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Abstract This paper presents observations of electromagnetic ion cyclotron (EMIC) waves from multiple
data sources during the four Geospace Environment Modeling challenge events in 2013 selected by

the Geospace Environment Modeling Quantitative Assessment of Radiation Belt Modeling focus group: 17
and 18 March (stormtime enhancement), 31 May to 2 June (stormtime dropout), 19 and 20 September
(nonstorm enhancement), and 23-25 September (nonstorm dropout). Observations include EMIC wave
data from the Van Allen Probes, Geostationary Operational Environmental Satellite, and Time History of
Events and Macroscale Interactions during Substorms spacecraft in the near-equatorial magnetosphere
and from several arrays of ground-based search coil magnetometers worldwide, as well as localized

ring current proton precipitation data from low-altitude Polar Operational Environmental Satellite
spacecraft. Each of these data sets provides only limited spatial coverage, but their combination shows
consistent occurrence patterns and reveals some events that would not be identified as significant using
near-equatorial spacecraft alone. Relativistic and ultrarelativistic electron flux observations, phase space
density data, and pitch angle distributions based on data from the Relativistic Electron-Proton Telescope and
Magnetic Electron lon Spectrometer instruments on the Van Allen Probes during these events show two cases
during which EMIC waves are likely to have played an important role in causing major flux dropouts of
ultrarelativistic electrons, particularly near L* ~4.0. In three other cases, identifiable smaller and more
short-lived dropouts appeared, and in five other cases, these waves evidently had little or no effect.

1. Introduction

Many recent studies have provided increasingly detailed evidence that electromagnetic ion cyclotron (EMIC)
waves are one of several mechanisms that can efficiently deplete the more energetic components of Earth’s
outer radiation belt (Engebretson et al., 2015; Shprits et al., 2016; Usanova et al., 2014; Xiang et al.,, 2017; X.-J.
Zhang, Tu et al, 2016). However, occurrences of EMIC waves are limited both in space and in time.
Anderson et al. (1992) found that their occurrence rate versus L shell and magnetic local time (MLT) ranged
from ~10% near local noon between L = 8 and 9 (the apogee of the Active Magnetospheric Particle Tracer
Explorers/Charge Composition Explorer spacecraft) to values of 1% or lower below L = 6. Usanova et al.
(2012), using Time History of Events and Macroscale Interactions during Substorms (THEMIS) data, found
similar occurrence rates of 2% or lower at most locations within geosynchronous orbit (6.6 Rg).
Engebretson, Posch, et al. (2008) found, using data from the three Space Technology 5 spacecraft in a
dawn-dusk, sun-synchronous orbit, that Pc1 wave activity was localized to rather narrow L shells (most with
AL < 0.1 or 0.2), consistent with earlier low-altitude spacecraft observations by lyemori and Hayashi (1989)
using Magsat data and by Erlandson et al. (1990) using Viking data.
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Spatial coverage of EMIC waves in the region of the Van Allen radiation belts continues to be limited:
Geosynchronous spacecraft are at fixed R and longitude; elliptically orbiting spacecraft cover only a small
(and changing) fraction of MLT-L shell space and have a limited few-year lifetime, and there are still very
few ground-based magnetometers capable of observing EMIC waves at radiation belt latitudes.

Most radiation belt simulations have had to parameterize EMIC occurrence, intensity, and (fractional) spatial
coverage as the relativistic electrons drift in azimuth (Ni et al., 2015); only a few recently developed models
have included MLT parameterization (e.g. the Radiation Belt Environment model, Fok et al., 2011; the
British Antarctic Survey Radiation Belt Model, Glauert et al., 2014; and the Versatile Electron Radiation Belt-
4D code, Shprits et al, 2015). For the four intervals selected for the Geospace Environment Modeling
(GEM) Quantitative Assessment of Radiation Belt Modeling (QARBM) challenge, an attempt was made to
more directly use observations. Two of these intervals included enhancements of radiation belt fluxes: a
stormtime interval (17 and 18 March 2013) and a nonstormtime interval (19 and 20 September 2013). The
two other intervals included flux dropouts: a stormtime interval (31 May to 2 June 2013) and a nonstormtime
interval (23-25 September 2013). The data presented here extended 1 day beyond the end of the challenge
interval in each case, for historical reasons. Many early ground-based studies of EMIC waves (reviewed in
Engebretson et al,, 2002; Engebretson, Lessard et al., 2008) reported that EMIC waves occurred most often
during the middle and late recovery phases of magnetic storms. Indeed, during three of the four GEM
QARBM challenge intervals, EMIC wave occurrence continued, or was even more frequent, during this
additional day.

The purpose of this paper is to present a more comprehensive set of observations of EMIC waves from
ground and space to help determine the role of EMIC waves in radiation belt dynamics for these events.
Section 2 introduces the sources of the EMIC wave data, and section 3 presents examples of graphical sum-
maries of the data in three different formats. Section 4 gives a detailed discussion of the observations during
each of the four QARBM events, based on a graphical summary in the third format, and also compares them
to simultaneous observations of relativistic and ultrarelativistic electron fluxes, phase space densities, and
pitch angle distributions. Section 5 presents observations of the normalized frequencies of EMIC waves
observed by the Van Allen Probes during these events, and sections 6 and 7 present a discussion of these
observations and comparisons and concluding remarks.

2. Data Sources

In situ observations of EMIC waves during these four intervals were recorded by the Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS) instrument package (Kletzing et al., 2013) on Van
Allen Probes A and B (Mauk et al., 2013), which are in near-equatorial elliptical orbits with apogee at 5.9
Re and inclination of 10° with respect to the geographic equator, and also by the vector fluxgate magnet-
ometers on the Geostationary Operational Environmental Satellite (GOES) 13 and 15 spacecraft at geosyn-
chronous orbit at L = 6.8 and 6.6, respectively (Singer et al,, 1996) and by the Fluxgate Magnetometer
instrument (Angelopoulos, 2008) on THEMIS D and E, in elliptical orbits with apogee at 12-13 Rg (http://the-
mis.ssl.berkeley.edu/orbits_more.shtml) and inclination of 5-12° with respect to the geographic equator.
Although these spacecraft observed EMIC waves at or near the location of their generation, their orbits, with
periods ranging from 6 to 24 hr, cover only a small fraction of MLT-L shell space at any one time. Because
these are local measurements and because many EMIC waves are generated in narrow regions of L and
MLT, a wave occurring >0.5 Re radially away from the spacecraft is likely to not be observed. Also shown
from the Van Allen Probes are plasma density data obtained by the Electric Fields and Waves (EFW) instru-
ment (Wygant et al.,, 2013) and radiation belt electron flux data obtained by the Relativistic Electron-Proton
Telescope (REPT) instrument (Baker et al., 2013) and the Magnetic Electron lon Spectrometer (MagEIS) instru-
ment (Blake et al., 2013), both part of the Energetic Particle, Composition, and Thermal plasma suite (Spence
et al, 2013). More information on these instruments is provided in Engebretson et al. (2015) and Tetrick
et al. (2017).

In order to provide optimal data coverage from ground-based magnetic field sensors, we accessed digital
data and/or daily frequency versus time spectrograms from several arrays of search coil (induction) magnet-
ometers as well as single-stations worldwide with sufficiently high sampling rates (at least 5 Hz) and within
the L range of the radiation belts (L = 2 to 7). If wave spectrograms were not already publicly available,
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Table 1
Ground-Based Induction Coil Arrays and Stations Used in This Study

Geog. lat. Geog. lon. CGM lat. CGM lon. L shell
CARISMA
Dawson 64.05 220.89 65.96 275.20 6.12
Fort Smith 60.02 248.05 67.15 308.18 6.74
Ministik Lake 53.35 247.03 60.49 309.06 4.19
Fort Churchill 58.76 265.92 68.04 334.64 7.27
Pinawa 50.20 263.96 59.74 332.72 4.00
Thief River Falls 48.03 263.64 57.59 33245 3.54
Finnish Chain
Kilpisjarvi 69.02 20.86 66.09 103.04 6.18
Ivalo 68.55 27.28 65.36 107.92 5.84
Sodankyla 67.42 26.39 64.24 106.50 5.38
Rovaniemi 66.78 25.94 63.60 105.76 5.14
Oulu 65.08 25.90 61.85 104.85 4.56
Nurmijarvi 60.51 24.65 57.10 101.86 344
Antarctica
Halley —75.60 —26.30 —62.30 29.93 4.70
South Pole —90.00 = —83.62 170.25 ~13
STEL
Magadan 60.05 150.73 54.26 22041 2.98
Paratunka 5297 158.25 46.78 227.77 217
Moshiri 4437 142.27 37.91 214.80 1.63
Athabasca 54.60 246.36 61.42 306.59 4.44
Russian stations
Borok 58.07 38.23 54.43 113.18 3.00
Nizhny Novgorod 56.30 43.94 52.63 118.11 2.76
Uzur 51.25 100.99 46.97 174.76 2.18

Note. Array names are given in bold lettering. The dash (—) indicates that South Pole has an undefined longitude value.
Corrected geomagnetic (CGM) coordinates calculated using VITMO ModelWeb, https://omniweb.gsfc.nasa.gov/vitmo/
cgm_vitmo.html, for epoch 2013. CARISMA = Canadian Array for Realtime Investigations of Magnetic Activity; Solar-

Terrestrial Environment Laboratory.

O

Q

Figure 1. Map showing the geographical location of the induction coil magnetometers used in this study, color coded as
follows: Canadian Array for Realtime Investigations of Magnetic Activity stations in white, Finnish chain stations in yellow,
Russian stations in pink, STEL array stations in green, and Antarctic stations in blue.
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MetOp1 19 March 2013
30-80 keV

uT 17:05 17:06 17:07
L 3.64 443 5.56
MLT 9.8 9.9 10.0

CGM_LAT -58.15 -61.41 -64.69

Figure 2. Count rates from the 90° proton detectors (red, trapped) and the 0°
(black, in the loss cone), respectively, in the 30-80-, 80-250-, and 250-800-keV
proton channels of the MetOp 1 satellite, from 17:04 to 17:08 UT 19 March 2013.
UT = universal time; MetOp = Meteorological OPerational; MLT = magnetic local
time.

temporal
equatorial magnetosphere.

coverage than the necessarily local

digital data were acquired at the maximum native resolution of these
magnetometers and daily 0-1 and 0-5 Hz Fourier spectrograms were
produced. Table 1 lists the arrays and stations accessed, and Figure 1
is a map showing their geographical distribution.

EMIC waves propagate along magnetic field lines from the location of
their origin toward both northern and southern ionospheres (Horne &
Thorne, 1993). When they impinge on the ionosphere, however, a sig-
nificant fraction of their energy is ducted horizontally, that is, converted
into fast mode waves that can travel horizontally in the F-region wave-
guide (Fraser, 1975; Fujita & Tamao, 1988; Greifinger & Greifinger, 1968;
Kim et al,, 2010, 2011) before emerging below the ionosphere as elec-
tromagnetic waves. These waves are then detected by magnetometers
on the ground, with locations ranging from immediately below the flux
tube on which the wave was generated to distances of up to 2,000 km
(Kim et al.,, 2010). Propagation is predicted to be more efficient, how-
ever, along the magnetic meridian than out of the meridian plane
(Fujita, 1988; Greifinger & Greifinger, 1973). Ground-based induction
magnetometers can thus take advantage of ionospheric ducting to
observe waves that originate over a fairly wide range of latitudes, but
as a result a single magnetometer can provide little or no information
about the L shell on which the waves originated, and its measured
amplitude cannot be used to accurately infer the amplitude of those
waves in space. As Figure 1 indicates, there are large ranges of longi-
tude with little coverage, and only at three longitudes are there enough
stations to help localize the L shell based on its relative amplitude. Even
though each array or station passes through a specific MLT region only
once per day, these arrays and stations provide much wider spatial and
observations made by spacecraft in the near-

A third source of information about EMIC wave activity comes from observations of precipitating ring current
protons by the six low-altitude orbiting sun-synchronous Polar Operational Environmental Satellite (POES)
spacecraft in operation during 2013: National Oceanic and Atmospheric Administration (NOAA) POES 15,
16, 18, and 19 and Meteorological OPerational (MetOP) 1 and 2.

Several studies have provided evidence of the link between EMIC wave activity and proton precipitation
peaks in the 30-80, 80-250, and 250-800 keV proton channels of the Medium Energy Proton and
Electron Detector (Evans & Greer, 2004) instrument mounted on each of these spacecraft: Lundblad and
Soraas (1978), Seraas et al. (1980), Yahnina et al. (2000), Sandanger et al. (2007), Yahnin and Yahnina
(2007), and Carson et al. (2013). Most recently, Summers et al. (2017) used POES data such as that shown
in Figure 2 to infer that proton precipitation was caused by EMIC waves and that EMIC wave action was pre-
valent at the times and L-shell locations of the most intense proton spectra observed by the Radiation Belt
Storm Probes lon Composition Experiment instrument on the Van Allen Probes. Figure 2 was selected for
two reasons: First, it demonstrates the typical (but not universal) narrow width in L of EMIC wave events.
The first precipitation event peaked in the 30-80 keV channel at 17:05:21 universal time (UT), had a peak flux
of 5 x 10* counts (cm? s sr) ™', and reached the 100 count level at L shells of 3.84 and 4.03, thus having a full
width at the 100 count level of 0.19 L. The second event peaked in the 30-80 keV channel at 17:06:36, had a
peak count rate of 3 x 10* counts (cm? s sr) ™", and reached the 100 count level at L shells of 4.93 and 5.28,
thus having a full width at the 100 count level of 0.35 L. Second, although in most cases, POES spacecraft
observe only one latitudinally narrow peak (or none) during each pass through radiation belt latitudes,
two or on occasion even three narrow peaks can be observed. Both of these features indicate that EMIC
waves can be very localized in L shell. It is not yet understood why this is the case, but it suggests that gen-
eration of EMIC waves can be sensitive to local conditions. Under conditions of high solar wind
pressure, EMIC waves have been observed on multiple L shells and across a wide range of local times

(Engebretson et al., 2015).
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The six POES spacecraft provide an additional complement to both
magnetospheric in situ and ground-based wave observations, in that
each spacecraft orbits Earth with a ~100-min period, and each mea-
surement provides localized information on L shell. The availability of
six spacecraft increases the local time coverage, but unfortunately,
two are in nearly the same orbital plane, and none provides good
coverage near midnight, dawn, noon, or dusk (Figure 3).

We removed all POES events occurring within the South Atlantic
Magnetic Anomaly. This resulted in the removal of 12 events out of a
total of 107 events, with one exception: NOAA 15 was in the South
Atlantic Magnetic Anomaly near 22:34 UT on 2 June, fairly close to
the time that Van Allen Probes A and B were in the same UT-MLT-L
region. That event has been retained, but its amplitude and trapped

100 Journal of Geophysical Research: Space Physics
-1 .5 | T T T T T
-1.0 ' NOAA 18
-05F NOAA19_:
YGSM(RE) 0
05F .
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1.0 0.5 0 05 -1.0 -15 to precipitating flux ratios are suspect.
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Figure 3. Orbits of MetOp 1 (orange), MetOp 2 (yellow), NOAA 15 (light blue),
NOAA 16 (aqua), NOAA 18 (blue), and NOAA 19 (purple) in the GSM XY plane,
from 10:00 to 11:41 universal time 19 March 2013. The Sun is to the left.
MetOp = Meteorological OPerational; NOAA = National Oceanic and
Atmospheric Administration; GSM = geocentric solar magnetospheric.

3. Data Products

Data products in three different presentation formats are available for
GEM challenge modelers at https://drive.google.com/drive/folders/
0ByNhSbWkAgdfNTNNMEV1LWFOc2c. This section introduces exam-
ples of each format, and the following section presents observations
in the third format as well as relativistic electron data for each of the
four challenge intervals.

The most detailed presentation format consists of an L versus MLT table created for each hour UT for each
day. Table 2 shows an example of this format, for 8 to 9 UT on 3 June 2013. THEMIS-E observed a 0.2-nT
rms amplitude helium-band EMIC wave from 08:45 to 08:48 UT as it passed outbound from L = 4.1 to 4.2 near
00:25 MLT. EMIC wave activity near 0.5 Hz began at Magadan and Paratunka (part of the Solar-Terrestrial
Environment Laboratory (STEL) array) near 08:00 UT, when these stations were in the 16-20 MLT sector,

Table 2
Event Grid Example Showing Electromagnetic lon Cyclotron Wave Activity From 8
to 9 UT on 3 June 2013

3 June 2013 8-9 UT
MLT

0-4 4-8 8-12  12-16 16-20 20-24
0-0.5
0.5-1
1-1.5
1.5-2
2-25 STEL
25-3 STEL
3-35 STEL
3.5-4 STEL CARIS, 1.1-nT POES
L4-45  0.2-nT He THEMIS-E STEL CARIS, 1.1-nT POES
4.5-5 STEL
5-5.5 STEL
55-6 STEL
6-6.5 STEL
6.5-7
>7

Note. UT = universal time; MLT = magnetic local time; CARIS = Canadian Array
for Realtime Investigations; THEMIS = Time History of Events and Macroscale
Interactions during Substorms; POES = Polar Operational Environmental
Satellite.

but was not observed at lower latitude stations in that array. Because
the STEL array reaches only to L ~3, we can only infer a lower-L bound-
ary for this event. EMIC waves were also observed by several Canadian
Array for Realtime Investigations of Magnetic Activity (CARISMA) sta-
tions (Mann et al., 2008), which were located during this hour in the
20-24 MLT sector. These waves, with frequency near 1.0 Hz, were the
strongest at the two lowest latitude stations in the eastern segment
of CARISMA, Pinawa and Thief River Falls. As a result, we inferred an L
range from 3.5 to 4.5 for this event. NOAA 16 observed an intense pre-
cipitation event, 7 x 10% counts (cm? s sr)"", in this same UT and MLT
interval, at 08:43:25 UT as the spacecraft passed from L = 3.95 to 4.10
near MLT = 23:00. In this example, the POES data confirm the inference
of L shell location based on CARISMA magnetometer observations.

There is as yet no accepted calibration to allow conversion from POES
proton precipitation count rates to wave amplitudes in the magneto-
sphere. EMIC waves are instead inferred as the source of localized
peaks when the precipitating and trapped proton fluxes are nearly
the same. Y. Zhang, Shi, et al. (2017), using the same theoretical frame-
work used by W. Li et al. (2013) and Ni et al. (2014) to infer chorus wave
amplitude from the ratio of precipitating to trapped POES electron pre-
cipitation fluxes, presented a technique that resulted in an asymptotic
calibration curve for ratios near 1, corresponding to waves with ampli-
tude 1 nT and larger. However, degradation of the Medium Energy
Proton and Electron Detector telescopes on each of the POES space-
craft, documented recently by Sandanger et al. (2015) and @degaard
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Date: May 31, 2013
12-16 UT

\ [

0 ML 0 ML

Figure 4. An example daily dial plot page from 31 May 2013 showing electromagnetic ion cyclotron wave activity observed
in situ by magnetospheric spacecraft (G13: Geostationary Operational Environmental Satellite 13; G15: Geostationary
Operational Environmental Satellite 15; B: Van Allen Probe B) and observed indirectly as ring current proton precipitation
observed by the POES spacecraft during each 4 hr of UT. The Iarger and smaller blue circles denote POES proton precipi-
tation events with peak fluxes of >10% and between 10> and 10* counts (cm2 3 sr)q, respectively, in the 30-80 keV
channel. Orbit plots of the Van Allen Probes on this day are superposed on the 0-4 UT dial, and orbit plots of the POES
spacecraft (enlarged in radius, not to scale) are superposed on the 8-12 UT dial. POES = Polar Operational Environmental
Satellite; UT = universal time.

et al. (2016), was not factored into the Y. Zhang et al. calibrations. Our estimate of the wave amplitude
corresponding to the observed precipitating proton counts and ratios of trapped and precipitating fluxes
is loosely based on the Y. Zhang, Shi, et al. (2017) calibration and should be treated with caution: any
values above 0.5-nT rms given in these tables may be significantly underestimated.

The second presentation format consists of a set of six L-MLT dial plots for each day during each of the four
challenge intervals, each covering 4-hr UT. An example from 31 May 2013 is shown in Figure 4. Each EMIC
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wave event observed in the magnetosphere on this day by the GOES, Van Allen Probes, and THEMIS space-
craft is shown in its respective UT intervals, as are all the POES proton precipitation events, which in this for-
mat (and also the third format) are grouped according to count rates in the 30-80 keV proton channel. No
wave or proton precipitation events were recorded in the 0-4 UT or 8-12 UT time intervals, and only one
POES proton precipitation event, with peak flux of 1.5 x 10* counts (cm? s sr) ', was observed near 06:59
UT by MetOp 1 at 0.6 MLT and L = 4.35. As will be shown in Figure 10, the solar wind dynamic pressure
Psw was high and increasing after 14 UT. This pressure increase was reflected in a large number of dayside
POES precipitation events in the three later dial plot panels. However, no POES proton precipitation events
were recorded within 1-hr MLT of local noon. We believe this is a consequence of the limited MLT coverage
of the POES spacecraft shown in the 8-12 UT dial. No information about ground-based observations is
included in this second set of plots, but significant wave activity was observed by ground-based induction
magnetometers in Finland, Antarctica, and Canada between 15 and 23 UT.

Nearly continuous intense (3-nT rms) 0.3-Hz He band EMIC waves were recorded by GOES 13 from 16:20
to 19:40 UT (11:15 to 14:55 MLT) and similarly intense 0.2-Hz He band waves from 21:00 to 22:30 UT
(1617 to 1746 MLT). GOES 15 also recorded 2-nT rms 0.4-Hz He band EMIC waves from 22:40 to 23:30 UT
(13:56 to 14:46 MLT).

The orbital track of Van Allen Probe B on this day has been superposed on the 0-4 UT dial plot. This spacecraft
was not in position to observe any of the dayside activity recorded by the POES spacecraft or ground-based
induction magnetometer arrays. Van Allen Probe B did record 1.3-nT rms 0.25-Hz He band waves from 19:32
t0 19:47 UT (22:05 to 22:10 MLT, 4.9-5.1 L) and 2-nT rms 0.25-Hz He band waves from 19:58 to 20:10 UT (22:20
to 22:30 MLT, 5.4-5.6 L). Wave activity at the same frequency was recorded by the Finnish induction magnet-
ometer array during this interval.

The third presentation format consists of one stacked multipanel plot for each challenge event, as in
Figures 5a-5f. Figures 5a-5c show the solar wind dynamic pressure (Psw), the 1-min AE index, and the
1-min SYM/H index, respectively. Figure 5d shows EMIC wave activity as a function of L and universal time,
for 23-26 September 2013, coded by spacecraft according to the legend at the right. EMIC waves with
amplitude exceeding 5-nT rms are shown in a larger font. Figure 5e shows EMIC wave observations by
ground-based induction magnetometers as a function of UT and inferred L shell ranges, color-coded as in
Figure 1, but conveys no amplitude or MLT information. As in Table 2, a wide range of L shells indicates
large uncertainty because of limited station coverage, whereas a narrower range of L shells indicates
better localization of the waves. Figure 5f shows ring current proton precipitation spikes observed
by the POES spacecraft as a function of UT and L but conveys no MLT information. As in Figure 4,
the legend to the right denotes the amplitude of the precipitating flux in counts (cm? s sr)™' in the
30-80-keV channel.

Data presentations such as Figures 5a-5f do not provide evidence of close conjunctions in MLT, or the lack
of them, between ground-based, POES, and satellite observations. However, the very rapid longitudinal
drift of relativistic electrons insures that any EMIC wave event with a duration of more than a few minutes
will interact with the entire population of relativistic electrons in that same L range, so strong EMIC wave
activity in that L range at any MLT may act to alter their pitch angle distributions and contribute to
their losses.

Figures 5g-5j present Van Allen Probes observations of relativistic and ultrarelativistic electrons. Figure 5g
shows the time dependence of the total radiation belt content (TRBEC), as defined in Boyd (2016) and
Forsyth et al. (2016): the total number of electrons observed by the Van Allen Probes with first adiabatic invar-
iant u between 500 and 2,000 MeV/G, integrated over all pitch angles (second adiabatic invariant, K), and over
all L* values between L* = 2.5 and the Van Allen Probes apogee (5.9 Rg). By performing this integration over
each half orbit, this provides an estimate of the radiation belt content every ~3 hr that is interpolated onto a
regular 3-hr timeline. The blue box in Figure 5g anticipates the results of our detailed analysis: It indicates the
approximate time and L ranges in which EMIC-induced depletions of ultrarelativistic electrons were observed.
Figures 5h-5j show spin-averaged fluxes of relativistic and ultrarelativistic electrons measured by the REPT
instrument on Van Allen Probes A and B in L versus time format in three energy channels: 2.6, 4.2, and
5.2 MeV, respectively, as a function of L and time. The L values are based on the TS05 (Tsyganenko &
Sitnov, 2005) magnetic field model for 90° pitch angles and are obtained from the Energetic Particle,
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September 23-26, 2013: Non-storm Dropout
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Figure 5. Nonstormtime dropout interval from 23 September through 26 September 2013. (a), (b), and (c) show the solar wind dynamic pressure (Psw), the 1-min AE
index, and the 1-min SYM/H index, respectively. (d), (e), and (f) summarize EMIC wave activity as a function of L and universal time observed in situ by spacecraft
magnetometers, by ground-based induction magnetometers, and by POES proton detectors, respectively, according to the legends on the right. The red bar at
the bottom of (d) indicates an interval of ground-based observations of intense EMIC waves. (g) shows the total radiation belt electron content (TRBEC, scale on
the right), and the blue box indicates the L* and universal time ranges in which EMIC wave-induced depletions of ultrarelativistic electrons were observed. (h), (i),
and (j) show spin-averaged differential fluxes of relativistic and ultrarelativistic electrons measured by the Relativistic Electron-Proton Telescope instrument on
Van Allen Probes A and B in three energy channels: 2.6, 4.2, and 5.2 MeV. EMIC = electromagnetic ion cyclotron; POES = Polar Operational Environmental Satellite;
THEMIS = Time History of Events and Macroscale Interactions during Substorms; GOES = Geostationary Operational Environmental Satellite; CARISMA = Canadian
Array for Realtime Investigations of Magnetic Activity.
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Composition, and Thermal Plasma magnetic ephemeris data product. Electron measurements by both
Probes A and B are binned into 0.1 L shell grids and 4-hr UT intervals.

4. EMIC Events During the Challenge Intervals

In this section we discuss the EMIC wave observations obtained by the instruments described in section 2
during each of the four QARBM challenge intervals and their relation to electron fluxes observed in the
radiation belts by the Van Allen Probes MagEIS and REPT instruments. For each interval, we will begin with
a figure in the third format, combining EMIC wave observations in Figures 5a-5f with TRBEC data and REPT
spin-averaged differential flux data in Figures 5g-5j. Following this will be phase space density plots and
normalized pitch angle spectrograms for selected intervals of EMIC activity, as well as additional detailed
observations of EMIC waves during two of the times when they were evidently effective in depleting the
electron fluxes.

4.1. Nonstorm Dropout Interval: 23-26 September 2013

Su et al. (2016) presented observations and simulations of this interval and showed that the relativistic elec-
tron loss in the region L = 4.5-6.0 was primarily caused by pitch angle scattering by observed plasmaspheric
hiss and electromagnetic ion cyclotron waves.

Figure 5a shows that Psw began a gradual increase from ~1 to 2 nPa near 02:00 UT on the second day of this
interval, 24 September, and rose sharply to over 8 nPa between 08:00 UT and 11:00 UT before gradually
subsiding again. The AE index began to gradually and then sharply rise from near 50 nT at 09:00 UT to
~750 nT near 11:00 UT and remained above 300 nT until 17:00 UT (Figure 5b). SYM/H increased gradually
from —10 nT at 02:00 UT to over 10 nT at 10:00 UT before dropping to —30 nT near 12:30 UT in a weak
storm-like main phase (Figure 5c).

Figure 5d shows that wave activity at GOES 13 (L = 6.8) appeared near 03:30 UT and 20:00 UT on 23
September, possibly in response to the increased AE index observed near those times, and again on 24
September during intervals of large AE between 10:00 and 13:00 UT and again near 16:00 and 18:00 UT.
Intense wave activity at GOES 15 (L = 6.6) in both the H and He bands appeared between 04:00 and 05:00
UT and wave bursts appeared at 09:00 (He band), 12:40 (H band), and 13:30 UT (H band).

As will be shown in Figure 6, strong to intense EMIC waves increasing in center frequency from ~0.3 to
~1.2 Hz were observed on 24 September by Van Allen Probe A near 20 MLT from 11:40 UT (1.2-nT rms) at
L =5 to 12:50 UT (16.4-nT rms) at L = 3.9. Probe A also observed strong ~0.4-Hz He band EMIC waves
(2.9-nT rms) and weaker ~0.65 Hz, 0.6-nT rms amplitude waves in the H band) from L = 5 to 5.5 near 17
MLT from 16:40 to 17:25 UT during the following outbound pass. Van Allen Probe B observed strong
~0.55 Hz, 2.2-nT rms amplitude waves in the He band and weaker ~1.0 Hz, 0.3-nT rms amplitude H band
waves between 13:18 and 13:28 from L = 4.8 to 5.0 near 16.4 MLT. Probe B also observed ~0.7 Hz, 1.3-nT
rms amplitude H band waves at 16:54 UT near 19 MLT and L = 5.4 as it began its inbound pass.

Ground-based EMIC waves (Figure 5e) appeared in CARISMA data at L > 6 from 18:00 to 22:00 UT
(10:00-14:00 MLT) 23 September and 19:00 to 22:00 UT (11:00-14:00 MLT) 24 September, in rough temporal
agreement with GOES 13 wave observations. Between 10:00 and 19:00 UT, three arrays observed EMIC wave
activity: Halley observed moderate intensity 0.1-0.5-Hz wave activity from 19:00 to 20:00 UT 23 September as
it moved from 15:00 to 16:00 MLT and sporadically from 10:00 to 19:00 UT as it moved from 07:00 to 15:00
MLT and a brief burst of strong rising-tone 0.1-0.6-Hz wave activity near 00:00 UT September 25, when it
was near 20:00 MLT. The Finnish chain observed three bursts of strong to intense 0.1-0.4-Hz EMIC wave
activity between 10:00 and 17:00 UT, with the highest amplitude at Rovaniemi and Sodanklyd, at L = 4.9
and 5.2, respectively, and much weaker power (most likely ducted) at Nurmijarvi (L = 3.44). Higher frequency
wave activity, the strongest between 1.2 and 2.0 Hz from 13:00 to 13:15 UT, was observed at Magadan, in
eastern Siberia (L = 2.98, the highest-L station in the STEL array), and waves with similar temporal and
frequency structure were observed at Uzur (L = 2.18).

Six moderate to strong POES precipitation events occurred during this interval (Figure 5f). The first three,
with moderate intensity, occurred in near coincidence in time and L shell with EMIC waves observed at
GOES 13 and 15. Another moderate intensity event was observed by NOAA 16 north of Irkutsk, Russia, near
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Figure 6. Van Allen Probe A Electric and Magnetic Field Instrument Suite and Integrated Science magnetic field data
and Electric Fields and Waves plasma density data from 11:00 to 13:00 UT 24 September 2013. (a—c) are Fourier spec-
trograms of differenced magnetic field data in local field-aligned coordinates: Bx (transverse and radially outward), By
(transverse eastward), and Bz (parallel to the local field), respectively. (d) and (e) are spectrograms of the ellipticity and
wave normal angle, respectively, shown when the wave power exceeds 1073 nT%-Hz. (f) shows the plasma density
obtained from the Electric Fields and Waves instrument. UT = universal time; MLT = magnetic local time;

MLAT = magnetic latitude.

L =3.6 at 13:13 UT, and a strong precipitation event was observed by NOAA 18 over Norway near L = 5.2 at
13:50 UT.

The total radiation belt electron content shown in Figure 5g dropped by nearly a factor of 10 between 09:00
and 15:00 UT on 24 September and increased only modestly during the following days. Figure 5h shows a
sharp dropout in 2.6-MeV fluxes beyond L = 3.5 after ~10:00 UT 24 September, and similar dropouts are also
evident in the 4.2- and 5.2-MeV channels (Figures 5i and 5j, respectively). Note, however, that although the

ENGEBRETSON ET AL.

6403



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Geophysical Research: Space Physics

10.1029/2018JA025505

a) Sodankylg, Finland ~ L=5.38
.| \ -

2 i ‘v"

Frequency (Hz)

UT 10:00 12:00 14:00 16:00 18:00

b) Magadan, Russia L=2.98
[ |

F 32
> 24
c
Y16
g
& 08
0
UT 10:00 12:00 14:00 16:00 18:00
C) Van Allen Probe A
R
: 5
> o
3 §
C
(7] o
=] (@]
<3 =
E m
el Pyl
| T | )
UT 10:00 11:00 12:00 13:00 16:00 17:00 18:00
MLT 183 19.1 20.0 214 15.5 16.7 17.5
MLAT -8.8 -10.9 132 -16.2 10.1 7.8 6.5
L 59 56 49 36 43 53 57
d) : :
NOAAT6 LT
13:&
Ouzu

Figure 7. Composite figure showing spectrograms of the By (eastward) components of magnetic field data from
Sodankylg, Finland (a), Magadan, Russia (b), and Van Allen Probe A (c) from 10:00 to 18:00 UT 24 September 2013 and a
map (d) showing the Northern Hemisphere magnetic footpoints of Van Allen Probe A from 10:00 to 18:00 UT, of NOAA 16
from 13:12 to 13:14 UT, and of NOAA 18 from 13:45 to 13:55 UT, respectively, on 24 September 2013. The locations of
Magadan, Uzur, and Sodankyla are indicated by green, pink, and yellow circles, respectively. UT = universal time;

MLT = magnetic local time; MLAT = magnetic latitude; NOAA = National Oceanic and Atmospheric Administration;
RBSP-A = Radiation Belt Storm Probe-A (Van Allen Probe A).

fluxes in the 2.6-MeV channel remained relatively steady after 10:00 UT, fluxes in the 4.2- and 5.2-MeV
channels dropped again during the following 4-hr interval. This second drop might be attributable to the
EMIC waves observed between 10 and 17 UT.

Figures 6 and 7 provide more details on the EMIC events between 10:00 and 18:00 UT on 24 September.
Figures 6a—6c¢ are 0 to 5-Hz Fourier spectrograms of Van Allen Probe A EMFISIS vector magnetic field data
from 1100 to 13:00 UT after rotating into local field-aligned coordinates and differencing (to whiten the spec-
tra; Engebretson, Lessard et al., 2008; Takahashi et al., 1990). The X and Y directions are perpendicular to the
local magnetic field: X is directed radially outward, and Y is directed azimuthally eastward. Wave power in nT?
Hz is color-coded according to the color bar at the right. The local oxygen, helium, and hydrogen ion gyro-
frequencies, identified from the magnitude of the observed magnetic field, are also plotted on these
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Figure 8. Phase space densities (PSDs), in units of (c/cm/MeV)3, of ultrarelativis-
tic electrons with 4 = 3,500 MeV/G and K = 0.1 G Re observed by Van Allen
Probe A during its passes from 18:55 universal time 23 September through 06:45
universal time 25 September 2013. Each filled circle corresponds to the closest
point in time when a valid PSD observation was available near a given L* value of
interest, in this case L* = 3.6. These times are given in the legend of the figure,
next to the corresponding color. Values of L* were calculated based on the
TS07d magnetic field model. RBSPA = Radiation Belt Storm Probe A;

REPT = Relativistic Electron-Proton Telescope.

spectrograms in red, yellow, and white, respectively. Figures 6d and 6e
show the ellipticity and wave normal angle of the wave, respectively,
and Figure 6f shows the electron density measured by the EFW instru-
ment, indicating a gradual density increase as the spacecraft pro-
ceeded inbound from L = 5.6 to 3.6 in the afternoon sector. Strong to
intense EMIC waves were observed by Van Allen Probe A near 20
MLT from 11:40 UT (1.2-nT rms) at L = 5 to 12:50 UT (16.4-nT rms) at
L = 3.9. Van Allen Probe A also observed strong EMIC waves (2.9-nT
rms in the He band and 0.6-nT rms in the H band) from L =5 to 5.5 near
17 MLT from 16:40 to 17:25 UT (shown in Figure 7c) during the follow-
ing outbound pass. Additional context for this event is provided in
Figures 3 and 4 of Su et al. (2016) that show Van Allen Probes A and
B observations from multiple instruments from 00:00 to 20:00 UT on
this day.

Figure 7 shows simultaneous ground and Van Allen Probe A wave
observations between 10:00 and 18:00 UT on 24 September 2013.
Figures 7a and 7b are uncalibrated spectrograms from Sodankylg,
Finland, and Magadan, Russia, respectively. Figure 7c shows 0- to
1-Hz spectrograms from Van Allen Probe A during its inbound and out-
bound passes. No wave activity was observed by Probe A during its
pass through perigee. Figure 7d is a map showing the Northern
Hemisphere magnetic footpoint of Van Allen Probe A from 10:00 to
18:00 UT. The magnetic footpoint of Probe A was northeast of Uzur,
northwest of Magadan, and at somewhat higher L (= 4) when it
observed an intense ~1.2-Hz EMIC wave at 12:45 UT. Comparison of
Figures 7b and 7c indicates that very similar wave activity appeared
at Probe A and Magadan. The Magadan and Uzur spectrograms show
that activity continued past 13:00 UT, during the subsequent perigee
pass of Probe A. Also shown in Figure 7d is the location of the mag-
netic footpoint of Probe A from 16:00 to 18:00 UT, south of Iceland
and ~2-hr MLT west of Finland during its subsequent outbound
pass. Comparison of Figures 7c and 7a shows that roughly similar
0.2-0.5-Hz wave activity was observed by Probe A at L = 5.2 and at
Sodankyla (at the same L shell).

Figure 7d also shows the magnetic footpoints of two POES proton precipitation events: a moderate intensity
event observed by NOAA 16 north of Irkutsk, Russia, near L = 3.6 at 13:13 UT, and a strong precipitation event
observed by NOAA 18 over Norway near L = 5.2 at 13:50 UT. The NOAA 16 event at 13:13 UT gives evidence
that the wave activity observed by Van Allen Probe A from 11:00 to 13:00 UT extended down to slightly lower
L shells. The NOAA 18 precipitation event at 13:50 UT was likely to originate in the same wave event observed
by the Finnish chain at this time, assuming either that the wave region was extended 15° in longitude or that
horizontal ducting brought the wave signal from Norway 15° eastward to Finland.

All the EMIC wave activity recorded by Van Allen Probe A from 10:30 to 17:00 UT was thus also recorded on
the ground, and the combination of these data sets provides evidence of intense 0.2-0.5-Hz EMIC wave activ-
ity, most likely in the He band, in both east Asia and northern Europe near L = 5.2 during much of this

time interval.

Figure 8 shows a plot of phase space densities of ultrarelativistic electrons with 4 = 3,500 MeV/G and
K = 0.1 G®° Re observed by Van Allen Probe A during its passes from 18:55 UT 23 September through
06:45 UT 25 September 2013. Values of L* were calculated based on the TS07d magnetic field model. A broad,
deepening minimum was observed between L* = 3.4 and 5.4 beginning on 24 September near 12:00 UT and
continuing until 06 UT 25 September, although some recovery occurred near 21:50 UT 24 September. The
phase space density profile also showed very little change or increase during the two subsequent days, 25

and 26 September.
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Figure 9. Normalized (to maximum flux over all pitch angles, during a given time interval) equatorial pitch angle distribu-
tions of Van Allen Probes Relativistic Electron-Proton Telescope data at L* = 3.8 from 23 to 27 September 2013, for electrons
with energies of 1.8, 2.6, and 4.2 MeV. The equatorial pitch angle was computed using the TS07d magnetic field model.

A phase space plot using Van Allen Probe B data with the same parameters as in Figure 8 showed similar var-
iations but was incomplete because of the observational geometry. A plot using u = 2,500 MeV/G and
K = 0.2 G% Re provided continuous coverage in L* and showed a very similar localized minimum, with the
lowest values between 12:00 and 21:00 UT on 24 September (supporting information Figure S1). Phase space
densities on 24 September for relativistic energies (z = 700 MeV/G and K = 0.1 G®® Rg) increased monotoni-
cally with L* and gave no evidence of a dip during this time interval (Figure S2). Plots similar to Figure 8 made
using other magnetic field models (T89 and T04s) showed a dip that was generally similar in amplitude, radial
extent, and timing (not shown).

If EMIC waves are responsible for this localized minimum, then one might expect a narrowing of the
pitch angle distribution at ultrarelativistic energies (greater than 2 MeV; Kersten et al., 2014; Usanova et al.,
2014). Figure 9 shows the normalized equatorial pitch angle distributions of electron number fluxes at
L* = 3.8 for energies of 1.8, 2.6, and 4.2 MeV from 00:00 UT 23 September to 12:00 UT 26 September,
with 12-hr resolution, based on data from both Van Allen probes. A substantial narrowing of the distribu-
tion toward a peak near 90° that was progressively stronger at higher energies appeared in the 24
September 12:00-24:00 UT interval and gradually broadened in the three subsequent intervals.
Figure 9 is based on use of the TS07d model, but very similar narrowing and gradual broadening was
observed in figures based on the T89 and TS05 models and using all three models at neighboring L*
values as well.

More accurate timing of the onset of the pitch angle narrowing is provided by plots showing the observed
pitch angle distributions as it passed from L* = 3.7 to 3.9 both outbound and inbound during each 9-hr orbit
of the Van Allen Probes from 23 through 27 September (not shown): The narrowing first appeared in Van
Allen Probe A data during its outbound pass near 15:36 UT, approximately 2 hr after the intense EMIC wave
activity recorded by Van Allen Probe A in this L* range, between 12:44 and 12:51 UT (Figures 6 and 7). These
plots also showed a gradual broadening of the pitch angle distributions over the next few days (consistent
with Figure 9), such that the distributions at the higher energies remained significantly narrower than those
on 23 September through at least 27 September. The location and timing of this narrowing agrees with the
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Figure 10. Same as Figure 5, for the stormtime dropout interval from 31 May through 3 June 2013. The red bars in (d) indi-
cate intervals of ground-based observations of intense electromagnetic ion cyclotron waves. POES = Polar Operational
Environmental Satellite; TRBEC = total radiation belt electron content.

observed minima in phase space density, and the timing agrees with the Van Allen Probes, ground array, and
POES observations as well.

4.2, Stormtime Dropout Interval: 31 May 31 to 3 June 2013

Figures 10a-10c summarize the geomagnetic context of the stormtime dropout event of 31 May to 4 June
2013. Figure 10a shows a modest rise in Psw from 1.5 to 2 nPa at 06:00 UT and a sharp rise in Psw at 14:00
UT on 31 May 2013 that peaked at 11.2 nPa at 00:38 UT and then fell to values near 4 nPa. The rise in Psw
preceded by 12 hr the onset at 02:00 UT 1 June 2013 of a magnetic storm (minimum SYM/H = —137 nT) at

ENGEBRETSON ET AL. 6407



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Space Physics 10.1029/2018JA025505

07:48 UT (Figure 10c) with an extended recovery phase. The AE index (Figure 10b) peaked at 1,767 nT at 03:57
UT but exhibited significant activity through 3 June.

Figure 10d shows that GOES 13 and 15, Van Allen Probes A and B, and THEMIS D and E all observed wave
activity during this 4-day interval. GOES 13 observed intense EMIC waves during two intervals on 31 May:
up to 3-nT rms amplitude, 0.2-0.5-Hz He band EMIC waves from 16:20 to 18:20 UT, and ~2-nT rms amplitude,
0.2-0.4-Hz He band waves from 18:20 to 21:10 UT, and GOES 15 observed ~2-nT rms amplitude 0.3-0.55 Hz
He band waves between 22:40 31 May and 01:30 UT 1 June, all during the prestorm compression. GOES 15
also recorded ~1-nT rms amplitude bursts of 0.8-1.0-Hz H band EMIC waves from 19:00 to 22:00 UT 1
June, during another interval of increased Psw (Figure 10a), and ~0.5-nT rms amplitude 0.5-0.7-Hz H band
waves near 21:00 UT 2 June, and GOES 13 recorded ~1.5-nT rms amplitude 0.5-0.7-Hz H band waves between
14:20 and 17:50 UT 3 June.

Van Allen Probe B observed 2.1 to 3.6-nT rms amplitude 0.2-0.3-Hz He band waves on 31 May from 19:20 to
20:10 UT as it traveled inbound from L = 5.8 to 5.6 (MLT 21.9 to 22.5) along a gradual plasma density gradient
(n ~ 30 cm™3). On 2 June, both Probes A and B observed 1.5-nT rms amplitude 2.2-Hz He band waves near
01:50 UT and 2.4 MLT well inside the plasmapause (n ~ 500 cm ™) at L = 2.8. These spacecraft also observed
EMIC waves during two intervals later that day. From 13:38 to 13:58 UT during an outbound pass, Probe A
observed 0.6-nT rms amplitude 0.85-Hz He band wave activity from L = 4.3 to 4.7 near 19.8 MLT, ending at
the plasmapause, where the plasma density dropped from 30 to 10 cm ™3, At nearly the same time, Probe
B observed strong 3.1-nT rms amplitude 0.8-Hz He band waves from 13:30 to 13:46 UT as it passed outbound
from L = 4.3 to 4.6 near 19.7 MLT, while the plasma density dropped from 100 to 30 cm™>. Probe B also
observed weaker (0.3-nT rms) 1.5-Hz H band waves at the same time. From 22:35 to 22:55 UT, again during
an outbound pass, Probes A and B observed 0.3-Hz He band waves, with rms amplitudes of 1.2 and 2.2 nT,
respectively, from L = 4.6 t0 5.0 near 19.7 MLT in a region with nearly constant ~150-cm™> plasma density just
earthward of a gradual plasmapause.

Three moderate-amplitude EMIC wave events were also observed by THEMIS spacecraft during this interval,
all near local midnight: 0.3-nT rms amplitude 0.3-0.4-Hz He band EMIC waves were observed by THEMIS D
from 06:49 to 06:57 UT 2 June 2013 as the spacecraft passed outbound from L = 4.0 to 4.3 and
MLT = 00:16 to 00:27; 0.4-nT rms amplitude He band EMIC waves with frequency falling from 1.3 to 1.0 Hz
were observed by THEMIS E from 09:41 to 09:52 UT, also on 2 June, as the spacecraft passed outbound from
L =3.6to 4.1 and MLT from 00:03 to 00:20; and 0.2-nT rms amplitude 1.0-Hz He band EMIC waves were also
observed by THEMIS E from 08:45 to 08:48 UT 3 June 2013 as the spacecraft passed outbound near L = 4.1 and
00:25 MLT.

Figures 10e and 10f show that numerous EMIC wave events were recorded worldwide during this stormtime
interval by ground-based induction coil magnetometers and by the POES spacecraft. We focus here on the
four intervals of intense ground activity indicated by the red bars in Figure 10d.

4.2.1. 05:00 to 09:00 UT 31 May

Strong 0.35-Hz EMIC waves were observed at Ivalo (L = 5.6) and Sodankyla (L = 5.2), Finland, from 05:00 to
05:30 UT, and strong 0.2-0.8-Hz waves were observed at the lower latitude CARISMA stations Pinawa
(L =4.00) and Thief River Falls (L = 3.54) from 05:00 to 09:00 UT. Intense 0.5-1.2-Hz EMIC waves were observed
at Halley from 05:30 to 06:30 UT, but because only one station was available, the location of the waves in
L was uncertain. Despite the widespread and strong EMIC wave activity, no depletions appeared in
the TRBEC (Figure 10g) or in any of the electron energy channels shown in Figures 10h-10j between
02:00-06:00 UT and 06:00-10:00 UT.

4.2.2, 13:00 UT 31 May to 01:00 UT 1 June

Strong and/or intense EMIC waves were observed by ground-based induction magnetometers at
several longitudes between 13:00 31 May and 01:00 UT 1 June. Intense waves were observed at Halley
(L = 4.70), especially between 16:00 and 18:00 UT. Data from the Finnish chain indicated that waves
in the Scandinavian sector between 13:00 and 24:00 UT were above L = 4, and data from the
CARISMA array indicated that waves in the Canadian sector between 16:00 and 24:00 were localized
between L = 5 and 7.

A moderately close ground-satellite conjunction occurred late on 31 May (not shown). As shown in Figure 11,
Van Allen Probe B observed strong 0.2-0.3-Hz He band EMIC waves (up to 3.5-nT rms) at L = 5.8-5.6 in a
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Figure 11. Van Allen Probe B Electric and Magnetic Field Instrument Suite and Integrated Science magnetic field data and
Electric Fields and Waves plasma density data from 18:30 to 20:30 UT 31 May 2013 as in Figure 6. UT = universal time; MLT =
magnetic local time; MLAT = magnetic latitude.

region with plasma density near ~30 cm™2 as it passed near its apogee over the Kola Peninsula northeast of
Finland from 19:20 to 20:10 UT, part of the interval between 19:00 and 23:00 UT when 0.1-0.4-Hz EMIC waves
were observed at Ivalo (L = 5.84). Probe A passed slightly westward (20-min MLT) of Probe B at nearly the
same latitude but saw very little EMIC wave activity. There were no other good conjunctions between
Probes A and B and ground-based induction magnetometers on this day.

There was only a slight decrease in TRBEC between 12:00 and 20:30 UT 31 May (Figure 10q).
Significant decreases in 4.2- and 5.2-MeV ultrarelativistic electron flux occurred between 14:00-18:00 and
18:00-22:00 UT (Figures 10i and 10j), but only a slight decrease was evident in the 2.6-MeV electron channel

(Figure 10h). Fluxes between L = 5 and 6 decreased in all three energy ranges but again were more significant
in the higher energy channels (Figures 10i and 10j). Fluxes in all three channels also decreased from
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Figure 12. Phase space densities (PSDs) observed by Van Allen Probe B between
04:10 and 22:00 universal time 31 May 2013 as in Figure 8. The filled circles were
manually chosen to correspond to the closest point in time when valid PSD
observations were available near the L* = 5.5. RBSPB = Radiation Belt Storm
Probe B. REPT = Relativistic Electron-Proton Telescope.

18:00-22:00 UT to 22:00-02:00 UT on 1 June at L shells above ~4.8,
again with more significant decreases in the higher energy channels.

The phase space density profiles shown in Figure 12 appear to confirm
these depletions: the trace at 20:20 UT shows a depletion between
L* = 4.5 and 5.8 (the apogee during this pass). The normalized pitch
angle plots shown in Figure 13 are also consistent with the EMIC waves
being the source of these depletions: energy-dependent narrow peaks
at 90° in the 12-24 UT 31 May time bin were evident in the L* = 4.8 and
4.4 panels, but the distribution at L* = 3.8 was much less tightly loca-
lized at the higher energies. However, there was no clear deepening
minimum in phase space density at a specific L* value, and narrowing
in the pitch angle distribution can be caused by adiabatic effects asso-
ciated with magnetotail stretching, which is more prevalent at higher
L*. Hence, although the phase space density depletion and pitch angle
distribution narrowing may be related to EMIC wave scattering, this
cannot be confirmed using the Van Allen Probes data alone.

An order-of-magnitude drop in TRBEC between 20:30 31 May and 12:00
1 June UT (Figure 109) is also reflected in the drop in electron flux
shown in Figures 10h-10j during this same interval. There was very
little EMIC activity after 01:00 UT on 1 June, during the main phase of
the storm, and that activity was weak. The absence of any EMIC signa-
ture, such as narrowing of the flux peak to near 90° in the pitch angle
distribution plots in Figure 13 on this day or in phase space density
plots (not shown), is consistent with the conclusion of Kang et al.
(2018), based on a comparison of Van Allen Probes observations with

the outputs of the CIMI model, that the sudden deep drop in TRBEC and in fluxes in all three energy
channels during this interval was caused by magnetopause shadowing and drift loss.

4.2.3. 21:00 UT 2 June to 02:00 UT 3 June

Between 21:00 and 24:00 UT (18-21 MLT) on 2 June, Halley observed intense 0.1-1.0-Hz waves and between
01:00 and 02:00 UT (22-23 MLT) on 3 June strong 0.8-1.2-Hz waves. Two nearby POES passes provided infor-
mation on the L shells on which these waves occurred. NOAA 15 observed intense proton precipitation at
22:34 UT at L = 4.1 on a south polar pass 2 hr west of Halley. Although the flux of this event may thus be
unreasonably high because the pass was within the South Atlantic Anomaly (and thus this event is not
included in Figure 10f), it still provides corroboration of the Halley EMIC wave observation. A MetOp 1 pass
2 hr west of Halley in MLT observed moderately strong precipitation at L = 3.7 at 01:26 UT.

Figure 14 shows 0- to 1-Hz magnetic field spectrograms from Van Allen Probe B (Figure 14a) and Halley,
Antarctica (Figure 14b), from 22:00 to 24:00 UT 2 June 2013. During this interval, both Van Allen Probes A
and B passed very near Halley, Antarctica, as they approached their apogee (Figure 14c). Both probes
observed only modest EMIC activity for ~10 min near 22:40 UT, but Halley observed multiple wave bands
for over an hour, from 22:23 to 23:35 UT: the same wave band (0.35 Hz) as observed at Probes A and B, an
intense higher frequency band (0.4-0.6 Hz), and a somewhat weaker band at even higher frequencies
(0.8-1.3 Hz). Comparison of these spectrograms suggests, in light of the NOAA 15 observations of intense
proton precipitation, that the 0.4-0.6-Hz EMIC waves observed at Halley originated on L shells somewhat
lower than those traversed by the Van Allen Probes.

Figure 10g shows very little change in TRBEC between 18:00 2 June and 06:00 3 June UT, consistent with
little or no decrease in the electron flux in the 2.6-MeV channel (Figure 10h), but decreases were observed
over a broad L range during this interval in the 4.2- and 5.2-MeV energy channels (Figures 10i and 10j).
Figure S3 shows phase space density profiles from 04:25 UT 2 June through 21:55 UT 3 June for
K = 0.1 G%° Re. Unfortunately, the profile at the time of these flux decreases (04:35 UT), extended only
inward from L* = 3.6 because of the far off-equatorial location of both Van Allen Probes (nearly 19°), which
were in nearly coincident orbits at the time. Figure S3 does show a flattening of the profiles during the
22:25 UT pass between L* = 3.6 and 4.2 and a steepening between L[* = 4.2 and 4.4, with the lowest
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Figure 13. Normalized pitch angle distributions of Van Allen Probes Relativistic Electron-Proton Telescope data at L* = 3.8,
4.4, and 4.8 from 31 May to 5 June 2013 for electrons with energies of 1.8, 2.6, and 4.2 MeV, using the TS07d magnetic field
model.
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Figure 14. Composite figure showing spectrograms of the radially outward transverse component of Electric and Magnetic
Field Instrument Suite and Integrated Science magnetic field data from Van Allen Probe B (a) and the north-south com-
ponent of induction coil magnetometer data from Halley, Antarctica, from 22:00 to 24:00 UT 2 June 2013 (b) and a map
showing the Southern Hemisphere magnetic footprint of Van Allen Probe B from 21:00 to 24:00 UT 2 June 2013 (c). The
position of Halley is indicated by the blue circle. UT = universal time.

values in the L* range between 3.6 and 4.5. This is roughly consistent with the timing and L range of the
EMIC activity in the Halley and POES data. Figure 15 shows phase space density profiles for K = 0.2 G**
Re, which do include data for a full pass during the time of the missing data in Figure S3. This figure and
a very similar one for Probe B (not shown) both showed a clear minimum in phase space density
between L* = 3.6 and 4.1 during the 04:20 UT pass that was fully filled in by the time of the 07:40 UT
pass. The times of both this minimum and the subsequent recovery match the time of the minimum flux
values and subsequent increase in Figures 10i and 10j. The pitch angle distributions shown in Figure 13
from 0 to 12 UT on 3 June at L* = 3.8 and 4.4 were narrower than those for the previous 12 hr, but the
narrowing was only slightly greater for higher energies.

4.2.4. 06:00 UT to 18:00 UT 3 June

Intense 0.7-1.5-Hz EMIC waves were observed between 03:00 and 15:00 UT (21:00-09:00 MLT) at the two
lowest latitude CARISMA stations, Thief River Falls (L = 3.54) and Pinawa (L = 4.00), and intense waves with
similar but gradually rising frequencies were observed at Halley from 13:00 to 18:00 UT (10:00-15:00 MLT).
Waves were also observed at East Asian and Russian stations. Numerous intense POES precipitation events
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were recorded during this same interval, beginning near L = 3.5 at 06:00
UT and rising gradually to L = 5.5 near 23:00 UT.

Although little increase in TRBEC was observed during this interval
(Figure 10g), REPT data in Figures 10h—10j shows that fluxes in all three
channels increased above L = 3.5 from 02:00-06:00 UT to 06:00-10:00
UT and continued to increase through 14:00-18:00 UT, indicating the
presence of flux enhancement processes that might counteract any
EMIC-related losses, but these panels also reveal a narrow L range cen-
tered near 4.2 with lower flux levels in the 4.2- and 5.2-MeV channels
that persisted until the end of the day. The phase space densities in
Figure 15 during 3 June continued to show a flattening of the profiles
between L* = 3.6 and 4.2 and a steepening between L* = 4.2 and 4.4,
and the pitch angle distributions in Figure 13 show that the narrowing
at 4.2 MeV increased at L* = 3.8, 4.4, and 4.8 from the first half of 3 June
through the second half and showed only a modest broadening at

4.3. Stormtime Enhancement: 17-19 March 2013

Baker et al. (2014) provided the context for this event, presenting
changes in both multi-MeV electron flux and phase space density
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Figure 15. Phase space densities (PSDs) observed by Van Allen Probe A between
04:40 universal time 2 June 2013 and 21:55 universal time 3 June 2013 as in
Figure 8 but for K=0.2 1 G*° Re. The filled circles were manually chosen to
correspond to the closest point in time when valid PSD observations were
available near L* = 4.1. RBSPA = Radiation Belt Storm Probe A; REPT = Relativistic
Electron-Proton Telescope.

changes during March 2013 as well as 2.8-MeV electron flux from
12:00 UT 16 March through 00:00 UT 19 March, and Foster et al.
(2014) provided details of the acceleration process, in particular that
the acceleration occurred outside the plasmapause. Several papers
have also presented simulations of the depletion and enhancement
that occurred during this interval. Ukhorskiy et al. (2015) simulated
the depletion that occurred at the beginning of this event near 06:00
UT on 17 March and concluded that losses for L > 5 were related to
transport across the magnetospheric boundary, and losses for L < 5

were related to adiabatic processes. Z. Li, Hudson, et al. (2014) showed that although radial diffusion alone
was consistent with observations for three of four enhancements in phase space density during the month
of March 2013, an additional, local acceleration mechanism would be needed in order to match observations
during the 17 and 18 March enhancement. W. Li, Thorne et al. (2014) simulated the effects of whistler-mode
chorus observed by the Van Allen Probes during this enhancement and found very good agreement between
simulated and observed electron phase space density near the location of its radial peak. Xiao et al. (2014)
calculated drift and bounce-averaged diffusion coefficients based on observed chorus spectra and used
them in numerical simulations to demonstrate that the observed lower-band chorus waves could cause
the observed increase in electron fluxes within 15 hr. Wang et al. (2017) concluded that the rapid enhance-
ment of radiation belt flux resulted from the combination of transport by radial diffusion of a seed electron
population and subsequent local acceleration driven by chorus waves, and Ma et al. (2018), who incorporated
both local electron heating by chorus waves and radial transport in their simulation, concluded that resonant
interaction with chorus waves was the dominant process that accounted for the electron flux enhancement,
particularly near the location of the flux peak.

Figure 16a shows a sudden jump in solar wind pressure associated with an interplanetary shock near 06:00 UT
on 17 March from ~1 nPa to over 7 nPa. This increase, along with a sharp southward deflection of the inter-
planetary field (Bz fell rapidly from —4 nT at 05:40 UT to —10 nT at 06:00 UT), was reflected almost immedi-
ately in an increase in the AE index from below 100 nT to over 1,000 nT (Figure 16b), and a jump in SYM/H
from 10 to +35 nT (Figure 16c¢). The AE index remained steady near 50 nT from the beginning of 18 March
until it rose again at 19:00 UT 19 March, but Psw increased by 50% or more above 1.5 nPa during several

intervals during these days.

THEMIS E observed a 5-nT rms amplitude 0.5-Hz He band EMIC wave at 07:46 UT 17 March as it passed L = 6.6
outbound near 06:12 MLT (Figure 16d). GOES 13 observed moderate intensity 0.6-0.95-Hz H band EMIC
waves from 16:50 to 18:20 UT (11:50-13:20 MLT) 18 March, strong 0.4-Hz He band waves from 18:10 to
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March 17-19, 2013: Stormtime Enhancement
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Figure 16. Same as Figure 5, for the stormtime enhancement interval from 17 through 19 March 2013. The red bars in (d)
indicate intervals of ground-based observations of intense electromagnetic ion cyclotron waves. POES = Polar Operational
Environmental Satellite; TRBEC = total radiation belt electron content.

18:40 UT (13:11-13:41 MLT) 19 March, and strong 0.4-0.5-Hz H band waves from 23:20 to 23:30 UT
(18:10-18:20 MLT) 19 March, each during intervals of greatly or slightly increased Psw. However, only
during the second half of 17 March were any waves observed by equatorially orbiting spacecraft below
L = 6. One intense wave event (6.2-nT rms amplitude, 3.5 Hz) was observed by Van Allen Probe A near
L =25 and 5.1 MLT at 18:25 UT, and two moderate-amplitude waves were observed near L = 2.9: 1.0 nT
rms amplitude, 2.2-3.7 Hz by Probe B from 17:00 to 17:15 UT near 4.5 MLT, and 0.6 nT rms amplitude,
1.5 Hz by Probe A at 2010 UT near 21.2 MLT. Probe B also observed 0.7 nT rms amplitude 0.5 Hz waves
near L = 4.4 and 2.5 MLT at 16:05 UT.

Many EMIC wave events were recorded during this interval by ground-based induction magnetometers and
POES proton detectors (Figures 16e and 16f), and in many instances, mostly on the dayside, there was a good
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Figure 17. Normalized pitch angle distributions of Van Allen Probes Relativistic Electron-Proton Telescope data at L* = 4
from 17 to 20 March 2013 for electrons with energies of 1.8, 2.6, and 4.2 MeV, using the TS07d magnetic field model.

correspondence in universal time and in L shell between the induction magnetometer and POES
observations. Details of these observations can be found in the hourly L versus MLT tables and will not be
repeated here.

Figures 16g-16j show two enhancements in relativistic electron fluxes during this 3-day interval, an order
of magnitude enhancement in TRBEC during the second half of 17 March and a smaller enhancement
near 18:00 UT 18 March (much less evident in the TRBEC trace, which indicates that more of the increase
was at higher energies). Four intervals of intense ground activity are indicated by the red bars in
Figure 16d, two each on 17 and 19 March. All four of these were associated with modest flux drops in
the more energetic channels shown in Figures 16i and 16j, but there was little evidence for the action
of EMIC waves in narrowing the pitch angle distributions of ultrarelativistic electrons (Figure 17) during
the first two events.

Gradual depletions of flux were evident from 00:00 to 18:00 UT on 18 March in all the energy ranges shown in
Figures 16h-16j, consistent with a similar gradual drop in TRBEC. Although there was also considerable EMIC
activity on this day, none of the EMIC waves observed on the ground had large amplitude. Only at Nurmijarvi,
Finland (L = 3.44), was there intermittent wave activity with modest amplitude on 18 March, between 08:00
and 20:00 UT. Because none of the higher latitude stations in the Finnish chain (at L = 4.56 and above)
observed this activity, its location is marked in Figure 16e with a broad yellow band centered at L =3.44. A
more precise location of this event in L is provided by NOAA 19, which was traveling northward at 12.8
MLT (0.4-hr MLT east of Nurmijarvi, over western Russia) and observed a very intense precipitation burst
(1.2 x 10° counts (cm? s sr)~" in the 30-80-keV channel) between 10:22 and 10:23 UT between L = 3.91
and 4.06. The effect of this EMIC wave activity may be evident in drops in flux between L = 3.5 and L = 4.5
in the 4.2- and 5.2-MeV channels (Figures 16i and 16;j) from 10:00-14:00 UT to 14:00-18:00 UT that were
not accompanied by any drop in the 2.6-MeV channel.

Near the beginning of 19 March, more intense EMIC wave activity occurred and resulted in a drop in ultrare-
lativistic electron flux from 22:00 18 March-02:00 19 March to 02:00-06:00 19 March that was most promi-
nent between L = 4.0 and 4.5 at in the 5.2-MeV channel but also evident between L = 4.5 and 5.5 in the
lower energy ranges. After two 4-hr intervals showing flux increases in all three energy channels, another
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Figure 18. Phase space densities (PSDs) observed by Van Allen Probe A between
06:00 universal time 18 March and 17:40 universal time 19 March 2013 as in
Figure 8. The filled circles were manually chosen to correspond to the closest
point in time when valid PSD observations were available near L* = 4.0.

RBSPA = Radiation Belt Storm Probe A; REPT = Relativistic Electron-Proton
Telescope.

March and 14:00-18:00 UT 19 March in approximately the same
L range.

Figure 17 shows a plot of the normalized equatorial pitch angle dis-
tribution at 12-hr resolution of electron number fluxes at L* = 4 in
the same format as Figure 9, based on the TS07d magnetic field
model. During the first half of 17 March, plots using all three mag-
netic field models showed broad maxima between 60° and 120° in
all three energy ranges. The complex distributions in all three chan-
nels during the second half of 17 March, corresponding to the deep
flux dropouts shown in Figures 16h-16j, may be statistical artifacts
associated with low count rates. During the first half of 18 March,
the pitch angle distributions in all three energy ranges were some-
what peaked near 90° but more narrowly peaked at 4.2 MeV, and
they became significantly narrower in all three energy ranges during
the second half of that day. The narrow peak near 90° in the 4.2-MeV
energy range continued with only a slight broadening during the first
half of 19 March, even while the peak became significantly broader in
the two lower energy ranges. These energy-dependent differences in
pitch angle distributions patterns are evidence of the influence of
EMIC waves during 19 March (and possibly during the latter half of
18 March) but also indicate the probable influence of other wave-
related processes. Figure 18 shows a plot of phase space densities
of ultrarelativistic electrons with x = 3,500 MeV/G and K = 0.1 G**
Re observed by Van Allen Probe A during its passes from 06:00 UT
18 March through 17:40 UT 19 March 2013. Both this plot and a simi-
lar plot of Van Allen Probe B data (Figure S3) show a sequence of a

depletion, recovery, and second depletion. The sequence of black, dark blue, and medium blue traces
from 06:00 to 14:45 UT shows a broad drop between L = 3.8 and 4.8. The light blue and dark green traces
at 20:15 and 23:50 UT on 18 March show that the phase space density levels returned to their earlier
higher levels, and the light green, yellow, orange, and red traces show a second and more localized deple-
tion between L = 3.7 and 4.3 from 05:35 to 17:40 UT on 19 March. There are gaps in the 08:50 UT (yellow)
trace, but there is still a clear dip in the phase space density during this pass. Figure 18 also shows
evidence of a deepening of this minimum near 17:00 UT, which correlated with the stronger of the two
POES precipitation events shown in Figure 2. A similar plot for relativistic energies (Figure S4) showed that
there was no minimum near L = 4 at these energies at least until 17 UT 19 March.

4.4. Nonstorm Enhancement: 19-21 September 2013

Ma et al. (2018) simulated the radiation belt fluxes during this event and found, by comparing the effects of
local electron heating by chorus waves and radial transport, that radial diffusion by ultralow frequency waves
played a dominant role in driving this enhancement at least within the Van Allen Probes orbits (L < ~6).

Figures 19a-19c provide the geomagnetic context for this event. The solar wind dynamic pressure was below
2 nPa during all parts of this interval except between 08:00 and 10:00 on 19 September (Figure 19a). AE also
exhibited a short rise to 1,600 nT during this interval but remained below 500 nT for most of the interval and
was often below 100 nT (Figure 19b). The SYM-H index remained between —30 and 0 nT during the entire

3-day interval.

There was considerably less EMIC wave activity during this event than during the others. Only three
EMIC wave events were recorded by spacecraft during this event (Figure 19d). GOES 13 observed a
0.7-nT rms amplitude, 0.1-0.3-Hz He band wave at L = 6.8 between 22:40 and 23:20 UT on 19
September. Van Allen Probe A observed 6.4-nT rms amplitude, 0.3-0.4-Hz He band waves simultaneous
with similar amplitude 0.5-0.6-Hz H band waves between 03:44 and 03:50 UT at its apogee (L = 5.8)
at 18.1 MLT. Probe B observed strong 5.6-nT rms amplitude 0.2-0.3-Hz He band waves but only weak
H band waves, between 08:40 and 08:55 UT near its apogee (L = 5.9) at 17.9 MLT. Ground-based
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September 19-21, 2013: Non-storm Enhancement
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Figure 19. Same as Figure 5, for the nonstormtime enhancement interval from 19 September through 21 September 2013.
The red bar in (d) indicates an interval of observations of intense electromagnetic ion cyclotron waves by the Van Allen
Probes. POES = Polar Operational Environmental Satellite; TRBEC = total radiation belt electron content.

induction magnetometers at several locations recorded EMIC waves during this 3-day interval
(Figure 19e), but none were intense, and Figure 19f shows that only two high-L POES proton
precipitation events were observed.

Figure 199 reveals a factor of 3 increase in TRBEC during the first 8 hr of 19 September, which is reflected
in a strong increase in the 2.6-MeV electron flux at L > 5 (Figure 19h) and steady fluxes during the remain-
der of the interval. The intense EMIC waves observed by both Van Allen Probes near L = 6 between 00:00
and 06:00 UT on this day might be expected to cause significant depletions of the most energetic radia-
tion belt fluxes, but instead, the fluxes even in the 4.2-MeV energy range increased between 02:00-06:00
UT and 10:00-14:00 UT. Consistent with this increase, plots of phase space densities of both ultrarelativistic

ENGEBRETSON ET AL.

6417



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Space Physics 10.1029/2018JA025505

Table 3

Upper Bound of the Normalized Frequency of Electromagnetic lon Cyclotron Waves Observed by Van Allen Probes A and B
During the Four Geospace Environment Modeling Quantitative Assessment of Radiation Belt Modeling Challenge Events,
Magnetic Latitude of Observation, and Values Extrapolated Along the Magnetic Field Line to the Position of Minimum |B|
Using Three Different Magnetic Field Models (Tsyganenko, 1989; Tsyganenko & Sitnov, 2005, 2007)

Date ut S/C Brms (nT) fu/fie MLAT Equatorial f,/fye
17 March 16:00 B 0.7 0.56 —0.8 0.566-0.568
17 March 17:05 B 1.0 047 4.8 0.476-0.478
17 March 18:25 A 6.2 0.51 34 0.516

17 March 20:10 A 0.6 043 —7.6 0.508-0.521
31 May 19:35 B 2.1 0.48 49 0.618-0.802
31 May 20:05 B 36 047 55 0.590-0.957
2 June 01:43 B 1.5 0.45 9.2 0.495-0.501
2 June 01:56 A 1.5 0.54 9.8 0.588-0.594
2 June 13:40 B 3.1 0.84 —36 0.845-0.852
2 June 13:45 A 0.6 0.81 —34 0.820-0.826
2 June 22:40 B 1.1 0.29 14.2 0.424-0.486
2 June 22:48 A 22 041 14.7 0.612-0.701
19 September 03:50 A 6.4 0.92 4.7 0.964-0.982
19 September 08:50 B 5.6 0.69 —5.8 0.761-0.788
24 September 11:45 A 1.2 0.62 —124 0.971-1.218
24 September 12:48 A 16.4 0.47 —15.6 0.721-0.793
24 September 13:22 B 2.2 0.93 13 0.937-0.939
24 September 16:56 A 29 0.80 7.8 0.874-0.906

Note. MLAT = magnetic latitude; UT = universal time.

electrons (3,500 MeV/G; Figure S5) and relativistic electrons (700 MeV/G; Figure S6) showed similar
depletions at 06:45 UT above L = 4.8, but at all later times during these 3 days, the phase space
densities in both u ranges increased with L* from 3 to 5.5. This suggests that any EMIC wave-related
depletion effects were overcome by enhancement processes.

5. Normalized Frequencies

Gyroresonant interactions of relativistic electrons with EMIC waves are expected to have a much lower
energy threshold when the wave frequency is near an ion gyrofrequency (e.g., Figure 3 of Summers &
Thorne, 2003). Table 3 shows the upper bound (10% of peak) of the normalized frequency (f,/fye) of the
waves observed by the Van Allen Probes during each of the challenge events, traced along the magnetic field
line to the position of minimum |B| using three different magnetic field models: T89 (Tsyganenko, 1989), TS05
(Tsyganenko & Sitnov, 2005), and TS07D (Tsyganenko & Sitnov, 2007).

All four of the wave events observed on 17 March 2013 had upper bounds near ~0.5 f,, suggesting they
would have resonance only above ~4 MeV. As noted above, flux depletions were observed during these
events, but at L shells that corresponded to dayside POES events rather than these nightside Van Allen
Probe events.

The EMIC waves observed by the Van Allen Probes on 31 May 2013 had upper frequency ratios at or above 0.8
and were associated with a decrease in relativistic electron fluxes. Waves observed near L = 2.5 and 02:00 UT
on 2 June 2013 had low equatorial frequency ratios and weak amplitudes; relativistic electron fluxes in this L
shell region were very low, so the effectiveness of these waves is not evident in Figure 10. Waves observed
near 14:00 UT on 2 June were also weak but had an upper frequency ratio above 0.8. Relativistic electron
fluxes were unaffected or even increased during this interval. Waves observed near 23:00 UT again had
low ratios and only moderate amplitudes. As noted above, however, the Van Allen Probes missed the strong
EMIC wave activity at this time which occurred at higher frequencies and presumably at lower L values.

The EMIC waves observed by the Van Allen Probes during 19 September 2013 above L = 5.8 had large ampli-
tude and large frequency ratios, but again, the fluxes of the higher energy electrons were weak, so they
appeared to have no effect.

ENGEBRETSON ET AL.

6418



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Space Physics 10.1029/2018JA025505

During the 23-26 September 2013 storm interval, the equatorial f,/fe ratio was high in all cases. The ratio
for the 24 September, 12:48 UT wave event was somewhat lower, but as Su et al. (2016) showed in their
Figure 8, the amplitude of this wave was so large that even at the 1% level significant power was present
up to 98% of the helium gyrofrequency.

6. Discussion

Narrowing of pitch angle distributions toward 90° has been confirmed as a consequence of EMIC wave activ-
ity both in recent modeling results (Kersten et al., 2014; Ni et al., 2015; Su et al., 2016; Usanova et al., 2014) and
in observations (Engebretson et al., 2015; Shprits et al., 2016; Usanova et al., 2014; Xiang et al., 2017; X.-J.
Zhang, Tu et al., 2016), but as X.-J. Zhang, Li et al. (2016) pointed out, narrowing of observed pitch angle dis-
tributions can occur even without the presence of EMIC waves in cases of drift shell splitting. We note also
that because EMIC waves cannot by themselves cause scattering of electrons with pitch angles near 90°, they
cannot cause precipitation of the bulk of these populations, so phase space densities would be expected to
be only modestly reduced by EMIC waves, regardless of their intensity. However, the combined action of
EMIC and whistler mode chorus waves to produce rapid dropouts of electrons with energies above
~2 MeV has been demonstrated in simulation studies by Mourenas et al. (2016) and confirmed in observa-
tions using simultaneous Van Allen Probes and THEMIS data by X.-J. Zhang, Mourenas et al. (2017). This com-
bination of wave effects was also invoked by Boynton et al. (2017) as the cause of the rapid precipitation
losses of 1-10-MeV electrons observed by Global Positioning System satellites. The depletion events identi-
fied here in association with EMIC waves all show localized phase space depletions as well as at least modest
narrowing of the pitch angle distributions, again consistent with the combined action of EMIC and whistler
mode waves, but it is beyond the scope of this paper to confirm the existence of that combination in each
of these events.

The events studied here have indicated that EMIC waves appear to have major, minor, or in some cases, little
or no, effects on the fluxes, phase space densities, and/or pitch angle distributions of radiation belt electrons.
Two instances of extended dropouts were clearly associated with EMIC waves both temporally and spatially.
The first, during the nonstorm dropout interval described in section 4.1, began near 12:00 UT on 24
September 24 and continued at least through the end of 26 September. The second, which occurred during
the end of the stormtime enhancement interval described in section 4.3, began near the beginning of 19
March and continued later that day. In both cases, phase space density plots of ultrarelativistic electrons
showed localized depletions and narrowed pitch angle distributions peaked at 90° near L* ~ 4, while lower
energy relativistic electrons showed no depletions or narrowing.

EMIC wave activity was associated with more localized and short-lived depletions between 14 and 24 UT on
31 May (centered near L* = 5.2 and 4.8), between 22 UT 2 June and at least 06 UT 3 June (between L*=3.6 and
4.1), and between 12 and 18 UT on 18 March (between L* = 3.5 and at least 4.2), but EMIC waves observed
between 06 and 10 UT and between 16 and 20 UT 17 March, between 05 and 09 UT 31 May, between 08
and 18 UT 3 June, and between 03 and 08 UT 19 September, evidently had lesser or no effects on
ultrarelativistic electrons.

For some events, EMIC waves may be observed at times when local minimums are not seen in the data, or
vice versa, as a result of competing mechanisms (Aseev et al., 2017). It is beyond the scope of this study to
examine the other mechanisms that might counteract the effect of EMIC waves during these latter cases,
but we hope that the information provided here will be useful to both modelers and those who can examine
and characterize these other mechanisms. Generally, looking at higher L* data using the dips&PAD methodol-
ogy can be questionable, and it is best applied at lower L* where one can more easily rule out these other
effects (e.g., Shprits et al., 2016).

It is difficult to identify a clear EMIC wave amplitude threshold that distinguishes intervals of phase space
density depletions. Most of the intervals of EMIC-induced depletion were identified using ground-based data;
ducting effects and frequent lack of calibrations made it impossible to infer in situ amplitudes from these
observations. Although some of the intervals of most intense EMIC wave activity were clearly associated with
localized depletions of ultrarelativistic electrons, other intervals of intense waves were not. On the other
hand, the interval on 18 March that was associated with a phase space density depletion was associated with
only moderate amplitude EMIC waves. The situation is complicated because of the presence of multiple
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mechanisms that can accelerate or deplete the radiation belts, as well as the limited spatial coverage of both
spacecraft and induction coil magnetometers during these challenge events. Based on the events presented
here, a reasonable estimate of an EMIC wave amplitude threshold, most applicable below L* ~ 5, is that in situ
rms amplitudes >2 nT may be expected to cause detectable depletions.

The impact of EMIC wave activity at or below L = 3 has rarely been examined, in part because many fluxgate
magnetometers on magnetospheric spacecraft switch to a lower sensitivity range in regions of larger |B| (e.g.,
Anderson et al., 1992; Meredith et al., 2003). Fortunately, the EMFISIS fluxgate instruments on the Van Allen
Probes do not change ranges until L ~ 2. This study has identified five EMIC wave events in Van Allen
Probes data in this L range, early on 2 June and during the last half of 17 March, all with moderate to large
amplitude. Discussion of these events, including their apparent lack of influence on ultrarelativistic electrons
on 17 March, will be deferred for future work.

Several of the intervals of intense EMIC wave activity identified in this study that were effective in depleting
ultrarelativistic electrons occurred during intervals of high or increasing Psw or injections of plasma from the
magnetotail (indicated by increases in the AE index). Increases in both Psw and AE were associated with the
EMIC waves on 24 September and on 17 March. The EMIC wave events observed on 31 May and 19 March
were associated with only modest increases in Psw and little or no increase in AE, and the wave events
observed on 3 June were associated with modest increases in AE. This pattern is consistent with a number
of observational studies, including most recently the superposed epoch analysis of Tetrick et al. (2017), which
showed that EMIC wave onsets observed by the Van Allen Probes occurred on average within 2 hr of
increases in Psw and/or AE. Drozdov et al. (2017) compared the effectiveness of parameterizing EMIC waves
in the Versatile Electron Radiation Belt model using several geophysical variables and indices and found that
using increased solar wind dynamic pressure provided a better agreement with observations of ultrarelativis-
tic radiation belt fluxes and local minima in phase space density profiles than using other variables (Kp, Dst,
AE, and Vsw).

7. Conclusions

Although the primary purpose of this paper is to present EMIC observations during the GEM QARBM chal-
lenge intervals so that modelers can incorporate actual EMIC data rather than parameterized values in their
models, we have also compared this EMIC data set to relativistic and ultrarelativistic electron data from the
Van Allen Probes. These comparisons revealed two examples of depletions of ultrarelativistic electrons con-
sistent with all of the accepted predictions of the effects of EMIC waves: depletions in phase space densities
and pitch angle distributions more narrowly peaked near 90° that were localized in L* to the same regions
where the waves were observed. These characteristics were typically observed most clearly between
L* = 3.5 and 4.5*. Although observed depletions up to even L* = 6 are consistent with the EMIC wave obser-
vations presented here, it becomes increasingly difficult to exclude the effects of outward radial diffusion at
these higher L* values. Other EMIC events, with ostensibly similar wave amplitude, had more short-lived
impacts or even no impact on ultrarelativisic electron distributions. The fact that non-adiabatic loss of elec-
trons did not occur in every case during which strong or even intense EMIC waves were observed highlights
the need for multipoint observations and careful analysis in order to provide sufficient evidence to delineate
between dominant source, transport, and loss processes in the Earth’s radiation belts.

This study has also demonstrated that the combination of wave data from equatorially orbiting satellites and
ground-based search coil magnetometers, along with POES proton precipitation data, gives a significantly
more complete picture of EMIC wave occurrence in the region of the outer radiation belt than that available
from in situ spacecraft observations alone. However, because of the limitations in local time and L shell cover-
age of ground-based induction magnetometers and POES spacecraft, the available data may still provide a
less than complete picture of EMIC wave activity during the four GEM QARBM challenge intervals. The long-
itudinal coverage of ground-based induction magnetometers has been significantly augmented since 2013,
most notably thanks to efforts by the PWING/ARASE group at Nagoya University (Shiokawa et al., 2017) and
the addition of three U.S. instruments in Antarctica (2) and Canada, so studies of radiation belt enhancements
and depletions occurring more recently may benefit from considerably more complete coverage. However,
obtaining spatially complete data with accurate, calibrated amplitude information on EMIC wave activity in
the radiation belts is likely to remain elusive because of the spatially limited nature of many EMIC events,
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