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Highlights:

In situ plasma measurements cannot reproduce observed wBIIE€ amplitudes.
* Inner magnetosphe#s,, distributions are asymmetric in MLT.

» A, decreases in the presence of EMIC waves.

* Anp provides more “free energy” th#ane Or Ano

* A, must be increased (2 — 4 times measured valueptwate EMIC wave amplitudes.
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Abstract:

We perform a statistical study calculating electagmetic ion cyclotron (EMIC)
wave amplitudes based off situ plasma measurements taken by the Van Allen Probes’
(1.1 to 5.8 R) Helium, Oxygen, Proton, Electron (HOPE) instruméalculated wave
amplitudes are compared to EMIC waves observetié¥tectric and Magnetic Field
Instrument Suite and Integrated Science on boa&®&#n Allen Probes during the same
period. The survey covers a 22-month period (1 Kdyer 2012 to 31 August 2014), a
full Van Allen Probe magnetic local time (MLT) pession. The linear theory proxy was
used to identify EMIC wave events with plasma ctiods favorable for EMIC wave
excitation. Two hundred and thirty-two EMIC waveeats (103 H-band and 129 He
band) were selected for this comparison. Nearlgwits selected are observed beyond
L = 4. Results show that calculated wave ampliteketusively using then situ HOPE
measurements produce amplitudes too low compardatobserved EMIC wave
amplitudes. Hot proton anisotropif) distributions are asymmetric in MLT within the
inner L < 7) magnetosphere with peak (minimu#g), ~0.81 to 1.00 (~0.62), observed
in the dawn (dusk), 0000 < ML 1200 (1200 < MLT< 2400), sectors. Measurements
of Anp are found to decrease in the presence of EMIC \aatreity. A,, amplification
factors are determined and vary with respect to&Mave-band and MLT. Heband
events generally require double (quadruple) thesomealA, for the dawn (dusk) sector

to reproduce the observed EMIC wave amplitudes.
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1.

Introduction

Electromagnetic ion cyclotron (EMIC) waves are PZ dulsations (0.1 — 5 Hz)
that play an integral role in manipulating partidigmamics within the Earth’s
magnetosphere. Through wave-particle interactiBMiC waves may: scatter relativistic
electrons (Jordanova et al., 2008; Lyons et al21Meredith et al., 2003; Thorne and
Kennel, 1971), cause ring current protons to pretg (Burch et al., 2002; Jordanova et
al., 2001; Usanova et al., 2010; Xiao et al., 2@17,1), and heat heavy ions (Zhang et
al., 2011, 2010). EMIC waves have also been adsakcigith the appearance of isolated
auroral arc events (Sakaguchi et al., 2008), cusfp aurora events (Xiao et al., 2013),
and traveling convection vortices in the Earth’ggmetosphere (Engebretson et al., 2013;

Lockwood et al., 1990).

EMIC waves are generated when hot (10 — 100 kelspamopic ", /T > 1) ions
(usually H) overlap with cold dense plasma populations (Cathw965; Kennel and
Petschek, 1966). The hot anisotropic ion populatnovide the “free energy” necessary
for EMIC wave growth (Cornwall, 1965; Rauch and Rol982). The presence of cold
heavy ions (i.e., Heand Q) influence the formation of EMIC waves by enhangdine
wave growth rate and lowering the threshold forEMIC instability (Horne and Thorne,
1993; Rauch and Roux, 1982; Young et al., 1981¢.ifpact of cold dense plasma
populations on EMIC wave enhancement causes fréeguggestions that the
plasmapause and plasmaspheric plumes are the lidevoegions for EMIC wave

excitation (Fraser et al., 1989; Morley et al., 200sanova et al., 2013; Zhang et al.,
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2010). Usanova et al. (2013) found EMIC waves te-®@ times more likely to have

been observed inside a plasmaspheric plume thaideut

While EMIC wave events can be observed in any magloeal time (MLT)
sector, they are most frequently observed in thesradon (1200 < ML'K 1800) MLT
sector (e.g., Anderson et al., 1992; Halford et26110; Min et al., 2012; Usanova et al.,
2012; Keika et al., 2013; Saikin et al., 2015, 2R4&ulson et al., 2016). The afternoon
sector coincides with the well-established EMIC evanhancement region (Thorne,
2010). EMIC waves within this region coincide wabld plasmaspheric plumes (Fraser
and Nguyen, 2001) and hot ring current ion injeddifrom the plasma sheet caused by
disturbed geomagnetic conditions. During geomagrsdtirms, hot ring current ions are
injected into the innel(< 7 ) magnetosphere, overlapping with these celtsd plasma
populations, leading to EMIC wave generation (Calwi965; Criswell, 1969; Fraser et
al., 2010; Jordanova et al., 2001; Saikin et &1,6). Previous surveys revealed the
EMIC wave occurrence rates increase during geontegsterm phases (Halford et al.,
2016; Saikin et al., 2016), increasing valueKp{Kasahara et al., 1992), and disturbed
(AE> 300 nT) geomagnetic conditions (Meredith et2014; Saikin et al., 2016;
Usanova et al., 2012). Magnetospheric compressitnsften considered a cause of
outer magnetosphere EMIC wave generation (Allead.eP015; Anderson and Hamilton,
1993; Usanova et al., 2012) with particles exegu8habansky orbits to help generate

the necessary anisotropy (McCollough et al., 2@Hzbansky, 1971).

Excited with a left-hand polarization, these trarse propagating waves are
preferably generated in regions of low magnetildfegrength (Kennel and Petschek,

1966). Generally, these source regions are confiméite magnetic equator within £10°
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magnetic latitude (MLAT) (Loto’aniu et al., 200%jowever, evidence of off-equator
EMIC wave generation has been observed (Allen.e2@l3, 2016). Post generation,
EMIC waves propagate along field lines to regiohmoreased magnetic field strength

(Mauk and McPherron, 1980).

EMIC waves can be classified with respect to theealzand within which they
occur. Wave activity observed below the proton §gquency (denoted dgH")) and
above the helium ion gyrofrequendgHe")) are classified as proton-band*¢bland)
EMIC waves. Similarly, events found between fithée”) and the oxygen ion
gyrofrequencyf(O")) are known as helium-band (Heand) EMIC waves. Varying the
heavy ion concentration present during EMIC waueegation directly impacts which
wave-bands become excited (Kozyra et al., 1984)ekample, the presence of cold'He
increases the growth rate for Heand EMIC waves, while lowering the growth rate fo
H*-band EMIC waves (Kozyra et al., 1984). Furthermarave-band specific EMIC
waves are not observed equally (Keika et al., 20MiB;et al., 2012; Saikin et al., 2015;
Wang et al., 2015; Yu et al., 2015). Consistertig’-band EMIC waves have higher
wave powers than their'Hor O'-band counterparts (Horne and Thorne, 1993),
particularly in the afternoon sector (Min et aD12; Saikin et al., 2015).

EMIC waves remain an important topic of discusgioren their role in particle
dynamics and cross-energy plasma interactionsmitie Earth’s magnetosphere.
Numerous statistical studies on EMIC wave obseowatisingn situ measurements (e.g.,
Allen et al., 2015; Anderson et al., 1992; Halfetdl., 2010; Kasahara et al., 1992;
Keika et al., 2013; Min et al., 2012; Saikin et aD15; Usanova et al., 2012) and

simulations calculating EMIC wave growth rates (eRpauch and Roux, 1982; Kozyra et
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al., 1984; Horne and Thorne, 1993; Jordanova £2@01, 2007; Denton et al., 2014,
Gamayunov et al., 2014) have been performed oeeyehrs. Statisticah situ
observations, while generally consistent, possdstabbiases dependent upon which
mission is used (Saikin et al., 2015). Similarlfedtent EMIC wave simulation studies
examine alternate magnetospheric locations (eg.4 - 7 (Horne and Thorne, 19938),

= 3 - 6 (Gamayunov et al., 2014)), with plasmasipterhancements used when
necessary (Jordanova et al., 2001; Kozyra et284) and focus on either EMIC wave
generation (e.g., Bortnik et al., 2011; Omidi et 2011; Fu et al., 2016) and/or EMIC
wave propagation (e.g., Roux et al., 1982; Horree B®imorne, 1993; Khazanov and
Gamayunov, 2007; Gamayunov et al., 2014) . Comnaoarpeters investigated in these
parametric simulation studies include the anisatrafphot protons, parallel plasma beta,
the density of hot protons, and the concentratiarotal plasma (Bortnik et al., 2011; Fu
et al., 2016; Gamayunov et al., 2014; Kozyra et18i84). While metrics exist that
examine then situ plasma conditions associated with EMIC waves terda@ne if wave
activity is possibly observed within the sourceioagAllen et al., 2016; Blum et al.,
2009; Gary et al., 1994; Zhang et al., 2014), tmeasurements are generally not used in

conjunction with simulations to reproduce the olaedrEMIC waves.

Recent studies have attempted to derive the rakttip between initial plasma
conditions and the saturation amplitude of EMIC @&\2-D hybrid simulations
performed by Bortnik et al. (2011) revealed that $hturation of EMIC wave amplitudes
increase monotonically when hot proton densitiesamrisotropies are increased (i.e.,
increased linear growth). Another study deriveeélationship between EMIC wave

saturation and parameters associated with therltheary proxy (Fu et al., 2016). Both
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studies are purely theoretical and do notinsgtu plasma measurements. To our
knowledge, a study focusing on replicating obseilwBtiC wave amplitudes witn situ

plasma measurements has not been performed.

In this study, we seek to expand upon the work bstrBk et al. (2011) and Fu et
al. (2016) by calculating EMIC wave amplitudes wpdirameters set up accordingrto
situ plasma measurements. This study will be perforasaulg data taken by the Van
Allen Probes over a 22-month period, a full MLT g@esion, and with EMIC wave
calculations based off the work by Jordanova gf8l01). This paper will be organized
as follows: a description of the Van Allen Probed ¢he instruments used (section 2.1),
the selection of EMIC wave events and EMIC wavefable plasma conditions (section
2.2 and 2.3, respectively), an explanation of tleeleh used to calculate wave growth
rates (section 2.4), results on how the calculatmympare to the Van Allen Probes’
observations (section 3), and finally, a discussind conclusions (section 4 and 5,

respectively).

. Methodology

2.1 Van Allen Probes
The Van Allen Probes mission (Kessel et al., 2048uk et al., 2013) are two

identical spacecraft that orbit around the Eartth\ah apogee and perigee of 5.8 and 1.1
Re, respectively. Each probe performs a highly etigdt low inclination (~10°) orbit with

a period of ~9 h. The probes, denoted as ProbedAambe B, follow nearly identical
orbits at different speeds, causing one probegdHa other every ~2.5 months. The

perigee-apogee line of each probe precess infimealat a rate of ~210°/yr.
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For this study, two instruments on board both VdlerAProbes have been used to
identify EMIC wave activity and measure the plasioaditions during their
observations. The Electric and Magnetic Field bnsient Suite and Integrated Science
(EMFISIS) (Kletzing et al., 2013) contains a magmetter instrument that provides high
temporal resolution (64 vectors per second) magfietd measurements. EMFISIS
instrument suite has two magnetic field sensotsazial fluxgate magnetometer (MAG),
and a triaxial AC magnetic search coil magnetoméiter this study, we have only used
magnetic field measurements from MAG. Electron dgr{ge) was determined using the
Neural-network-based Upper hybrid Resonance Detettioin (NURD) algorithm
developed by Zhelavskaya et al. (2016). The autbonsloyed feedforward neural
networks to reconstruct the upper hybrid frequenesn plasma wave observations made
on board the Van Allen Probes. The inputs to thdRRBUheural network are the EMFISIS
High Frequency Receiver observations and geopHysatameters and the output is the
upper hybrid frequency. After training and valid@tithe NURD model for 1,091 Van
Allen Probes orbits, it was used to estimate thgeupybrid frequency (and by extension,
the electron density) for all Van Allen Probe oslfidr the period of 1 October 2012 to 1
July 2016 (Zhelavskaya et al., 2016). The resuldiegtron density data set is available
on the ftp server: ftp://rbm.epss.ucla.edu/ftpdiBkIRD/.. EMIC wave amplitudes were
calculated following the procedure establishedrevpus studies (Allen et al., 2015;
Saikin et al., 2015). A fast Fourier transform teiciue (FFT) analysis was performed on
the high resolution magnetic field data taken lyEBMFISIS instrument for each EMIC
wave. A 10-second mean magnetic field was utilagthe background field from which

the magnetic field data were rotated from GSE doatds to field-aligned coordinates.
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This FFT wave analysis used 4096 steps with antistgp length of 512 points, and was

applied to this field-aligned data.

Plasma data were obtained from the Helium, OxyBeoton, and Electron
(HOPE) mass spectrometer (Funsten et al., 2013¢jwvig part of the Radiation Belt
Storm Probes-Energetic Particle Composition andmbePlasma (RBSP-ECT) Suite
(Spence et al., 2013). The HOPE mass spectromei@sures electron and ion flux
distributions over 4 sr every spacecraft spin in the energy range @\#% 52 keV with
a ~12 second cadence. HOPE also distinguishes &etive three major ion species of
H*, He", and O. Available data from the HOPE instrument begir2érOctober 2012.
This EMIC wave survey encompasses the period obdelber 2012 — 31 August 2014.

This 22-month period covers one complete Van AReobes MLT precession.

2.2 EMIC Wave selection method

EMIC wave selection follows the same guidelinescdbsd in Saikin et al.
(2015) and Saikin et al. (2016). EMIC wave evengsewisually identified from daily
plots generated from the EMFISIS data set. EMICevawents must be observed for at
least 5 minutes in Universal Time (UT). This tinmait was imposed to avoid
background noise being considered EMIC wave agtifatirthermore, broadband ultra
low frequency (ULF) wave activity was not includiedhis study (for an example, see
Figure 1c in Zhang et al. (2014) of broadband akdEwave activity). A minimum
wave power threshold of 0.01 fiiz was employed, with wave power being calculated
by the procedures described in Allen et al. (2G48) Zhang et al. (2014)."Hand Hé-

band EMIC wave events have been included in thigystO-band EMIC wave events,

10
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while observed by the Van Allen Probes, were noluitied in this study given their low

occurrence rates (Saikin et al., 2015; Yu et 8115).

2.3 Linear theory proxy
Not all H'- and Hé-band EMIC wave events observed within this 22-mont

precession were used in this study. Since the gerpbthis study is to use situ plasma
measurements to replicate the observed EMIC waatitaiches, only EMIC wave events
observed when plasma conditions were favorabl&RIC wave excitation were used
for our analysis. This event selection was detegahiny testing the Van Allen Probes’
EMIC wave observations with a linear theory proRerived assuming an electron-
proton collisionless plasma where both speciesegmesented with bi-Maxwellian
velocity distributions, linear theory states tHahie observational growth parametgs,
exceeds the theoretical instability thresh@g then the plasma is favorable for EMIC
wave excitation (Blum et al., 2009; Gary et al.949Zhang et al., 2014). Events with
any plasma conditions that satisfied this criteriypn— S > 0, for at least a 1 minute
UT duration were included in this study. Here, thservational growth parameter is

defined as:

2y = (% - 1) ﬁITfilp
ap =0ag —a, In (r;Lep) —a [ln (T;L:)]Z

The observational growth parameter depends explmit the hot% 1 keV)

proton anisotropyd,, = T, /T, — 1, the parallel hot proton plasma betg, and the

ratio of the hot proton to electron density,, /n.. The hot proton data was extracted

11



249 from the HOPE instrument measurements and cover$ th52 keV energy channels.

250 “Hot” was defined ag 1 keV since enhancements in proton energy fluxbegin at ~1
251 keV (for an example proton energy flux spectrune, Bigure 3 in Zhang et al. (2014)).
252 For consistency, each linear theory proxy calcafatised the same “hot” proton
253 definition. The constant, a;, anda, are derived from Blum et al. (2009), and equal
254 0.409, 0.0145, and 0.00028, respectively.
255 The theoretical instability threshold is defined as

Sp = 0g+o1ln (ﬁ) + o, [ln (nﬂ)]z

ne ne

256 Here,o, = 0.429, 0, = 0.124, ando, = 0.0018. These values are also derived
257 by Blum et al. (2009).
258 2.4 Calculating EMIC wave amplitudes
259 To calculate EMIC wave convective growth ratess #tudy follows the
260 procedures outlined by Koyzra et al. (1984) anddoova et al. (2001). Given that
261 EMIC wave amplification depends on the time speitiiiw the source region, convective
262 growth rates are more suitable for understanding@®&Wave growth. Convective growth
263 rates were obtained from the hot plasma dispersi@tion using ring current HHe",
264 and O densities, parallel energy;), and anisotropyA,) measurements taken by the
265 HOPE instrument. The calculation considers freqigsnisetweeri(H+) andf(O+), and
266 selects the maximum convective growth rate per visarel. Local growth rates are then
267 integrated along wave paths, which are field-aligaed extend over +5° MLAT to get
268 the wave gain G (decibels). The presence of plasheai cold plasma populations is
269 included in the calculation. For the calculatiod;iand EMIC wave events were

12
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assumed to have & ch cold plasma concentration: 100%, 8% Hé€, and 0% O.
He'-band EMIC wave events were presumed to have a vaoied cold plasma
concentration: 77% H 22% Hé, and 3% O. These different cold plasma concentrations
were chosen since wave-band specific EMIC wave troates are heavily dependent on
the concentrations of heavy ions in a cold plaskwzyra et al., 1984). Events located
near the plasmapause (or within ORR5on either side) received an extended £10°
(x7.5°) MLAT wave path. This cold plasmaspheric amtement factor is based on the
guiding of waves along the plasmapause the thermal density gradient allows the wave
vector to remain field aligned and wave growthasgible over a longer ray path (Jordanova
et al., 2001; Thorne and Horne, 199He convective growth rat&,(1/cm), is calculated

by taking the ratio of the temporal growth rat€1/s), and the group velocityy (cm/s)

(Kozyra et al., 1984):

<=

The temporal growth rate is determined by:

T a,
Qi ”2 _1
X@+D2-X) MX @~ MX)—
e DY DR

13



284

285

286

287

288

289

290

291

292

293

294
295
296

297

298

299

2
m; W i
J _ pwj(c)
Zm,  Tweo =M

M; = 02
ppw

The temporal growth depends on the plasma frequiemdiiat respective ion (j)

and warm (cold) populatiomy, (), the real part of the frequenay,, the mass of the

ion speciesin;, the proton gyrofrequencyg,,.

The group velocity is determined by:

1

2

p 0w |20 146 N M;
970k |wppw |1-X - Tjw 77"C1+MJ-X
-1
(1+68)(2—X) (Mjw + 1;0)M;(2 — M;X)
(1-X)? : (1 — M;X)?
J

With the maximum convective growth rate determirtbd,gain [dB] for that
convective growth rate was calculated. Following pinocedure described in Kozyra et
al. (1997), the maximum wave gain was related éontlaximum EMIC wave amplitude,

via a simple model, and the gain was then usedltulate the max wave amplitudsgy:

G—-G
B, =10 * 10 2 (nT). For best agreement with the data =30 (Jordanova et al.,

2001).

. Results

3.1 Linear theory observations
Following the criteria established in Section 2021 2.3, 628 EMIC wave events

were initially identified between 1 November 2012181 August 2014. Each event was
examined with the linear theory proxy to determifrtbeir observations coincided with

favorable plasma conditions for EMIC wave excitatio

14
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Figure 1 shows a sample Heand EMIC wave event (panel a) and its
corresponding linear theory proxy calculation asesbed by Van Allen Probe-A on 25
May 2013 between 1705 — 1715 UT. All the plasmapeaters associated with linear
theory, as described above, are featured in FiguDriring the 25 May 2013 EMIC wave
event, marked by the green translucent rectagjgpanel b) remains at relatively high
values A, = ~0.70 to ~0.90). This wave activity also coirsdvith steep enhancements
in bothfin, (panel c) anahy, (panel d). Before and during the EMIC wave agfivik
(panel e) steadily decreases, indicating that VienAProbe-A is probably in the process
of leaving the post-dusk plasmasphexgn. (panel f) also increases during this period.
The EMIC theoretical instability threshold and thieservational growth parameter are
shown in panels g and h, respectively. There igrafecant enhancement in the
observational growth parameter (peak valug,of= 0.26) during the EMIC wave
activity. The final panel (i) marks th&, — S, calculation, with a blue horizontal line
markingZX, — S, = 0. SinceX;, — S, > 0, linear theory states that the observed plasma
conditions are favorable for EMIC wave excitatiémotherX;, — S, > 0 appears later in
the orbit, 1833 — 1837 UT, however no EMIC wavevéstis observed during this
period. After applying linear theory to all obselvevents, 232 EMIC wave events (103
H*-band and 129 Heband) were found to have positi¥g — S, values. Few EMIC

wave events with excitation favorable plasma comlét belowl. = 4 were included.

3.2 Calculation results

As described in Section 2.4, convective wave grawates were calculated for
each H- and Hé-band EMIC wave event with a positi¥g — S, value. For each of

these events, their instantaneous dengityand anisotropy measurements 6f He',

15
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and G ions were used. The calculated electron denshglé&skaya et al., 2016) was
used to determine the location of an EMIC wave ewgit respect to the plasmasphere.
By visual inspection, events determined to be fouear the plasmasphere received the

enlarged MLAT integrated path described in SecBgh

The following plots have combined measurements footh VVan Allen Probes.
Figure 2 shows the comparison between the calcuEk#C wave amplitudes based off
thein situ plasma measurements from the HOPE instrumenn(h)re observenh situ
EMIC wave amplitudes obtained from the EMFISISastent and subsequent
polarization analysis (b), for the"Hhand EMIC waves ih vs. MLT bins. Each bin
comprises 15 min of MLT per 0l5shell. The resolution was chosen to be consistent
with previous studies (Saikin et al., 2015, 20163hell was determined by using the
2004 Tsyganenko and Sitnov magnetic field modeDdIy (Tsyganenko and Sitnov,
2005). Each EMIC wave event was divided into 1 biihintervals, and plotted into the
respective bin based off theandMLT value during that 1 min UT duration. The values
within those bins were then averaged over the amafurme within that respective bin,
White spaces represent regions where neither Viem Arobes has magnetic field
measurements. Grey spaces represent regions vieevian Allen Probes do have
magnetic field measurements, but no EMIC wave #gtiy observed. The percent
difference between the observed and calculated BNME@ amplitudes are shown in

Figure 2c.

Throughout all MLT sectors, the calculation prodsieB-band EMIC waves with
wave amplitudes of ~0.10 nT. In the midnight sec200 < MLT< ~130), EMIC wave

amplitudes around ~1.0 nT are produced. Peak wanpditades are produced in the
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afternoon sector, (1600 < MLI 1700), ~10.0 nT. The calculation, however, fals t
reproduce the wave amplitudes observed by the llam Rrobes. F-band EMIC waves
observed by the Van Allen Probes possess wave agd between ~1.0 — 5.0 nT
throughout all MLT sectors betweén= 4 — 6. The lowest Hband wave amplitudes,

~0.1 — ~0.3 nT, are observed primarily arolu ~6 within 0615 < MLT< ~1930.

The calculation repeatedly producesttand EMIC wave amplitudes that are too
low when compared to the observed wave amplitudlescent differences between the
calculated and observed wave amplitudes for alenesty bin consistently feature
negative percentages ranging fr&.0 —100.0 %. For comparison, the previously
described £5° MLAT source region has been expataléoe +11° MLAT described in
Loto’aniu et al.(2005) for all EMIC waves, regardless of their etvsition with respect
to the plasmapause. In the same format as Figurg@re 3 shows this recalculation
with the extended integrated MLAT path. As expecthd increased wave path does
produce EMIC waves with higher wave amplitudes titenprevious +5° MLAT setting.
However, in the region of L = ~6, the calculatiamnnproduces EMIC waves with wave

amplitudes beyond the values that are observetebyan Allen Probes (Figure 3c).

Figure 4 compares the calculated wave amplitudasdtss(a) with the observed
wave amplitudes (b) for the Fdand EMIC wave events. Like thé#and results, the
calculated H&band wave amplitudes are generally ~0.1 nT. Thautztion does
produce higher wave amplitudes in the afternoonraiathight MLT sectors, ~1.0 — 10.0
nT. However, the calculation does not reproduceotiserved Heband wave amplitudes
consistently (Figure 4c). Percent differences betwibe calculated and observed EMIC

wave amplitudes continue to be predominately negdktiroughout all MLTs. Some
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midnight sector bins do show good agreement betweznalculated and observed wave
amplitudes, 2300 < MLE 100 fromL =5 - 7. Conversely, some calcuation results
produce wave amplitudes greater than the obsensiiothe afternoon sector (i.e.,
positive percent differences), 1500 < METL700 at. = ~5.5. Like Figure 3, the +11°
MLAT Loto’aniu et al.(2005) region was applied to the Hsand waves in Figure 5.
Again, the calculation now produces EMIC wave ataplks too high to match the
observed amplitudes, specifically around L = ~@&] #re midnight MLT sector (2200 <

MLT < 200).

Using the original £5° MLAT integrated wave patil(® for events observed
near the plasmapause), thesitu plasma measurements obtained from the HOPE
instrument do not possess enough “free energyépooduce the coinciding observedH
and Hé-band EMIC wave amplitudes. The expanded +11° MILA&T0’aniu et al.

(2005) source amplification region produces EMIG/gramplitudes too high compared

to wave observations.

3.3 Plasma recalculationsAn,

To understand the discrepancy between the calcudate observed wave
amplitudes for both H and Hé-band events, we explore the differences in theméa
parameters when EMIC waves are and are not preSeh€C wave favorable plasma
conditions can be observed without the presenempEMIC wave activity (Figure 1h).

Figure 6 shows the observag, (the instantaneous measured value, averaged per
L vs. MLT bin) for all periods wherg, — S,, > 0 (Figure 6a), and for all periods where
2, — S, > 0 that coincide with EMIC waves (Figure 6b). Waelt separation has not
been considered for Figure 6. Forgll— S, > 0 periods Ay, is rarely observed to be
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394 lower thanAn, = ~0.62.An, does exhibit an MLT dependence. The higigstvalues are

395 observed in the dawn sector (0 < METL200), with peak values reachiAg, = ~1.00.
396 The dusk and pre-midnight MLT sectors (1600 < MLZ400) have measuréd, values
397 ~ 0.62. Furthermore, almost all regions observetaie, — S, > 0 are located beyond
398 L=~4.

399 A values decrease when EMIC waves are present ¢=&)r Without EMIC

400 waves, the dawn MLT sector measures hot protoroainfges betweeAn, = ~0.81 to

401 1.00. With EMIC waves present, some dawn MLT seetgions observé,, =~0.62 (a
402 26.6% to 46.9% decrease). The dusk MLT sector measower anisotropieg\g,

403 =~0.25t0 0.44, an 85.1% to 34.0% decrease). Tdaight MLT sector (MLT = 2300 —
404 0100) is the only region wher®, was found to increase with the presence of EMIC
405 waves A, = ~1.00.

406 SinceAnp is lowered in the presence of EMIC waves, usimgr th situ

407 measurements will generally not reproduce the eeskewave amplitudes. To produce
408 calculated wave amplitudes that match the Van Allesbes’ observations, we must
409 determine the initial ion anisotropies responsiblethe EMIC wave excitation.

410 The following has been performed using the oridgynab® MLAT (£10° MLAT
411 for plasmapause events) framework. Using our reutincalculate EMIC wave

412 amplitude, we have tested each ion’s anisotrometermine which ion’s anisotropy has
413 the greatest impact on EMIC wave growth. Each ioputation’s anisotropy values were
414 altered An*, individually between 0.08 Ay* < 2.00 (e.g., whiléd,,was altered, this

415 situ measurement df,neandAn, were used). Table 1 shows the percentage of cédcula
416 wave-band specific EMIC wave events that are catedlto come within £0.1 nT of the
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observed EMIC wave amplitude when only that hots@pecific anisotropy is altered.
For both H- and Hé-band events, alteringy,, yields the highest agreement with the
observed wave amplitude with 75.5% and 73.4%, ctsty. By exclusively altering
the hot helium anisotropyne ), only 11.8% and 20.2% of the"Hand Hé&-band EMIC
waves, respectively, match the observed wave amlglt The hot oxygen anisotropy
(Ano ) has the least impact on thé-band EMIC waves, 10.8%. As with tAg,e , only
20.2% of the Heband calculated EMIC waves could match the obsievavhen only
Anois altered.

Altering Anp yields the greatest success in reproducing obddtC wave
amplitudes (75.5% and 73.4% fof+and Hé-band, respectively). For each event, we
retroactively calculatef, that yields the best agreement with the data. & ht#ered
anisotropy vaIueAhp* are compared against timesitu Ay, in Figure 7. Displayed in
Figure 7 is the ratio betweén,* and the observedl,, (or amplification factors) for both
the H-band (Figure 7a) and Fiband events (Figure 7b) in the sames. MLT format.

Generally, the Hband EMIC wave events observed throughout all MEeTtors
are found to require increas@g values, ranging from 1 Any*/Anp < 4. Peak
amplification factors (~4) are observed in the poen (900 < MLT< 1000), afternoon,
and pre-midnight (2000 < ML¥ 2200) MLT sectors. The pre-noon and afternoon
regions correspond to peak occurrence rates fdydAd EMIC waves (Saikin et al.,
2015).

He'-band EMIC wave events require similar altefgglvalues in the dawn sector,
1 < Anp*IAnp < ~3. However, post-noon/dusk (1330 < MER230) sector Heband

events require amplification factors ~3 - ~4 tirtiegn than situ measurements to

20



440

441

442

443

444
445
446
447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

reproduce the observed wave amplitudes. PedbHied wave occurrence and wave
power is observed in the afternoon sector (Saikal.e2015). These high amplification
factors suggest that high-powered EMIC waves anerefficient at scattering ring

current protons and further reduig.

. Discussion

In this study, we compared wave amplitudes betveadculated and Van Allen
Probes’ observed EMIC wave events between 1 Noveik — 31 August 2014, a full
MLT precession by Van Allen Probes. Calculated wawgplitudes were determined
using thein situ HOPE instrument plasma measurements which coidaidén EMIC
wave activity. EMIC wave events were selected based criterion incorporating event
duration & 5 minutes in UT), wave power%0.01 nT?), and plasma conditions
favorable for EMIC wave excitatiolrf — S, > 0). This study serves as an extension on
previous observation-based (e.g., Blum et al., 2808ng et al., 2014; Allen et al., 2016)
and simulation-based (e.g., Jordanova et al., 2BOftnik et al., 2007; Fu et al., 2016)
studies focusing on EMIC wave excitation by combgnboth observations and

simulations.

4.1 Linear theory Limitations

Due to their increased presence in the ring curpotons typically are the free
energy providers for EMIC wave generation when thieyinjected into the inner
magnetosphere and overlap with cold plasma populstiThe linear theory proxy
calculation only explicitly includes the plasmagaeters associated with hot protons
and neglects the presence of hot helium or hotexygns. Only by proxy are the
contributions from cold ions present in linear thyeo the form of the electron density.
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This proxy does not include specific ratios of calg He", or O ions which impact

EMIC wave growth, especially which wave-bands EMI&ves are excited (Jordanova et
al., 2001; Kozyra et al., 1984). This possible imigsfree energy” from the hot Heor

hot O" ions, along with the lack of a proper cold plasiisiribution per event, may have
caused somg,values to not excee},, thereby registering an event with a negative

2, — S, value. The proxy derived from the linear theorgxywas used to identify

EMIC wave events with plasma parameters more félerfar EMIC wave excitation.
Without incorporating the impact of the hot'Hed hot O ions, other EMIC wave
events may have been considered for this study.edew Table 1 reveals thag, has a
greater impact on EMIC wave amplitude thanAhe or An.. Furthermore, the
contribution from hot Heor hot G ions may be limited due to their relative low ring
current densities (Fu et al., 2016). The possybikimains that heavy ions may damp the
waves or may lower the wave growth rate for othavevband events. The hot ring
current H population remains the greatest provider of “aergy” for EMIC wave

excitation.

As described in section 2.3, the linear theory prigxderived assuming a bi-
Maxwellian velocity distribution for both protons@electrons. The use of bi-
Maxwellian velocity distributions have been exandimer the years in relation to EMIC
wave generation (Allen et al., 2016; Blum et ab09; Gary et al., 1994; Lin et al., 2014,
Zhang et al., 2014). However, the use of bi-Maxiaeldistributions is not required.
Another study has explored using kappa distribgtimndescribe the instability threshold
for EMIC wave excitation (Xiao et al., 2007). Whftecusing on a kappa plasma, bi-

Maxwellian velocity distributions were found to eestimate the maximum wave growth
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488 (Xiao et al., 2007). If the observational growthigraeter is overestimated, then our event

489 list of EMIC waves believed to have favorable plastonditions for EMIC wave

490 generation would decrease. While we have not assankeppa distribution in this

491 current study, we may examine this as an altereatiyuture work.

492 The linear theory proxy does reveal periods of falste plasma conditions where
493 no EMIC wave activity is observed. These favorabtgons without EMIC waves have
494 been explored in a recent study (Saikin et al. al ptasma conditions during EMIC

495 wave events detected in the inner magnetosphetigebyan Allen Probes, submitted to
496 the Journal of Geophysical Research: Space Phyt3). Of the 1,793.8 hours of Van
497 Allen Probes’ observations in which plasma favoedbl EMIC wave generation is

498 observed, only 271.8 hours coincide with EMIC waxgévity. The occurrence rate of
499 EMIC waves does increase with higher positive v&alfe,, — S;. Most periods of

500 2, — S, > 0in which no EMIC waves are observed, generallyehegery lowx; —

501 Spvalues (i.e.r, — S, = ~0.001 — 0.1). Calculated wave amplitudes based off these
502 non-EMIC waves observed plasma conditions havéeen performed and are reserved
503 for future work.

504 Linear theory does not consider wave propagatitects. The possibility exists
505 that EMIC waves are generated in a different regioth propagate to the location where
506 they are observed by the Van Allen Probes. UsiRgynting vector analysis could

507 confirm whether the observed EMIC wave activityognd to be bi-directionally

508 propagating, which is characteristic of newly gated EMIC waves (Allen et al., 2013;
509 Loto’aniu et al., 2005 owever, this paper emphasizes the comparison katimesitu plasma
510 parameters and linear instability predictioBs.directionally propagating EMIC wave events
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are not necessarily observed in regions where @lasmditions are currently favorable
for EMIC wave excitation. Future work should exaethe relationship between bi-
directional EMIC waves, their associated plasmaltamns, and how well the linear

theory proxy predicts their observation.
4.2 Higher-energy Wave Free Energy Provider

The Van Allen Probes’ Radiation Belt Storm Prob@s Composition Experiment
(RBSPICE) instrument is designed to collect measerdgs of keV particles. Energy
channels vary per species’(H0-10,000 keV, He 25-10,000 keV, Q 40-10,000
keV). However, previous studies which used lineaoty have not incorporated
energetic particles greater than 52 keV (Allenlet2®16; Blum et al., 2009; Lin et al.,
2014; Zhang et al., 2014). Using satellites at gedsronous orbits, hot proton
populations between 100 eV — 45 keV were usedreal theory in the work by Blum et
al. (2009). Both Lin et al. (2014) and Allen et(@016) examined EMIC wave excitation
with measurements from the Cluster mission. Thed@mposition Dlstribution
Function (CODIF) instrument onboard Cluster obseivas (H, He', and G) with an
energy per charge range between 0.04 — 40&ké\Hother linear theory case study on
EMIC wave excitation performed with the Van AlleroBes only used measurements

from the HOPE instrument (~1 eV — 52 keV for, Hie', and O) (Zhang et al., 2014).

There are some RBSPICE energy channels which @vetith the HOPE
instrument. However, to remain consistent with pres work, measurements from
RBSPICE have been not included in this currentystirtorporating energetic particles
beyond the HOPE energy range (> 52 keV) could pbssupply some of the missing

“free energy”, -thereby increasing the wave amgki of the calculated EMIC waves.
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Follow-up studies examining EMIC wave excitatiorthwlinear theory may wish to
include the more energetic particles measured b$MRBE. Using the higher energetic
(> 52 keV) proton populations would increase thegroton density and therefore the
observational growth parameter. More events woelddnsidered to coincide with
plasma conditions favorable for EMIC wave excitati@alculated EMIC wave

amplitudes may better replicate their observed twyparts.

4.3 Calculated EMIC wave amplitudes andA, requirements

EMIC wave excitation requires populations of haisatropic ions to overlap with
cold dense plasma. Previous studies report a gigntfincrease in EMIC wave
observation and wave power in the afternoon s€étaterson et al., 1992; Halford et al.,
2010; Meredith et al., 2014; Min et al., 2012; Raul et al., 2016; Saikin et al., 2016,
2015). Plasmaspheric plumes are often attributél suipplying the cold dense plasma in
the afternoon sector (Fraser and Nguyen, 2001jrSeilal., 2015; Usanova et al., 2013).
The calculation used in this study includes a wgrosvth enhancement factor when
EMIC wave activity is believed to be near cold pi@spheric ion populations.

Using the cold plasmaspheric enhancement factar (he extended source region
given to EMIC wave events believed to be near tasmpapause), tha situVan Allen
Probes’ plasma measurements, and the calculatetdosi@lensity (Zhelavskaya et al.,
2016), the calculation produces-tnd Hé-band EMIC wave events (Figures 2a and 3a,
respectively) with enhanced (~1.0 — 10.0 nT) wawpl@gudes in the afternoon sector.
While not accurate to the observed EMIC wave amgéis, the routine is successful in

favoring this region for enhanced EMIC wave growRhevious simulation studies have
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also reproduced the EMIC wave-enhanced afternoctors@lordanova et al., 2001,
Kozyra et al., 1997).

The calculation also produces enhanced (~1.0 nTICEMave amplitudes in the
midnight sector (2200 < MLE 200) for both the A and Hé-band EMIC wave events.
Other simulations have shown increased wave groatds with respect to geomagnetic
storm phases (Jordanova et al., 2001, 2014). Dgognagnetic storms or substorms,
plasma sheet ions may be injected into the inngnetasphere from the magnetotalil
(Bossen et al., 1976; Cornwall, 1965; Jordanoa.e2001). This would supply the hot
plasma necessary for EMIC wave generation. Steaisstudies examining the
relationship between inner magnetosphere EMIC vedgervations and geomagnetic
activity have been performed (Halford et al., 202@16; Keika et al., 2013; Meredith et
al., 2014; Saikin et al., 2016). During geomagneisturbances, these studies repeatedly
show peak EMIC waves observations occur in theradten sector, with limited
observations in the night side magnetosphere. Ygrgvels of geomagnetic activity was
not found to increase EMIC wave amplitudes in thémght sector (Meredith et al.,
2014). Future work should explore the relationdiepveen the linear theory proxy,

geomagnetic activity, and EMIC wave observations.

Figure 6a shows th&,, values of all periods with plasma conditions cdased
favorable for EMIC wave excitation. The dawn si@le<(MLT < 1200) inner
magnetosphere is observed to have higher measuteofén, than the dusk side (1200
< MLT < 2400) inner magnetosphere, consistent with prevatudies (Allen et al., 2016;
Min et al., 2012). This observed, MLT asymmetry may be a symptom of

magnetospheric dynamics. For example, injectiopplguthe ring current with fresh
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particles from the plasma sheet. Curvature andigmadrifts cause high-energy ions to
drift westward while low-energy ions drift eastwaks the energetic (keV) ions drift
they are subject to loss processes such as cheasijarge (Keika et al., 2006; Kistler et
al., 1998; Noél, 1997) and pitch angle scattermngifEMIC waves (Burch et al., 2002;
Jordanova et al., 2001). The afternoon sector, svirerst EMIC wave observations occur
(Anderson et al., 1992; Halford et al., 2010; Kasalet al., 1992; Keika et al., 2013;
Meredith et al., 2014; Min et al., 2012; Saikirakt 2015), is the region whefg,
decreases due to scattering EMIC waves (FigureSgaljin et al(2015) showed that the
dayside magnetosphere, overall, has consistent E#dN& occurrence rates (between 13
-25%). The noon sector EMIC waves could continusctitter energetic ions, further
increasingy,. lons not impacted by these loss mechanisms wanritinue to drift to the
dawn sector. With the population of loss cone widhke particles decreasing, the
remaining ions, which continue to drift, would repent a more anisotropic ion
population. Simulations have been able to reprothiseMLT asymmetry in the ring
current (Kozyra et al., 1997). This trend is nosetved in the outer (> 10.R

magnetosphere (Allen et al., 2016).

Despite relatively highe(~0.62)A,, measurements, EMIC waves are still
preferably observed in the afternoon sector tharddwn sector (Anderson et al., 1992;
Halford et al., 2010; Min et al., 2012; Saikin &t 2015). Plasmaspheric plumes, which
increase convective growth rates, are not as paval the dawn sector compared to the
afternoon sector (Goldstein et al., 2014). Limigailability of these cold plasma
populations may inhibit EMIC wave excitation andebvations in dawn side

magnetospheric regions.
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605 Generally A, values are found to be lower in the presence ofEEMaves

606 (Figure 6b), implying that these situ measurements are not necessarily the initial
607 anisotropy responsible for wave generation. Sihe@ntsitu measurements are not

608 necessarily the EMIC wave inciting conditions, exgiag the +5° MLAT integrated path
609 to +11° MLAT (theLoto’aniu et al.(2005) source region) with the observeg values
610 would not exclusively explain the calculation proohg EMIC waves with wave

611 amplitudes too low to match the observations. Hhi&tionship between initial EMIC

612 wave excitation plasma conditions with variablegrated wave paths MLAT regions
613 should be examined, and is reserved for future work

614 Given the linear theory proxy framework (Blum et 2009; Gary et al., 1994;
615 Zhang et al., 2014), EMIC waves observed duringrirgls where,, — S, > 0, plasma
616 conditions favorable for EMIC wave excitation, aréerred to be within the EMIC wave
617 source region. These EMIC wave favorable plasmditions continue to supply the
618 EMIC wave activity with “free energy”, i.e., increiag the wave amplitudes. As EMIC
619 waves continue to grow, they begin to stabilizeahisotropic hot proton distributions
620 responsible for the wave excitation (Gary et &#94) until wave amplitude saturation is
621 reached. Similar results have been found in sirmgd&MIC wave amplitude saturation
622 (Bortnik et al., 2011). In Figure 1 of their stud@ortnik et al. (2011) model wave

623 amplitude saturation over time while focusing oa ¢nowth, saturation, and decay phase
624 of the wave. During the growth phase, as the wawglitude increases, the hot protons’
625 T, (T,) decreases (increases) indicating that the angptias decreased from the initial
626 starting condition.
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Throughout all MLTs, F- and Hé-band events require high&g, values to
reproduce the data. Except for the pre-noon (8ML¥ < 1000), the afternoon (1500 <
MLT < 1800), and the post-dusk (2000 < METR200) sectors, on averagé-bland
events requiréy,, values twice what is observed during the EMIC walvservation. The
previously mentioned exceptions requig values between ~3 to ~4 times greater than
the measuref,. These exception regions correspond to locatigtismthe inner
magnetosphere where peakand EMIC wave occurrence is observed (Saikin.gt a
2015).

He'-band EMIC waves have the highest observed wavepowthe afternoon
sector within the inner magnetosphere (Meredithl.e2014; Saikin et al., 2015). The
afternoon sector coincides with the known EMIC emteal region (Thorne, 2010). To
produce EMIC waves with higher wave amplitudeskdiide Hé-band EMIC waves
require higher hot proton anisotropy amplificatfantors, ~4, compared to the Heand
EMIC wave events observed in other MLT regionsréasingAn, to produce higher
EMIC wave amplitudes is consistent with previousksqBortnik et al., 2011; Fu et al.,
2016). Future studies should consider thisdecrease when examining EMIC wave
generation using thein situ plasma observations.

Neither Bortnik et al. (2011) nor Fu et al. (20i®)orporated the use of situ
plasma measurements in their simulation studiegnicet al. (2011) varied their hot
proton density and anisotropy inputs, while keeghegdensity of cool (~eVs) plasma
constant (F: 4.66 cn', He": 0.04 cn'). Increasing either parameter produced higher
wave amplitudes. No cool’Gons were considered for their simulations. Feirtstudy,

Bortnik et al. (2011) compared their simulated wawglitudes to observations from the
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Charge Composition Explorer (CCE) spacecraft inAbve Magnetospheric Particle
Tracer Explorers (AMPTE) mission. While focusingtbe outer dawn and dayside
magnetosphere (L ~ 9), AMPTE/CCE observed wave iamdgis between 1.6 nT - 2.5
nT, respectively (Anderson et al., 1992). Usingdrthgical simulated saturation
amplitudes, Bortnik et al. (2011) produced EMIC wamplitudes between 0.4 nT — 2.6
nT, generally in good agreement with Anderson e{18192). AMPTE/CCE'’s orbit
extends beyond the range of the Van Allen Probdst and disproportionately favors
outer magnetosphere EMIC wave measurements (Satilah, 2015). Despite these
orbital differences, EMIC wave amplitudes remaimikir for both the B and Hé-band
wave events (Figures 2b and 3b, respectively).

Fu et al.(2016) utilized their hybrid simulations with theear theory proxy
parametersfinp, Anp, andnp, /n,) to predict EMIC wave amplitudes. The impact of ho
He' ions was ignored due to their relatively low rigrent density. Their simulations
reveal that when the wave amplitude saturaigshegins to decrease in response to
EMIC waves scattering hot protons. Our resultsgiiire Van Allen Probes situ
measurements support this notion. The Van Alledb@&aneasure highég, values
when EMIC waves events are not observed. Fu €@L6) further expands on their
simulations by deriving an equation for wave anuolé saturation as a function/f,,
Npp/Ne, and np. /n.. No specifications are made within Fu et al. (904#h respect to
magnetospheric location, only the magnetic fieldynide, nor if there exists &,

MLT asymmetry.

5. Conclusion
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In this paper, we have calculated EMIC wave amgétubased offi situ plasma
measurements from the Van Allen Probes’ HOPE insdnt. These calculated wave
amplitudes were compared with EMIC wave events@atal with those plasma
conditions. This analysis focused on EMIC wavesoled during plasma conditions
considered favorable for EMIC wave generation. Stuely examines events between 1
November 2012 and 31 August 2014, a full MLT preaasfor the Van Allen Probes.
Two hundred and thirty-two EMIC wave observatiob83 H'-band and 129 Heband)
were found to coincide with favorable plasma cdndg for EMIC wave excitation. The
results based on comparing the calculated and wx$&MIC wave amplitudes can be

summarized as such:

1.) Using exclusivelyn situ plasma measurements, the calculations cannotdepeo
the observed wave amplitudes for eithér 6 He'-band EMIC wave events.

Often the calculated events require more “free gyfdhan then situ
measurements yield. The calculation does produee wmplitude enhancements
in the afternoon (1500 < ML¥ 1700) sector consistent with previously observed
results (e.g., Meredith et al., 2014; Saikin et2015).

2.) Anp distributions in the innell(< 7) magnetosphere are asymmetric in MLT. In
the dawn (dusk), 0000 < ML¥ 1200 (1200 < ML 2400), sectoAn, are
measured between 0.81 — 1.00 (~0.88).generally decreases when EMIC
waves are present.

3.) The anisotropy of hot(1 keV) H" has a greater impact on EMIC wave saturation

amplitudes than the anisotropies of hot idehot O. Varying values o\, could
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replicate observed EMIC wave amplitudes for ~75.67%4%) of the F-band
(He™-band) events. Alteringnne0r Ano only replicated ~10.8% - ~20.2% of the
observed wave amplitudes.

4.) The requiredi, to reproduce EMIC wave events varies with wavedoand
MLT. H*-band events (Heband), generally, require double fhesitu measured
A throughout all MLTs (0000 < MLE 1200). Dusk (1200 < MLF 2400)
sector: Hé-band events require quadruple theitu measured\,, to reproduce

their observed wave amplitudes.
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Captions:
Figure 1. Sample EMIC wave event and linear theoranalysis

Caption: A He'-band EMIC wave event (a) observed between 170815 UT on 25 May 2013
and its corresponding linear theory analysis. Wasger (in nT/Hz) less than the 0.01 ffHz
threshold has been marked white. Greed dashedrmadsthe start (1705 UT) and end (1715
UT) times of the sample EMIC wave event, with sgfiden lines mapping them to the linear
theory parameters. Figures b-i showcase the hadbpamisotropy4ng), the parallel hot protofi
(Binp), the hot £ 1 keV) proton densityng,), the electron density), the ratio ofn, andne, the
theoretical EMIC instability$,), the observational growth paramet&;), and??, — S,
respectively. The translucent green box marks thatebn of the EMIC wave activity. A blue
horizontal line has been over-plotted on panel iméok 7%, — §, = 0.

Figure 2. Comparison between calculated and obsergéd*-band EMIC wave amplitudes
(5°/£10° MLAT source region)

Figure 2. The wave amplitudes of 'Hband EMIC waves as calculated by the calculat@nthe
wave amplitudes observed by the Van Allen Probesafid the relative difference between the
simulation and observation (c). Each cell refer&3amin in MLT per half L shell. Over-plotted
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on this plot are circles representing the2, 4, 6, and 8 shells, respectively. Grey aretes to
the regions where the Van Allen Probes were locatgdliid not observe EMIC wave activity.

Figure 3. Comparison between calculated and obsergéd*-band EMIC wave amplitudes
(x11 MLAT source region)

Figure 3. Same format as Figure 2 but showing the analysiéoH-band EMIC waves with
the source amplification region expanded to +11°ANIL

Figure 4. Comparison between calculated and obsergéde’-band EMIC wave amplitudes
(£5°/£10° MLAT source region)

Caption: Same format as Figure 2 but showing the anafgsithe Hé-band EMIC waves.

Figure 5. Comparison between calculated and obsergéde’-band EMIC wave amplitudes
(x11 MLAT source region)

Caption: Same format as Figure 3 but showing the anafgsithe Hé-band EMIC waves.

Figure 6. Inner magnetosphereAy, distributions

Caption: The measured hot proton anisotropy duslhgeriods whergy — § > 0 (a) and during
periods ofx}, — §,> 0 which coincide with EMIC waves (b).

Figure 7. Anp, amplification factors

Caption: Same format as Figure 2 but showing the necessaltipficative A,, factors needed
for the (a) H-band and (b) Heband calculations to match observations.

Figures:
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Table 1.Percentages of EMIC wave events with simulated veawplitudes within £0.1 nT of

the observed wave amplitudes afgy, Anne andAn, are altered, exclusively.

Wave Band Anp* Anné Anc*
H*-band 75.5% 11.8% 10.8%
He'-band 73.4% 20.2% 20.2%

*Denotes that the ion anisotropy has been altered.
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