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Abstract19

We investigate the effects of intense chorus waves (wave power > 10−4 nT2) on relativis-20

tic electrons (E > 0.5 MeV) in the heart of the outer radiation belt (L∗ = 4 – 6) using21

superposed epoch approach. Combining electron flux and electromagnetic wave measure-22

ments from 70 geomagnetic storms during the Van Allen Probes mission, we show the23

relationship between integrated chorus wave power (0.1 – 0.8 equatorial electron gyrofre-24

quency) and changes in relativistic electron flux on two hour timescales. During the loss-25

dominated storm main phase (Superposed Epoch –0.5 to 0 days), intense chorus waves26

mitigate the net loss of relativistic electrons. Conversely, in the early recovery phase (Su-27

perposed epoch 0 to 0.5 days), flux increases across a range of relativistic energies re-28

gardless of chorus wave power. The amount of electron flux at keV energies appears to29

have an influence on the consequences of chorus wave activity during geomagnetic storms.30

Plain Language Summary31

The Earth’s radiation belt fluxes may vary by several orders of magnitude during32

periods of high geomagnetic activity. One of the candidates responsible for the rapid ac-33

celeration of electrons in the radiation belts is whistler-mode chorus waves. In this ar-34

ticle, we investigate the effects of an intense population of the chorus waves on the rel-35

ativistic electrons. Although the intense chorus waves are usually associated with ener-36

gisation of the relativistic electrons, our results show that during geomagnetic storms37

they appear to mitigate loss processes that would otherwise occur in their absence. We38

also reveal the surprising result that when the radiation belts are enhanced in later times39

during geomagnetic storms, the amount of high energy electrons appears to increase re-40

gardless of whether the wave activity is high or low. We look at changes in the number41

of electrons at slightly lower energies and show that these electrons help to determine42

the consequences of intense chorus waves on the amount of high energy relativistic elec-43

trons. This new research provides critical insights into the chorus-driven wave-particle44

interactions that must be incorporated into models to study the complex dynamics of45

the radiation belts.46

1 Introduction47

Earth’s outer radiation belt is a torus-shaped region filled with trapped charged parti-48

cles between ∼2 − 7 RE . This is a highly dynamic region maintained by a competing49

balance between different acceleration, transport, and loss processes (Reeves et al., 2003;50

Baker et al., 2004; Summers et al., 2004; Hudson et al., 2008; J. Li et al., 2019; Ripoll51

et al., 2020; Lejosne et al., 2022). The study of this region is important to the space sci-52

ence community as our modern society has become increasingly reliant on space-based53

technologies. Sudden flux enhancements during geomagnetically active periods can dam-54

age electronic systems onboard satellites orbiting in this region of space which in some55

cases leads to total loss (Baker et al., 1997, 2018; Horne et al., 2013). The prediction of56

catastrophic events and the response of the radiation belts that lead to such events are57

therefore necessary to mitigate space weather hazards.58

An immediate question that arises regarding the radiation belt variability is how intense59

the space radiation can get during periods of strong geomagnetic activity. In 1966, Ken-60

nel and Petschek suggested that there exists an upper limit to which the outer radiation61

belt electron fluxes can grow after which the fluxes get capped through the process of62

wave-particle interaction with whistler-mode waves (Kennel & Petschek, 1966). In the63

Kennel-Petschek (KP) paradigm, once the fluxes of the source population (∼10 – 10064

keV) electrons reach close to or exceed a theoretical limit, whistler-mode wave growth65

becomes sufficiently strong. The waves then rapidly scatter electrons into the loss cone,66

thereby restricting the fluxes close to the theoretical limit. Recently, using 7 years of Van67

Allen Probe data, Olifer et al. (2021) and Chakraborty et al. (2022) provided direct ob-68
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servational evidence of this flux limitation process. Chakraborty et al. (2022) reported69

a distinct intense chorus wave population that is generated during the main phase of ge-70

omagnetic storms in the heart of the outer radiation belt. This intense wave population71

has wave power 2 − 3 orders of magnitude larger than typical wave amplitudes and leads72

to the capping of the flux of tens of keV electrons. However, this study was limited to73

an examination of the ∼10s of keV electrons which was not sufficient to provide a com-74

plete overview of the impact of the intense chorus waves on the outer radiation belt elec-75

tron dynamics.76

In this article, we study the effect of the short-lived intense chorus wave population on77

relativistic electrons (> 0.5 MeV). For this study, we use electron flux and electromag-78

netic wave measurements from the twin Van Allen Probes during 70 isolated geomag-79

netic storms spanning the Van Allen Probe era (2012 − 2019). By calculating the in-80

tegrated wave power and fractional changes of electron fluxes in the energy range 0.7581

– 3.4 MeV, we statistically demonstrate the role of the intense chorus waves in the rel-82

ativistic electron dynamics on two-hour timescales. Our results show that the waves that83

are generated to limit the flux of tens of keV electrons through the KP paradigm sequen-84

tially interact with higher energy electrons, and mitigate the loss processes effective in85

the outer radiation belt during the storm main phase (half a day before minimum Dst).86

During the early recovery phase (half a day after minimum Dst), the chorus waves are87

found to be less effective. In particular, flux increases after minimum Dst do not show88

a significant correlation with locally observed intense chorus wave power at least on two-89

hour timescales.90

2 Data and Methodology91

In this study, we examine trapped electron flux and electromagnetic wave measurements92

from the twin Van Allen Probes. We use the Level 3 pitch angle-resolved electron fluxes93

measured by the Magnetic Electron Ion Spectrometer (MagEIS) and Relativistic Electron-94

Proton Telescope (REPT), which are parts of the Energetic Particle, Composition, and95

Thermal Plasma (ECT) Suite (Baker et al., 2013; Blake et al., 2013; Spence et al., 2013).96

We consider 70 isolated geomagnetic storms during the entire Van Allen Probe era; the97

selection criteria and list can be found in Olifer et al. (2021) and Chakraborty et al. (2022).98

We take measurements from both Van Allen Probes and interpolate the measured flux99

with 2 hours of time resolution at specific L∗ values. Next, we calculate the fractional100

flux change of electrons using the formula:101

∆flux(ti)% =
flux(ti + 1)− flux(ti)

flux(ti)
× 100% (1)

where flux(ti) and flux(ti + 1) are the interpolated electron fluxes at two consecutive102

times. We calculate the electron fluxes and fractional change of electron fluxes for each103

storm event and then use superposed epoch analysis to determine the medians and in-104

terquartile ranges (IQRs). The storm epoch (T0) is defined as the time of minimum Dst105

(t = 0) (Turner et al., 2019).106

To calculate the integrated chorus wave power, we use wave magnetic field power spec-107

tral density (PSD) measurements from the Electric and Magnetic Field Instrument Suite108

and Integrated Science (EMFISIS) (Kletzing et al., 2013) with a time resolution of 6 sec-109

onds over 65 logarithmically spaced frequency bins from 1 Hz to 12 kHz. From the mag-110

netic field PSD, chorus waves are identified using the following criteria as used in sev-111

eral studies (Bingham et al., 2018; Hartley et al., 2015, 2016, 2019, 2023; W. Li et al.,112

2014; Wang et al., 2019; Malaspina et al., 2020): (1) the PSD is > 10−9 nT2/Hz, (2) the113

waves are observed outside the plasmapause, defined here as density ne below 30 #/cm3
114

(see Ripoll et al. (2022)), and (3) the waves have planarity and ellipticity > 0.5 (Santoĺık115

et al., 2002, 2003). After identification of the chorus waves, the integrated wave power116
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(Pch) is calculated within the frequency range 0.1 − 0.8 fce (fce being the equatorial elec-117

tron gyrofrequency). The temporal profile of integrated chorus wave power at specific118

L∗ is constructed for each storm event in a manner similar to the electron flux changes:119

Pch observations from both probes are interpolated with a 2-hour time resolution. When120

no chorus waves are observed, Pch is filled by 10−8 nT2 representing an approximate noise121

floor. Finally, superposed epoch analysis is performed to determine the medians and IQRs122

of chorus wave power.123

3 Results124

Figure 1 demonstrates the statistical behavior of (a1) total and (a2) split chorus wave125

power, (b1) background plasma electron number density, and (c1 – g1, c2 – g2) fractional126

changes in electron flux across a range of energies (0.75 – 3.4 MeV). Panels (a1 – g1) in127

the left column show the variations over a time span of ± 3 days, while panels (a2, c2128

– g2) in the right column show the variations over a time span of ± 1 day relative to storm129

epoch (T0). The medians/IQRs of all observations in the analysis are shown using black130

symbols. In the right-hand column, we split observations by chorus wave power and show131

observations with intense chorus waves (Pch > 10−4 nT2) in red symbols and observa-132

tions with weaker chorus waves (Pch < 10−4 nT2) in blue symbols. Figure 1 shows ob-133

servations obtained for 4.45 < L∗ < 4.55 and 0 < MLT < 12. The same analysis at L∗
134

= 4 ± 0.05, 5 ± 0.05, and 5.5 ± 0.05 are provided in the supplementary material (Fig-135

ures S1 – S3).136

First, let us focus on the statistical results derived from all the events (Figure 1 panels137

a1 – g1). The wave behavior for the three days before and after the storm (Figure 1 panel138

a1) was originally demonstrated in Chakraborty et al. (2022) and displays dramatic en-139

hancements above background levels starting from one day prior to T0. The power then140

peaks at t = T0 and remains elevated above normal levels for at least one day after T0.141

The background electron number density (Figure 1 panel b1) is very variable across all142

pre-storm phases but systematically decreases during the day before T0. The median num-143

ber density reaches a minimum of a tenth of pre-storm levels at T0 where there is much144

less variation between storms (i.e., a reduced IQR). The number density at L∗ = 4.5 re-145

mains depressed at ne ∼ 10 #/cc for ∼ 2 days after the storm, recovering slowly toward146

pre-storm levels.147

For all energy channels from 0.75 – 3.4 MeV (Figure 1 panels c1 – g1), during the pe-148

riod T0 – 3 < t < T0 – 0.5 days, there is a pattern of very small fractional changes in149

the flux and fractional increases are seen as often as fractional decreases (i.e., the me-150

dian is near zero with small IQRs). During the period T0 – 0.5 < t < T0 days, there are151

much larger changes, with more positive than negative changes in the lowest energy chan-152

nel (panel c1), and more negative than positive changes in the higher energy channels153

(panels e1 – g1). During the period T0 < t < T0 + 1 days, more positive fractional changes154

are seen than negative changes across all energies (panels c1 – g1). After T0 + 1 days,155

across all energy channels, there are no large fractional changes in electron flux.156

In the right-hand column of Figure 1 (panels c2 – g2), we present statistical results af-157

ter splitting events by chorus wave power. The most significant differences in behavior158

for different wave intensities occur in the period T0 – 0.5 < t < T0 days, although there159

are some differences at other times. During the period T0 – 0.5 < t < T0 days, where160

the chorus wave power is weak (blue symbols), the fractional changes in flux across all161

energy channels are much more likely to be negative than positive. Where chorus wave162

power is intense (red symbols), fractional changes in flux are more likely to be positive163

than negative for low energies 0.75 – 1 MeV (panels c2 and d2), or equally likely to be164

positive or negative for higher energies 1.8 – 3.4 MeV (panels e2 – g2). A similar pre-165

sentation of observations at other L∗ ranges (Figures S1 – S3) reveals similar behavior166

to that seen in Figure 1, although the effect is most pronounced at L∗ = 4.5.167
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Figure 1. Superposed epoch analysis of (a1) integrated chorus wave power (0.1 – 0.8 fce),

(b1) background plasma electron number density ne (#/cm3), and fractional change of trapped

electron fluxes of (c1) 0.75 MeV and (d1) 1.1 MeV electrons from the MagEIS instrument, and

(e1) 1.8 MeV, (f1) 2.6 MeV and (g1) 3.4 MeV electrons from the REPT instrument at L∗ = 4.5

± 0.05 and 0 – 12 MLT during ± 3 days around epoch day 0. Panels (a2) and (c2 – g2) show

corresponding variations in the integrated chorus wave power and fractional changes in electron

fluxes during ± 1 day around epoch day 0 splitting the total power in two ranges. The red data

points correspond to events during which the integrated chorus wave power exceeded 10−4 nT2,

while the blue data points correspond to events during which the integrated chorus wave power

remained low and did not exceed 10−4 nT2. In each panel, the median and interquartile ranges

are plotted as a function of superposed epoch days. The vertical dashed line in each panel de-

notes storm time epoch which corresponds to the time of storm maximum (minimum SYM-H).
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Changes in flux during the period immediately prior to T0 appear to be ordered by wave168

power on two-hour timescales, motivating us to study this parameter in more detail. Fig-169

ure 2 specifically relates the strength of the chorus waves directly to fractional changes170

in electron flux at each energy during four phases of geomagnetic storms defined as (i)171

pre-storm phase: T0 – 3 < t < T0 – 0.5 days (column 1); (ii) main phase: T0 – 0.5 <172

t < T0 days (column 2); (iii) early recovery phase: T0 < t < T0 + 0.5 days (column 3);173

and (iv) late recovery phase: T0 + 0.5 < t < T0 + 3 days (column 4). Here, the storm174

phases are defined based on the wave activity, viz., the main and early recovery phases175

encompass periods during which the integrated chorus wave power tends to be high, and176

the pre-storm and late recovery phases encompass periods during which the integrated177

chorus power tends to be low. As in Figure 1, the data shown in Figure 2 are for 4.45178

< L∗ < 4.55 and 0 < MLT < 12. The same analysis at other L∗ values are provided in179

the supplementary material (Figures S4 – S6). In all of these figures, the top row indi-180

cates the number of observations in each wave power bin with a bin width of 0.5 in the181

base-10 log of the wave power. The following five rows show the medians and IQRs of182

fractional flux changes in each energy channel corresponding to each wave power bin. The183

colorbar at the right denotes the median fractional flux changes, where red indicates an184

increase in the flux, white indicates no/small flux changes, and blue indicates a decrease185

in the flux.186

In the pre-storm phase (column 1), the electron fluxes do not vary significantly when the187

wave power is low, i.e., the medians of fractional changes in electron fluxes stay close to188

zero with small IQRs. As wave power increases, flux variations are still mostly balanced189

around zero (the horizontal dotted line) for low energies (panels e and i), whereas at the190

higher energies (panels m, q, and u), the medians exhibit negative values (∼ –20 to ∼191

–30%) for higher wave power indicating decreases in trapped fluxes. The occurrence dis-192

tribution of waves (panel a) shows that there is a very low occurrence of high-power waves193

during this period, but those that do exist are associated with trapped flux decreases for194

1.8 ≤ E ≤ 3.4 MeV.195

In the main phase (column 2), when wave power is low, the medians of fractional change196

of fluxes at all energies exhibit negative values denoting decreases in fluxes, with greater197

decreases (∼ –50%) at higher energies. As wave power increases, the medians of frac-198

tional changes gradually shift to higher values. Electrons with energies in the range 1.1199

– 2.6 MeV (panels j, n, r) show a systematic variation in fractional changes with wave200

power. At these energies, as wave power increases, the medians of the fractional changes201

exhibit a progressive increase toward positive/zero values. At lower and higher energies,202

the correlation is weaker (panels f and v). The occurrence distribution of wave power203

(panel b) during this period further shows a high occurrence rate of high power waves,204

centered around ∼ 10−4 nT2. Therefore, the results suggest that the presence of high-205

power chorus waves during the main phase of geomagnetic storms which is otherwise loss-206

dominated at relativistic energies leads to a reduction in the level of loss across this en-207

ergy range.208

In the early recovery phase (column 3), the medians and lower quartiles of fractional flux209

changes exhibit positive values denoting increment in fluxes. Possible losses are not only210

mitigated as in the main phase, there now is a supply of electrons, possibly from cho-211

rus acceleration. We see continuity from the main to early recovery phases, with a grad-212

ual change from negative to positive fractional flux changes. The correlation with inte-213

grated chorus wave power is not as strong as in the main phase, though waves with Pch214

> 10−4 nT2 are associated with slightly larger fractional increases in flux at all energies.215

In the late recovery phase (column 4), fluxes don’t show any significant variations with216

the chorus wave power, i.e., the medians of fractional flux changes stay close to zero with217

small IQRs for E = 0.75 and 1.1 MeV. Only at the higher energies (panels p, t and x)218

do we see a change in the medians of the fractional flux changes with chorus wave power.219
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Figure 2. Correlation between integrated chorus wave power and fractional change of electron

fluxes during four phases of geomagnetic storms: pre-storm phase (−3 < Epoch day < −0.5),

main phase (−0.5 < Epoch day < 0), early recovery phase (−0 < Epoch day < 0.5), and late

recovery phase (0.5 < Epoch day < 3) at L∗ = 4.5 ± 0.05 and 0 – 12 MLT. Panels (a – d) show

the number of observations in each wave power bin during the four storm phases. Panels (e –

x) show the medians and interquartile ranges. The colorbar at the right denotes the fractional

changes in electron fluxes, where red indicates a positive change, white indicates no/a small

change, and blue indicates a negative change.

Where wave power is intense (Pch > 10−4 nT2), there are significant positive changes220

with wave power.221

A similar analysis at other L∗ ranges (Figures S4 – S6) reveals similar behavior, although222

the effect is most pronounced at L∗ = 4.5, reconfirming the findings from Figure 1. Fig-223

ure 2 demonstrates new interesting relationships: (i) in the pre-storm phase, at energies224

≥ 1.8 MeV, there is a weak relationship between higher chorus wave power and nega-225

tive fractional flux changes, (ii) in the storm main phase, and especially for 1.1 ≤ E ≤226

2.6 MeV, there is a strong indication that increasing chorus wave power mitigates the227

large flux decreases that would otherwise occur in the absence of high chorus wave power,228

(iii) in the early recovery phase, fractional increases in flux occur across all energies with229

no strong dependence on the chorus wave power and (iv) in the late recovery phase, for230

1.8 ≤ E ≤ 3.4 MeV, there is a relationship between chorus wave power and fractional231

increases in flux, especially for higher values of chorus wave power.232
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4 Discussion233

Previously, Chakraborty et al. (2022) demonstrated that intense chorus waves occur dur-234

ing the main phase and early recovery phase of the storm only once the electron flux of235

tens to hundreds of keV electrons reach or exceeds the threshold identified by Kennel236

and Petschek (1966). In this paper, we demonstrate that intense chorus waves seen dur-237

ing geomagnetic storms are important not only for their role in limiting the flux of tens238

to hundreds of keV electrons but also for changing the response of the trapped relativis-239

tic electrons during the storm.240

The strongest effect seen in the statistical analysis of the observations is that during the241

main phase of the storm (T0 – 0.5 < t < T0 days) the presence of intense chorus waves242

mitigates the reduction in trapped electron fluxes across a range of different energies (0.75243

≤ E ≤ 2.6 MeV) in the outer radiation belt (4 < L∗ < 6). Strong reductions in flux in244

the main phase occur when intense chorus waves are absent (see second column of Fig-245

ure 2). However, during this phase, if intense chorus waves are present, they result in246

significantly smaller decreases in flux, or even small increases in flux, over shorter two-247

hour periods. Note that the power of chorus waves during this storm phase is highly vari-248

able (see the variability in Figure 1 panel 1a, and the histogram in Figure 2b), and so249

the overall outcome of the storm main phase remains electron dropout (e.g. Morley et250

al. (2010); Turner et al. (2014); Murphy et al. (2018)). The depth in flux of the dropout251

may be controlled by the presence or lack of intense chorus waves.252

Conversely, periods of enhancements in relativistic electron flux in the early recovery phase,253

which are accompanied by intense chorus waves (see Figure 1 panel a1), do not appear254

to have a strong relationship with chorus wave power. In particular, we see positive frac-255

tional flux changes occurring at very low chorus power. We must therefore conclude that256

other processes have a stronger influence on radiation belt enhancements during the early257

recovery phase of storms. For example, the statistical analysis of Murphy et al. (2018)258

indicates that radial diffusion may be related to increases in flux in storm recovery phases259

because of a strong association with the amplitude of ULF waves in the magnetosphere.260

Our results demonstrate the lack of a strong or obvious contribution by intense chorus261

waves during early recovery phase, even though chorus waves are likely to be seen dur-262

ing this period (see Figure 1 panel a1).263

In the discussion to follow, we will consider increases and decreases in electron flux over264

a wider range of energies in order to explain our findings, in addition to three essential265

criteria required for chorus-driven acceleration to be effective:266

1. Abundance of the source electron population (tens of keV) that generates the cho-267

rus waves and seed electron population (hundreds of keV) that are in turn accel-268

erated by the chorus waves to relativistic energies. The absence of any of these269

elements in the radiation belts ceases the acceleration process (Jaynes et al., 2015).270

2. Abundance of high wave power, which Chakraborty et al. (2022) demonstrates is271

a result of low-energy fluxes (item 1 above) exceeding the threshold identified by272

Kennel and Petschek (1966).273

3. A low background plasma density that creates a preferential condition for the lo-274

cal diffusive acceleration of electrons from hundreds of keV to several MeV (Allison275

et al., 2021).276

Figure 3 summarizes the three essential criteria described above for effective chorus-driven277

acceleration. Panels (a – d) show the superposed epoch analyses of fractional flux changes278

at energies spanning the source, seed, and relativistic electron populations (30 keV – 4.5279

MeV) at four specific L∗ ranges. The colorbar at the right indicates the median values280

of fractional flux changes in each energy bin, where red indicates a positive change (ac-281

celeration/energization), blue indicates a negative change (loss), and white indicates no/small282
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change in trapped fluxes. Contour lines for 20% and 40% increase/decrease in flux are283

shown with solid black lines to highlight periods of significant flux variations. There are284

four important points to note from panels (a – d): (i) At all L∗ ranges, the significant285

flux variations (increase/decrease) happen mostly within epoch day ±0.5, with a notice-286

able time delay from the lowest to the highest energies. This indicates that increases in287

electron flux in a particular energy bin occur only when electron flux in a lower energy288

bin has also started increasing. (ii) The source electron population exhibits an initial strong289

acceleration followed by a loss, and the seed electron population exhibits a strong accel-290

eration followed by no/small flux variations. For the relativistic electron population, sub-291

MeV electron fluxes exhibit an increase followed by a gradual decrease to the pre-storm292

flux levels. The long duration of this loss (gradual negative fractional flux from 100 to293

800 keV) and the fact that it is more statistically visible at low L∗ than at higher L∗ (i.e.,294

more in the plasmasphere) concur to suggest that this loss is whistler-mode hiss driven295

following the recovering and expanding plasmasphere after the storm (Ripoll et al., 2019;296

Pierrard et al., 2021). Above 1 MeV electron fluxes exhibit an initial loss followed by strong297

acceleration. (iii) The switch from loss to acceleration of > MeV electrons happens at298

epoch day 0 at all L∗ ranges when the chorus waves are at their peak. (iv) A complete299

sequential strong acceleration from the lowest to the highest energies happens only at300

L∗ = 4.5. (c.f. Figure 3 in Murphy et al. (2018) which shows a similar pattern in a dif-301

ferent coordinate system that lacks distinction in L∗).302

The above points considered alongside criterion (1) suggest why intense chorus wave-driven303

acceleration is effective during the storm main phase (T0 – 0.5 < t < T0 days), but not304

effective during the early recovery phase (T0 < t < T0 + 0.5 days). During the main305

phase, fluxes of the source electron population (tens of keV) increase significantly which306

can be attributed to fresh injection of electrons at these energies by storm-triggered sub-307

storm activities. As the fluxes of these electrons increase and exceed the Kennel-Petschek308

threshold, intense chorus waves are generated and scatter the electrons into the loss cone309

to deplete the excess electrons and maintain the fluxes close to the threshold (Chakraborty310

et al., 2022). This marks the loss phase of the source electron population in the early311

recovery phase. For the seed population (100s of keV), fluxes never cross the Kennel-Petschek312

threshold. Instead, fluxes are typically saturated at the threshold (Olifer et al., 2021),313

which marks the no/small flux variation phase after T0. Looking now at MeV energies,314

the main phase (T0 – 0.5 < t < T0 days) is marked by significant reductions in flux that315

appear to be independent of the acceleration at lower energies. As demonstrated in Fig-316

ure 2, the intense chorus waves generated when the source population exceeds the Kennel-317

Petschek threshold act to mitigate this independent loss process. During the recovery318

phase (T0 < t < T0 + 0.5 days), although there are intense chorus waves, the seed pop-319

ulation is decreasing or constant, thus removing an important criterion for chorus-driven320

acceleration to continue to higher energies.321

Throughout the study, we see that effects are most pronounced at L∗ = 4.5. To demon-322

strate why this is the case, panels (e) and (f) of Figure 3 show the radial profiles (me-323

dians and IQRs) of integrated chorus wave power and background plasma density at three324

specific epochs: epoch day – 0.5 (blue), epoch day 0 (black), and epoch day 0.5 (red).325

In panels (a – d), the three vertical dashed lines correspond to the specific epochs at which326

the radial profiles are plotted. Panel (e) shows that the radial profile of integrated cho-327

rus wave power at epoch days –0.5 (blue) and 0.5 (red) exhibit a monotonic increase to-328

wards larger L∗ values, indicating that higher power waves exist at outer radial distances329

during these epochs. On the contrary, at epoch day 0 (black), the radial profile is found330

to peak at L∗ = 4.5. In addition, at this epoch, the wave power is ∼2 – 3 orders of mag-331

nitude higher than those during the other two epochs at almost all the L∗ ranges. In the332

supporting document, we have provided a movie showing the evolution of the radial pro-333

file of the integrated chorus wave power during the period T0 – 0.5 < t < T0 + 0.5. The334

movie clearly shows the peak of the wave power to shift towards L∗ = 4.5 during T0 –335

0.5 < t < T0 days, and then return back to pre-storm profiles during T0 < t < T0 +336
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Figure 3. Superposed epoch analyses of fractional change of fluxes of electrons in the energy

range 30 keV to 4.2 MeV at (a) L∗ = 4, (b) L∗ = 4.5, (c) L∗ = 5, and (d) L∗ = 5.5. The colorbar

at the right denotes the median value of fraction flux changes in each energy bin, where red indi-

cates a positive change (increase/acceleration), blue indicates a negative change (decrease/loss),

and white indicates no/small change in flux. Contour lines for 20% and 40% increase/decrease

in flux are included in panels (a – d) to highlight periods of significant flux changes. The three

dashed vertical lines in panels (a – d) indicate the times at which radial profiles of integrated

chorus wave power (nT2) in logarithmic scale and background plasma density ne (#/cm3) are

plotted in panels (e) and (f) respectively. Medians and interquartile ranges of wave power and

plasma density are plotted as a function of L∗ at three epoch days within the storm main phase:

epoch day −0.5 (blue), epoch day 0 (black), and epoch day 0.5 (red).
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0.5 days. The background plasma density is also found to be significantly lower during337

epoch day 0 (median of ne ≈ 10/cm3) at L∗ = 4.5 (panel f), compared to lower L∗ ranges,338

while at higher L∗ ranges, the difference between the background plasma density at dif-339

ferent epochs is negligible. Thus, combining results from panels (e) and (f) and crite-340

ria (2) and (3), we found that the integrated chorus wave power increases by 2 – 3 or-341

ders of magnitude at epoch day 0 peaking at L∗ = 4.5. In addition, the plasma density342

at this epoch at L∗ = 4.5 is also considerably low, thereby favoring the chorus-driven ac-343

celeration to be effective, thus corroborating the findings from Figures 1 and 2.344

These results demonstrate that there are a number of key physical factors that should345

be included in radiation belt models in order to reproduce the effects of intense chorus346

waves during geomagnetic storms, both to capture their effects on relativistic electrons347

in the main phase, and also to prevent the observed intense chorus waves resulting in348

too much energisation during the early recovery phase:349

1. Intense chorus waves are rare in the Van Allen Probe record, and models of wave350

activity should be built using algorithms that accommodate the uneven sampling351

of rare large values (e.g. Chu et al. (2023)). Models could be parameterised by the352

proximity of 10-100s keV flux to the Kennel-Petschek threshold.353

2. The electron density that feeds into diffusion coefficient models should include the354

reduction in number density observed in storms (see e.g. Fig 2, Watt et al. (2021)).355

3. Energy-boundary flux models must incorporate appropriate limiting or reduction356

in the seed population flux in the early recovery phase to ensure that a realistic357

model of the chorus wave amplitudes during storms (see point 1) does not result358

in too much enhancement of flux at relativistic energies.359

5 Conclusion360

In this study, we demonstrate the effects of intense large-amplitude whistler-mode cho-361

rus waves on the relativistic electrons in the heart of the outer radiation belt. Using a362

statistical analysis of 70 geomagnetic storms, we specifically study the fractional increases363

and decreases of relativistic electron flux and compare these to the strength of the cho-364

rus waves during different phases of storms. Our results show that intense chorus waves,365

which have wave powers ∼2 – 3 orders of magnitude larger than the ambient waves, af-366

fect electrons predominantly in the main phase and particularly in the energy range 1.1367

– 2.6 MeV in the outer radiation belt (L∗ = 4 – 5.5). The acceleration resulting from368

chorus wave-particle interaction balances out significant decreases in relativistic electron369

flux during the storm main phase that otherwise occurs when the intense chorus waves370

are absent. Intriguingly, during the early recovery phase where intense chorus waves are371

equally likely to exist, enhancements in relativistic electron flux appear to be not strongly372

dependent on the strength of the chorus. During the early recovery phase, when the 10373

– 100 keV seed population is limited by the effects predicted by Kennel and Petschek374

(1966), further acceleration by the intense chorus waves gets limited. Enhancements in375

relativistic electron flux during the early recovery phase must therefore be attributed to376

other radiation belt processes.377

6 Open Research378
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