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Abstract19

Pitch Angle Distributions in the radiation belts are well characterized with sinn(α). By20

tracking the exponent ’n’, termed Pitch Angle Index, we are able to observe persistent21

and cross energy changes in pitch angle distributions of Van Allen radiation belt elec-22

trons using Van Allen Probes particle observations. The pitch angle distributions mea-23

surements are well fit down to a single satellite spin, and therefore can track spatially24

and temporally confined changes to determine connection between particles and waves.25

We use the Van Allen Probes data in conjunction with Geostationary Operational En-26

vironmental Satellites (GOES) spacecraft and several ground magnetometer stations from27

Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) and Finnish28

pulsation magnetometer network of Sodankylä Geophysical Observatory (SGO) to con-29

nect particles that become very anisotropic to electromagnetic ion cyclotron (EMIC) waves30

during a quiet period over two days, June 26 and 27, 2013. The waves and peaks in the31

particle PADs are both long lasting but spatially separated, suggesting that wave par-32

ticle interactions in the inner magnetosphere can occur for extend periods of time and33

have significant impact on the global radiation belts, even during otherwise geomagnet-34

ically quiet times and when wave activity is highly localized.35

Plain Language Summary36

The Van Allen Radiation belts can trap energetic electrons in the magnetic fields37

surrounding Earth. Often, these particles are studied during time periods of strong ge-38

omagnetic activity. However, quiet times can also result in interesting distributions and39

interactions in the radiation belts. We study one such geomagnetically quiet time where40

electron pitch angle distributions are suddenly and persistently anisotropic, as observed41

by instruments on the Van Allen Probes twin satellites. Neither probes observes elec-42

tromagnetic waves that could cause anisotropic pitch angle distributions, but other satel-43

lites and ground measurements indicated wave activity during this time period. In both44

cases, the waves and peaks in the particle pitch angle distributions are long lasting. This45

suggests that wave particle interactions in the inner magnetosphere can occur for extend46

periods of time and have significant impact on the global radiation belts, even during47

otherwise geomagnetically quiet times and when wave activity is highly localized.48

1 Introduction49

Physical processes contributing to electron dynamics (S. Kanekal & Miyoshi, 2021)50

in the Earth’s radiation belts, particularly the outer zone, are well characterized by di-51

rect measurements of electron spectra, pitch angle distributions (PADs), and the tem-52

poral evolution thereof. Early observations of the temporal evolution of electron spec-53

tra from the SAMPEX (Solar Anomalous Magnetospheric Particle Explorer) spacecraft54

helped establish connection between substorm injected seed population and their sub-55

sequent energization to relativistic energies (Baker et al., 1998). Around the same time56

period, measurements from NASA’s Polar satellites showed relativistic electron accel-57

eration occurring on the scale of ∼12 hours, much more rapidly than previously thought58

(Reeves et al., 1998). About a decade later, a study utilizing data from SAMPEX in LEO59

and Polar at high altitudes examined the connection between electron energization and60

pitch angle distribution isotropization (S. G. Kanekal et al., 2005). More recently, A. D. Gree-61

ley et al. (2019) studied PAD evolution of relativistic and ultra relativistic electron en-62

hancements during CIR- and CME-driven storms and showed that outer zone electron63

populations exhibited strong anisotropy (peaked ∼ 90◦) soon after storm main phase64

with driver-dependent relaxation times. They found that, during storms, relatively higher65

energy electrons had higher anisotropies than lower energy electrons (within the >1 MeV66

populations). Changes in the PADs leading to either narrowing of pitch angle distribu-67

tions or isotropization occurs as a result of wave-particle interactions, i.e, these interac-68
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tions scatter electrons and dynamically alter electron PADs (for a recent review see (Baker,69

2021). Wave-particle interactions involve a variety of plasma waves in the magnetosphere70

including whistler-mode chorus, plasmaspheric hiss, EMIC, and ULF waves that can in-71

teract with charged particles in either a resonant, stochastic, or non-linear manner (Thorne72

et al., 2021; Blum & Breneman, 2020).73

It is currently understood that observed electron fluxes in the outer zone are the74

result of two competing processes, namely energization and loss (Reeves et al., 2013).75

Wave-particle interactions have long been invoked to explain the both energization and76

loss of outer zone electrons and the cause of the slot region (Thorne, 2010; Abel & Thorne,77

1998). More recently, direct observation of wave particle interactions (Fennell et al., 2014;78

Kasahara et al., 2018) were able to measure concomitant changes in PADs with wave ac-79

tivity utilizing high-fidelity observations from improved instruments.80

Waves that scatter electrons into the loss cone resulting in their removal from the81

outer zone include plasmaspheric hiss, whistler mode chorus, as well as EMIC waves. At82

high L-shells (L ≈ 5.) and for relativistic electrons, it is the latter that is the most rel-83

evant scattering mechanism; chorus are less efficient at precipitating high energy elec-84

trons near the loss cone by resonant interactions (Horne & Thorne, 2003). Although plas-85

maspheric hiss is a contender due to the presence of plumes which can extend into higher86

L shells, the associated lifetimes tend to be of the order several days, e.g. > 100 days87

for 5 MeV electrons (Ni et al., 2013) associated with resonant interactions. A study by88

Claudepierre et al. (2020) compared observed decay time scales with models that dis-89

tinguished contributions by specific wave types, strongly suggesting that EMIC waves90

were predominantly responsible for scattering relativistic electrons. A statistical study91

using 4 years of Van Allen Probes data showed that relativistic electron interactions with92

EMIC wave led to narrowing of PAD during geomagnetically active periods (Zhao et al.,93

2019). Further compelling evidence for EMIC wave causing relativistic electron precip-94

itation comes from event studies showing simultaneous EMIC wave and electron precip-95

itation (Blum et al., 2015; Usanova et al., 2014; Zhang et al., 2016; Bingley et al., 2019;96

Medeiros et al., 2019; Nakamura et al., 2022). Detailed simulations of non-linear inter-97

actions involving EMIC waves have suggested that the time scales involved in scatter-98

ing relativistic and ultra-relativistic particle are quite rapid, on the order of minutes (Kubota99

& Omura, 2017).100

In this paper, we report on in-situ observations of relativistic electron PAD at high101

L-shells (≈ 5) made by instruments onboard the Van Allen Probes. Our observations102

show a sudden and sharp narrowing of pitch angle distributions. The narrowing of PADs103

persist for many orbits and are confined to a small spatial extent around ≈ 5 in L. We104

combine the particle observations with ground-based measurements of EMIC waves and105

examine their possible causal association. This paper is organized as follows: Section 2106

describes data and our analysis methods, Section 3 describes particle and wave obser-107

vations, Section 4 provides a discussion and interpretation of our findings, and lastly, Sec-108

tion 5 summarizes our results.109

2 Data and Methods110

2.1 Spacecraft and Ground magnetometers111

This study utilizes comprehensive multi-point measurements of particle and wave112

data from the Van Allen Probes, CARISMA (Canadian Array for Realtime Investiga-113

tions of Magnetic Activity) array, Finnish pulsation magnetometer network of Sodankylä114

Geophysical Observatory (SGO) ground stations, and GOES (Geostationary Operational115

Environmental Satellites) 13 and 15. Van Allen Probes provide particle and wave ob-116

servations, and GOES, CARISMA, and SGO supplement wave data.117
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The Van Allen Probes (formerly known as Radiation Storm Belt Probes, RBSP),118

comprise twin spacecraft (denoted hereinafter as Probes A and B) that were launched119

into a near-equatorial, highly elliptical orbit in late August 2012 and collected data for120

7 years until decommissioning in 2019 (Mauk et al., 2013). Both probes have compre-121

hensive identical instrument suites which characterize particles, waves, and fields in the122

magnetosphere. Both the probes spin at ∼6 rotations per minute (RPM) which enables123

the particle instruments to provide pitch angle coverage of the in-situ plasma. Each probe124

carries, as part of the Energetic Particle, Composition, and Thermal Plasma suite (Spence125

et al., 2013), the Relativistic Electron Proton Telescope (REPT) (Baker et al., 2012) and126

the Magnetic Electron and Ion Sensor (MagEIS) instrument (Blake et al., 2013). The127

REPT instrument is a solid-state detector particle telescope measuring ∼2-20 MeV elec-128

trons in 8 differential energy channels, while MagEIS consists of 3 magnetic spectrom-129

eters; low-, medium- and high-energy units, that cover a lower range of energies for elec-130

trons (∼20 keV-4 MeV). Together, the REPT and MagEIS instruments enable complete131

characterization of outer zone electrons from source, seed to ultra-relativistic energies132

(Jaynes et al., 2015). Particle measurements from REPT and MagEis have made signif-133

icant and vital contributions and discoveries to radiation belt electron dynamics (Baker134

et al., 2021; Claudepierre et al., 2021).135

The series of NASA and NOAA’s Geostationary Operational Environmental Satel-136

lite (GOES) instruments have been in geosynchronous orbit since 1975. GOES satellites137

< 16 have fluxgate magnetometer data available at 2 Hz, which allow for some EMIC138

wave detection, but there are noise floor limitations. GOES satellites also have a par-139

ticle suite, although this study utilizes the magnetometers only. GOES 13-15 were all140

in orbit in 2013, and 13 and 15 were ultimately used for this study. GOES 13 orbits at141

L=6.8 and GOES 15 orbits at L=6.6.142

CARISMA is a network of 28 ground magnetometer stations in North America (Mann143

et al., 2008) that has data available from 1 Hz up to 20 Hz. The CARISMA stations in-144

clude fluxgate magnetometer and induction-coil magnetometer instruments which both145

track magnetic field perturbations over a range of latitudes. SGO search coil magnetome-146

ters are sampled with 40Hz witd 3dB cut-off at 10Hz. Six stations had data availabil-147

ity in 2013, and we use the z-component of the pulsations in our analysis. Measurements148

at a particular latitude can be associated with an L-shell footprint by tracing the mag-149

netic field at the location of a ground-based magnetometer to the magnetosphere thereby,150

connecting satellite in-situ measurements with ground-based data. Ground based geo-151

magnetic field variations in the 0.1-4 Hz range (called Pc1-2 pulsations) have been shown152

to be associated with in-situ EMIC waves (Jacobs et al., 1964; Anderson et al., 1992; Us-153

anova & Blum, 2021). While the possibility of ionospheric ducting makes it difficult to154

determine the source region of EMIC waves in the inner magnetosphere and outer ra-155

diation belt using ground magnetometer data, ground-based measurements still allow156

for the existence and duration of EMIC waves to be determined.157

2.2 Method of determining Pitch Angle Index158

It has long been known that electron pitch angle distributions and their evolution159

provide valuable insight into electron dynamics. These distributions are typically described160

by characteristic shapes such as butterfly, flattop, and pancake (West Jr. et al., 1973;161

Zhao et al., 2018). To characterize these PADs, studies have used J0sin
nα function to162

fit pancake and flattop pitch angle distributions (A. D. Greeley et al., 2021; Ni, Zou, et163

al., 2015; Gannon et al., 2007). Recently, A. D. Greeley et al. (2021) temporally aver-164

aged electron PADs from the the Van Allen Probes over several spins. These averaged165

PADs were then fit to J0sin
nα. The fits were done for the entire outer radiation belt and166

were used to study the long-term evolution of relativistic and ultra-relativistic electrons167

PADs by investigating the temporal and spatial variation in the pitch angle index n (PAI).168

Here we expand upon this analysis technique to examine rapid spatial and temporal changes169
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in electron PADs, with temporal resolution limited only by the spin rate of 11 seconds170

of the Van Allen Probes instead of the averaged together over many spins, as previously171

reported.172

In our analysis, local pitch angles are translated to equatorial pitch angles using173

the conservation of sin2(α)/B, where equatorial B is modeled using OP77Q and IGRF174

for the external and internal fields, respectively. The equatorial pitch angle distributions175

(where pitch angle is between 20 and 160 degrees) are then fit with the form sinn(α),176

where fits are restricted to RMSE less than 0.3. Butterfly PADs are generally not mod-177

eled well by the assumed functional form, although can result in ’n’ values <0, depend-178

ing on the depth of their trough at 90 degrees and maxima of the PADs. We remove them179

via the method descirbed by Zhao et al. (2019). We also restrict PADs to MLAT < 15◦,180

since although assumption of isoptropy allows for a sinn(θ) fit in many cases, knowledge181

of the 90◦ population is not possible far off the equator. A thorough description of the182

fitting method is outlined in (A. D. Greeley et al., 2019). Relatively higher values of PAI183

are considered to be more anisotropic, i.e., peaked more narrowly around 90◦.184

In the following sections, we analyze the evolution of PADs using the PAI over a185

period of two days, starting on June 26, 2013. In addition, we use electron Phase Space186

Densities (PSD) obtained using the full particle instrument onboard RBSP (Boyd et al.,187

2018), fluxgate magnetometer data from GOES 13 and 15, and ground magnetometer188

data from the CARISMA and SGO chains to provide a comprehensive picture of this189

event period.190

3 Observations191

On June 27, 2013, there was a sudden storm commencement (SSC), indicated by192

sharp changes in SymH, solar wind, proton density, and the southward component of the193

interplanetary magentic field Bz. However, the two days prior to this storm were fairly194

quiet in terms of geomagnetic indices. Prior to the SSC during the quiet period, elec-195

tron PADs in the outer radiation belts as observed by REPT and MagEIS become more196

sharply peaked around 90◦ in a spatially confined region in L and over a wide range of197

energies (∼0.5-4.2 MeV). The anisotropy persists over time corresponding to dozens of198

drift periods of the electron populations. As quantified by PAI, higher values indicate199

relatively higher anisotropy. A PAI near 1 is isotropic (the PAD is fit well by sin(α)),200

whereas a PAI near 5 is highly anisotropic (the PAD is fit well by sin5(α).201

Figures 1 and 2 show particle, interplanetary, and geomagnetic activity data for202

June 26 (Figure 1) and June 27 (Figure 2). Panels a) in both figures show particle data203

from Probe A, and panels b) are from Probe B. The panels show PAI as a function of204

time for 9 electron differential energy channels, colors indicating the energy channel. The205

lower four energy channels, 0.47-1.65 MeV, are from MagEIS, and the five higher energy206

channels, 1.8-4.2 MeV, are measured by REPT. Time in UT is shown on the x axis, along207

with L*, MLT, and MLAT for both spacecraft. Gaps in the particle data are due to the208

selection criteria for MLAT (Section 2.2). Inbound and outbound passes of the probes209

through the radiation belts are marked with a red dotted line with a nearby vertical la-210

bel.211

On both June 26 and 27, there are significant changes in PAI on the otherwise slowly212

varying PAI plots that are persistent in time and space. Slow variations in the PAI are213

common when the radiation belts are quiet and the electron populations are unchang-214

ing. The significant changes indicated are observed as very linear, large slopes that comes215

to a distinct peak before linearly dropping again. A gray box encompasses each of these216

peaks in the figures. On June 26, the sharp anisotropy change is first observed in Probe217

B ∼1015 UT. It is observed in the next two Probes B and A passes. On June 27, the anisotropy218

peaks are first observed on Probe B ∼1000 UT and its next pass, as well as a single pass219
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on Probe A. The PAI peaks are observed clearly in channels >1 MeV in both REPT and220

MagEIS instruments. On June 26, the anisotropy may be observed down to 470 keV, and221

on June 27, the peak is observable to around 1.1 MeV. Both Probes A and B are miss-222

ing PAI data points from 2100 UT on June 26 through 0600 UT on June 27. During this223

time period, MLAT was greater than 15 degrees, so the confidence in the fit is low and224

therefore not included in the plots or the subsequent analysis. Despite that, there is still225

an observable peak in the data, not shown, so the anisoptropy likely does persist through226

this time period. Panels c), d), and e) show the SymH, proton density, and magnetic field227

in the Z direction for both dates. The time period is relatively quiet until 1500 UT on228

June 27, when there is a SSC, noted by a sharp change in the SymH and proton den-229

sity, and drop in Bz. The PAD anisotropy is observed before the storm commencement,230

when the geomagnetic are otherwise quiet.231

On June 26, steepening electron anisotropy is first observed at 1015 UT on Probe232

B at an ∼22 MLT and 5.2 L* as the probe is traveling inbound through the outer ra-233

diation belt. Probe B continues to observe the anisotropy in its next two passes (out-234

bound and inbound). On the outbound pass, the probe has an MLT of ∼20 and L*=5.2235

while passing through the anisotropic region. Probe A, following a few hours behind Probe236

B, observes the anisotropy for two passes. The anisotropy is last observed at 1920 UT237

on Probe B on this day. The anisotropy peaks occur roughly in the same location across238

energy channels, although relatively lower energy electrons are most peaked at slightly239

higher L* than higher energy electrons (L*=5.2 for 4.2 MeV electrons vs. L*= 5.3 for240

1.8 MeV electrons. The last pass in Probe A on the June 26 is not included in the study241

due to the off equatorial location of the probe, which limits knowledge of the 90 degree242

equatorial pitch angles during this pass.243

On June 27, electron anisotropy is observed first in Probe B at 1020 UT at ∼20244

MLT and L*=4.9 on its outbound pass. Probe A observed the anisotropy very shortly245

thereafter on its inbound pass (∼1030 UT, just ten minutes later). Probe B also observes246

the anisotropy on its next inbound pass at ∼1330 UT. There is a sudden storm commence-247

ment before Probe A’s next pass (indicated by the sudden changes in SymH, proton den-248

sity, and Bz), and the PAI peaks are not observed for the rest of the day. The PAI peaks249

do not return the following day, nor are they observed on June 25.250

In order to better delineate the spatial extent of the region of steepened anisotropy,251

we directly compare similar passes (outbound and inbound) of Probes A and B. Figure252

3 shows PAI vs. L* for three passes on June 26 (left) and June 27 (right) for electrons253

in the REPT 3.4 MeV energy channel. PAI from Probe A is shown in red and Probe B254

is shown in blue. On June 26, the top left panel shows Probe B in an outbound pass in255

the morning, ∼ 600−900 UT. The PAI are smoothly varying as the probe passes through256

the outer belt and are most peaked between 4.5 and 5 L*. By the time Probe A passes257

through the belt several hours later, a clear peak in PAI is seen, indicating a higher level258

of anisotropy in the 3.4 MeV energy channel at L*=5.1. As the probe passes through259

the outer belt, the anisotropy increases sharply at L*=5 (PAI∼2.6) reaching a maximum260

at L*=5.1 (PAI ∼3.2) and monotonically decreasing thereafter. On the subsequent in-261

bound pass, shown in the middle left panel, both probes observe the PAI peak in the same262

location even though they are separated by 6 hours. On the next outbound pass (bot-263

tom left panel), Probe B observes the peak, while Probe A is not shown.264

Similar features can be observed on the following day, with Probe B observing the265

PAI peak in the outbound pass while Probe A, visiting the same region earlier in time266

by several hours, does not (top right panel). Again, both probes observe the PAI peak267

in the same spatial location during their respective inbound passes (middle right panel),268

and by the next outbound pass (bottom right panel), the sudden storm commencement269

has occurred and the PAI peaks have vanished, as observed by both spacecraft.270
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Figure 1. PAI summary plots for June 26, 2013. Panel a) shows PAI for Probe A for MagEIS

and REPT energy channels (color indicates energy), panel b) is the same for Probe B. Panels c-e

show SymH, p density and Bz from omniweb data. Time, L*, MLT, and MLAT are shown on the

x-axis.
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Figure 2. PAI summary plots for June 27, 2013. Panel a) shows PAI for Probe A for MagEIS

and REPT energy channels (color indicating energy), panel b) is the same for Probe B. Panels

c-e show SymH, p density and Bz from omniweb data. Time, L*, MLT, and MLAT are shown on

the x-axis.
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Figure 3. Comparing PAI vs. L* for Probe A and B passes for June 26 (left panels) and

June 27 (right panels) in the 3.4 MeV electron channel. Probe B is in blue and Probe A is in

red. For each, the top panel shows an outbound pass before the peaked feature and one after it

occurs, the middle panel shows an inbound pass where both probes (separated in time) observe

the peaked feature at the same spatial location, and then the following outbound pass. Indices in

the upper right of the plot show time periods for each full pass.

These observations show that the PAI profiles have well defined features that per-271

sist for an extended period of time for both June 26 and 27. The steepened anisotropy272

in electron PADs that exist on both June 26 and June 27 are persistent in time over many273

orbital drifts of energetic electrons. For example, on June 27, the inbound passes of Probes274

A and B are about three hours apart. Electrons at L=5.5 and αeq = 90◦ will drift ap-275

proximately 45 times for 3.4 MeV electrons (4 minute drift period) and 25 time for 1.8276

MeV electrons (7 minute drift period).277

4 Discussion278

From the foregoing, we conclude that either a) the electron anistropy itself is per-279

sistent and self sustaining, or b) there is a mechanism which creates the electron anisotropy280

that persists for an extended period of time. Peaked PADs may result from acceleration281

or loss, so it is useful to consider phase space density (PSD) calculations (Boyd et al.,282

2018, 2021) to determine the cause of the anisotropy. Figure 4 shows radial profiles of283

PSD for combined Probes A and B and several mu and k values for select orbits on June284

26 and June 27. Mu values are 631 and 3981 MeV/G and k values are 0.11 and 0.02 REG
1/2.285

The energy associated with these values is indicated on a second axis under L*. They286

roughly cover the relativistic energy ranges on the lower boundary of the observed PAI287

peak as well as relativistic energies where the peak is strong. In addition, a k value of288

0.11 REG
1/2 mirrors farther from the equator than a k value of 0.02 REG

1/2, showing289

the differences between the potentially precipitating and the near equatorial (not pre-290

cipitating) populations. There are localized dropouts observed in panel c showing off-291

equatorial mirroring and ultra relativistic energies that are not observed closer to the292

equator or at energies <1.04 at L*=5. Though these dropouts are not especially strong293
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Figure 4. Phase space density profiles for mu values of 631 and 3981 MeV/G, and k values

of 0.11 and 0.02 REG
1/2. In each panel, the colors indicate the passage of time over two days

(selected orbits). k=0.11 REG
1/2 indicated off equatorial electrons while k=0.02 is close to equa-

torial. Mu=631 is ∼relativistic electron energy and mu=3981 is ultrarelativistic for L*=5. The

energy for each mu value can be observed as a second axis under L*.

(< 1 order of magnitude), they are similar in size to changes in PSD previously asso-294

ciated with EMIC waves (Aseev et al., 2017). Importantly, Figure 4 shows no evidence295

of growing PSD peaks which would indicate energization (Green & Kivelson, 2004; Reeves296

et al., 1998). Figures showing time series of electron fluxes are included in the supple-297

mentary information which support the theory that the peaked PADs are due to loss dur-298

ing the indicated time periods.299

The Van Allen Probes Emfisis data did not show significant wave activity during300

the period of interest (see supplementary information for spectral FFTs). However, this301

does not mean there were no EMIC waves along the drift orbit of the particles, since Van302

Allen Probes may not have been in a location to observe local wave activity and elec-303

tron isotropies are observed due to electron drift. Both the probes were on the night side304

in the outer belts for the time period of interest. EMIC waves have a high occurrence305

during and after a storm main phase, with the strongest power in the noon to dusk re-306

gion but occur across MLT (Halford et al., 2015; Saikin et al., 2015; Wang et al., 2015;307

Anderson & Hamilton, 1993).308
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Figure 5. Spectral FFT for GOES13 (top) and GOES15 (bottom) for June 26 and 27.

GOES13 observed EMIC waves 1200-1500 UT and GOES15 observes them 1500-1630 on June

26. Neither observes EMIC waves on June 27 until the storm commencement.

Alternatively, over the period of interest, GOES 13 and 15 both had full MLT cov-309

erage at L=6.6 and 6.8, respectively. Both Goes -13 and -15 are near geosynchronous310

orbit, a larger L value than those shown in the particle data, but both show evidence of311

EMIC waves on June 26. Figure 5 shows a spectral FFT for the EMIC frequency band312

for GOES13 (top) and GOES15 (bottom). GOES13 observes EMIC waves 1200-1500 UT313

and MLT of 7-9.5. GOES15 observes the waves 1500-1630 UT and at MLT of 5.6-7.3.314

GOES13 and 15 observe EMIC waves during the time period of the anisotropy on June315

26, but due to the long orbital period of the satellites (1 day), the persistence of the EMIC316

waves is not clear. Neither satellite observes EMIC waves on June 27 until the storm com-317

mencement. However, the satellites are located near midnight in MLT when the anisotropy318

occurs on June 27, so again observations may be limited by spacecraft coverage.319

In-situ observations of near-simultaneous wave activity and concomitant PAD changes320

are difficult, due, for example, to distinct spatial and temporal location and occurrence321

of particle and wave activity ,respectively. To some extent, this can be overcome by the322

use of ground based wave activity measurements. However, EMIC waves in space are both323

modulated and ducted when they are observed on the ground, thereby complicating as-324

sociating wave activity with particle PAD observations (Upadhyay et al., 2022; Pakhotin325

et al., 2022).326

The CARISMA (in North America) and SGO (in Finland) network of ground mag-327

netometer stations can be useful in further exploration of the EMIC wave activity. Sev-328

eral stations in both networks observe pulsations in PC bands 1 and 2, indicating EMIC329

waves (Kennel & Petschek, 1966; Engebretson et al., 2002). Figure 6 shows spectral FFT330

for six stations from CARISMA and 4 stations from SGO on June 26 and June 27 that331

show clear indications of EMIC waves. From top to bottom, the stations in the left panel332

are YKC (Yellowknife), FCC (Fort Churchhill), FSMI (Fort Smith), LARG (La Ronge),333

TPAS (The Pas), and MSTK (Ministik Lake). SGO stations, on the right are KIL (Kilpis-334

jarvi), IVA (Ivalo), SOD (Sodankyla), and OUL (Oulu), Their L-shells, in the same or-335

der, are 7.85, 7.16, 6.64, 5.04, 4.83, 4.13 (left) (K. Murphy, 2022; K. R. Murphy et al.,336

2022) and 6.2, 5.9, 5.4, 5.2 (right). Collectively, they observe these waves for an extended337
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period of time on June 26, namely 1000-2200 UT, which is the same time period of ob-338

served steepened anisotropy in the Van Allen Probes particle data. On June 27, CARISMA339

does not observe EMIC wave activity until 1500 UT, which is the same time as the SSC.340

Similar to the GOES satellites, these ground stations were close to midnight during the341

PAI peaks on June 27. SGO stations briefly observe pulsations at 400-900 UT on June342

27, but also were not on the morning side after this time period. A detailed survey of343

other ground stations showed that data was not available from other stations at the nec-344

essary frequencies to draw any conclusions regarding waves on June 27 during the time345

period 1000-1400 UT.346

Figure 7 shows two dial plots and a L vs. time plot for June 26 and June 27. The347

plots show the orbits and mapped ground magnetometer stations to L and MLT. In all348

three panels, Van Allen Probes orbits are in green, with the location of the PAI peaks349

indicated with black markers. GOES13 and 15 orbits are shown in blue, with observed350

EMIC waves in red markers. An approximate extent of the EMIC waves observed by the351

Carisma stations (June 26) and SGO stations (June 26 and June 27) are shown in an352

outlined gray box. Note that EMIC waves can duct in the ionosphere, creating a wider353

range of spatial measurements on the ground compared to their in-situ location (Mann354

et al., 2014). Therefore, the ground measurements only give a rough estimation of the355

EMIC wave locations but can be useful when there are insufficient satellite observations356

to determine the duration of EMIC wave activity. While the EMIC wave observations357

are in a different MLT sector than the PAI peaks, they are well associated in time and358

L-shell on June 26. On June 27, they are well associated in L-shell, but there are not enough359

measurements to determine their time and spatial extent in the magnetosphere.360

EMIC waves cause scattering of off equatorial electrons at relativistic and ultra rel-361

ativistic energies (Bingley et al., 2019; Summers et al., 2007; Ni, Cao, et al., 2015), which362

can account for the PAI peak observed at the >1 MeV energies as seen by the Van Allen363

Probes. EMIC waves also tend to be spatially confined but can persist for many hours364

(Mann et al., 2014; Paulson et al., 2017; Blum & Breneman, 2020). They are a likely cause365

of the unique PAI observed on June 26 and 27. The anisotropy peaks are similar on these366

two days even though strong indication of EMIC waves is only observed on the first day.367

It is likely that the long-lasting anisotropy is caused by the persistent EMIC waves. While368

the EMIC waves themselves are spatially confined, they have a long lasting a global ef-369

fect on the radiation belts, as the particle affect is observed in a separate location from370

the waves. The particle anisotropies were observed in two satellites on the night-side,371

while EMIC waves were separately observed by two satellites and many ground stations372

near the morning/noon sector. Combining multipoint measurements was integral to un-373

derstanding this isolated event. In addition, in the absence of other processes, signatures374

of wave-particle processes can be long lasting, highlighting the importance of studying375

the dynamics and strength of these interactions during quiet times (as opposed to storm376

times) when they can be more easily quantified and don’t need to separated out from377

other processes. More measurements and case studies could give greater weight to this378

already strong association.379

5 Summary380

In this study, we showed PAI changes on two days, June 26 and 27, 2013, that were381

spatially confined and persisted for a significant amount of time in terms of drift peri-382

ods of relativistic and ultrarelativistic electrons. These PAI changes existed for a wide383

range of electron energies as observed by both MagEIS and REPT on the Van Allen Probes384

and across both probes, down to ∼ 500keV . This was during an otherwise quiet time385

in the magnetosphere (until 1500 UT on June 27, when there was a SSC). Our analy-386

sis of phase space density suggests that these steepened anisotropies of electrons are a387

result of electron loss at low pitch angles rather than an enhancement near 90◦.388
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Figure 6. Spectral FFT for CARISMA and SGO stations on June 26 and 27. Power is in-

dicated by color. Black boxes highlight the region with PC1-2 band pulsations associated with

EMIC waves. The L-shell of each station is shown on the left.

Figure 7. Dial plot and Lshell vs. time. Panels a and b show Lshell vs. MLT for June 26 and

27 (respectively). Panel c shows Lshell vs time for both days and multi-measurement locations.
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Van Allen Probes did not observe significant wave activity during these two days,389

however, GOES13 and 15 observed brief periods of EMIC wave activity. Furthermore,390

ground magnetometer stations in North America and Finland observed long term fluc-391

tuations in the PC bands associated with EMIC waves. EMIC waves are known to scat-392

ter > relativistic electrons into the loss cone, and the observed EMIC activity persists393

during the time period on June 26 overlapping when the steepened electron pitch an-394

gle anisotropy peaks are observed. There is some evidence of wave activity on June 27395

at an earlier time period than the strong anisotropies, but the lack of PC pulsations dur-396

ing the anistropy during this time period is possibly due to limitations of accessible data397

during the region and time period of interest. Our results suggest that a period of spa-398

tially localized EMIC waves in the dawn-noon sector caused a long lasting steepening399

of the pitch angle index, isolated in L-shell but global in magnetic local time. It is there-400

fore important to study the dynamics of EMIC wave interactions with energetic electrons401

during quiet periods as well as storm times, and to include events that don’t have clear402

wave satellite observations. PAI is a useful tool for clearly finding regions of changing403

PADs and associating them with radiation belt mechanisms.404
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