencies in the whistler-mode range on the dayside of the inner mag-769

netosphere, and this wave activity exhibits low variability during five-minute in-770

tervals.771

• The occurrence rates of low-variability whistler-mode waves in the plasma-trough772

decrease with AE. The power of low-variability waves does not vary with AE.773

• There is sporadic wave activity in the post-midnight, dawn and dayside sectors774

of the inner magnetosphere with overall occurrence rates around 0.2 with wave775

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

• Occurrence rates of high-variability whistler-mode waves in the plasma-trough in-777

crease with increasing geomagnetic activity as defined by AE, as does wave power778

(up to a saturation level of around AE ∼ 350 nT).779

Interpreting the low-variability and high-variability whistler-mode waves in the con-780

text of previous work leads to the conclusion that low-variability waves are likely to be781

exohiss, whereas high-variability whistler-mode waves are traditional substorm-driven782

chorus. Some regions of the plasmatrough can support both high and low-variability waves783

in the same frequency bands. However, the dependence of high- and low-variability waves784

on AE indicates that they are driven in different ways.785

One of the important factors highlighted in this work is that the two different types786

of whistler-mode waves found outside the plasmasphere not only have different frequen-787

cies and wave activity regions in (MLT, λ), but they also have different dependencies on788

geomagnetic activity, and different spatio-temporal characteristics. Our advance in dis-789

tinguishing the different types of whistler-mode waves will enable improved statistical790

analyses of the behavior of both exohiss and substorm-driven chorus. Our results addi-791

tionally allow for a more nuanced approach to modeling the whistler-mode wave elec-792

tron interaction outside of the plasmasphere in the Earth’s inner magnetosphere. The793

occurrence rates, variability in wave power, and driving factors that control each of the794

two types of waves are different. This means that diffusion coefficients for each type of795

whistler-mode wave in the plasmatrough should have very different statistical models.796

Building on previous numerical experiments (e.g. Watt et al., 2021), we suggest the next797

logical step is to run numerical Fokker-Planck experiments to determine the different re-798

sponse of the high-energy electron flux to persistent low variability exohiss versus highly-799

variable sporadic substorm-driven chorus.800
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