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Abstract:

We perform a statistical study @éectromagnetic ion cyclotroreMIC) waves detected by the Van
Allen Probes mission to investigatle spatial distribution ofheir occurrence wave power
ellipticity, and normal angler'he Van Allen Probelsave been used whietlow us to explore the
inner magnetosphere (1.1 to 5.§.Rlagnetic field measurements from the Electric and Magnetic
Field Instrument Suite and Integrated Science onbtbe&dan Allen Probes are used to identify
EMIC wave evert forthe first 22 months of the missi@peration(8 September 201230 June
2014) EMIC waves are examined k-, He"-, and O-bands. Over 700 EMIC wave events have
been identied over the three different wabands(265 H-band events, 438 Fidand events,
and 68 O-band eventsEMIC wave events are observed between L £82with over 140EMIC
wave event®bservedelowl = 4. Resultshow thatH*-band EMIC waves have two geRILT
occurrence regiongre-noon(0 0/7 ” 00) and afternoon 0/7 " sectors.
He*-band EMIC waves feature an overall stronger daysidgarrenceO-band EMIC waves have
one peak region located in theorningsector at lowet_-shells(L < 4). He*-band EMIC waves
average the highest wave power ovefall0.1 nF/Hz), especially in the afternoon sector.

Ellipticity observations revedhatlinearly polarized EMIC wave dominate in loweishells.
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1.

Introduction

Electromagnetic ion cyclotrofEMIC) waves play a crucial role in particle
dynamics anarossenergy plasmae QW HUDFWLRQV ZLWKLQ Wikese (DUWKY
interactiongake the form of heavy ion heatifgp to 1 keV)[Zhang et al. 2010, 2011]
relativistic electrorpitch anglescattering within the radiation bgliThorneand Kennel
1971;Lyons et al.1972;Summers and Thron2003;Summers et 312007;Jordanova et
al., 2008] energetic proton scattering loss in the ring curfdotdanova et aJ.2001]
causingtraveling convection vorticemside the magnetosphejeockwood et al.1990;
Engebretson et gl2013] and influencingthe appearance of isolatedroralarc events
[Sakaguchi et al2008]

EMIC waves arén the frequency range of 5LHz (Pc 12 pulsationyandexcited
with a lefthanded polarizatiofjRauch and Royx1982] EMIC wave events may be
categorized by the wave band in which they oc€urs gyrofrequencydistinction allows
us tocategorizeEMIC wave events bydnd.H*-bandEMIC wave events are defined as
those occurring below the proton gyrofrequency (denotd(Hiy and above the helium
ion gyrofrequencyf(He")). Helium ion (He") band waves occur below the helium ion
gyrofrequency andbovethe oxygen ion gyrofrequey f(O")). There also exists oxygen
band(O") EMIC waves occurring beloi(O").

Observations oH*- and Hé-band EMICwaveshave been extensively reported
[Kasahara et al.1992;Min et al, 2012;Keika et al, 2013;Meredith et al. 2014] ForL
< 4,theoretical ray tracing results show thatve growth for the B andHe™-band EMIC
waves are higher than their"Cbandcounterparts[Horne and Thorngl1993] Statistical

observationdocusing onH*- andHe"™-band EMIC wave$iave been performed showing
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peak occurrenceegions in the outer magnetosphfyven et al, 2012;Keika et al, 2013]
Case studis have been performed oftkland EMIC wave[Fraser et al, 1980;Sakaguchi
et al, 2013] Becausef wave background contaminatianlow frequenciesn O"™-band
only few observational studies O*-band EMIC wave$Braysy et al. 1998;Yu et al,
2015]havebeen performedo far

Generated by hot (typicall§0-100 keV)anisotropic (Tc > T g ions overlapping
with cold dense plasma populatiofisennel and Petschekl966] EMIC waves are
generated in minimum magnetic field regiobgpon generationEMIC waves propagate
away fromtheir source regions to areakincreased magnetic field strengtilauk and
Mcpherron 1980} Should the wave frequency of the EMIC wave equal that of the
crossover frequency, the wave packety experiene a polarization reverséecoming
linearly or righthandedly polarizedlhe reason is that a multiion plasmaheavier ions
(e.g, He" and O) affect the dispersion relatioand may result in differentwave
polarizations alonghe samedispersion surfacefRauch andRoux 1982;Horne and
Thorne 1993] As the wavs propagate to higher magnetic latitudes, the wave vetsor
becomes obliqu¢e.g., Rauch and Royx1982; Thorne and Horng1997; Fraser and
Nguyen 2001;Hu et al, 2010]

The formation ofEMIC waveshinges on the availability of hot and cold ion
populationsHot populations provide the free energy necessagtltov the EMIC wave
growth[Cornwall, 1965;Rauch and Royx1982]while the presence of cold iossrve to
increase the wave growth rgtéoung et al. 1981;Rauch and Royx1982;Horne and
Thorne 1993] These source regionsccur atlocationsof magneticfield magnitude

minima and if we assume a dipole field model for the Earth this translates to the magnetic
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equator.By examining the occurrence ofagnetic latitudéMLAT ) based bidirectional
propagation,/ R W R 1 D Q [2B05} MginBtkle Combined Release and Radiation Effects
Satellite(CRRES data,placed a limit orthe range of the source region at £+ MIPAT
aroundthe magneticequatorHowever bi-directional wave packets have been observed in
the 3045° MLAT range[Allen et al, 2013]implying the existence of off equatarave
source regions in the daysidatermagnetosphere. The observance of EMIC waves over
variousmagnetidocal timegMLTs) andL-shells ranging fromL = 3 toL = 14[Anderson
et al, 1992a;Halford et al, 2010;Min et al, 2012;Usanova et aJ.2012] also indicate
the potental global effects of EMIC waves Several studie§Anderson et al. 1992a;
Kasahara et al.1992;Halford et al, 2010;Min et al, 2012;Usanova et a).2012, 2013;
Keika et al, 2013;Meredith et al. 2014]havebeen performed that repeatedly sheopeak
in EMIC wave occurrence arouniget afternoomLT VHFWRU a ~18W0/ 7

The plasmapause and plasmashplumes have been suggestedfarable
locationsfor this BMIC wave occurrence enhancem¢htase et al, 1989;Horne and
Thorne 1993;Morley et al, 2009;Pickett et al. 2010] Usanova et al[2013] reported that
EMIC waves were ~20 times more likely to hdween observed inside a plasmaspheric
plume than outside. Furthermoferaser and Nguyeifi2001] suggest that EMIC waves
observed by CRRES in the afternoon sector occurred in the plasma bulge region of the
duskside and detached plasma regions. This would allavdorerlappingof ring current
H* with dense cold plasmayhich could lead to EMIC wave generation the inner
magnetosphere these conditions may be suppli¢ibyccurrence of geomagnetic storms
which would inject hot ring current ions over the coldwe®n populationgCornwall,

1965;Criswell, 1969; Jordanova et a).2001;Fraser et al, 2010] Dayside compressions



133 of the magnetosphere can likewise supply the anisotropic conditions for regions of the outer

134 dayside magnetospher¢Tsurutani and Smith1977; McCollough et al. 2012] with
135 particles executing Shabansky orljhabansky1971]

136 The presence of EMIC waves and their impact on panpicfilationswithin the
137 magnetospherdave drawn much attention. To form anore complete description of
138 SDUWLFOH G\QDPLFV LQ WK H n{istundétstandrHe distibwigtly SKHUH
139 EMIC waves and their propertiesPrevious statisti¢astudies have been carried out over
140 the years with each study utilizing a different satellite to dlf@ina comprehensive
141 picture of theoccurrence of EMIC waves itlhe global magnetosphere. Observations by
142 the Charge Composition Explorer (CCE) spacecraft in the Active Magnetopsheric Particle
143 Tracer ExplorerfAMPTE) mission[Anderson et al.1992a, 1992bteveal peakEMIC
144 wave observations betweer= 7 andL = 9in the~0900< MLT < 1800 region However
145 it should be notethat a majority of the measurement covenagmrted inPAnderson et al.
146 [19924], despite being roughly equally covered in MLT, was primarily focused betlween
147 = 7 andL = 9. While Anderson et al[1992a] do observe EMIC wave events fbr< 7,
148 there still remains a disproportionate amoeainwell time between the < 7 and thd. >

149 7 regionsAnother studyKeika et al, 2013]Jalsousing the AMPTE CCIission exammes
150 the relationship between storm intensity and EMIC wave occurrence rates.

151 The Akebono satellite, launched in February 1989 allesobseved EMIC wave
152 activity. With aperigee and apogesf 275 km and 10500 km respectively, Akebono
153 observed EMIC waves during equatorial crossirtgasaehara et al. [1992] reported
154 observing H- and Hé-band EMIC waves at these low altitudes H . SiNde
155 Kasahara et al[1992] focused on observations during equatorial crossings, alsMETe



156 not equally coveredPeak occurrenceegionsfor H*- and Hé-band EMIC wavesre

157 presenin the a 0/7 " regions However,Kasahara et al[1992] conclude

158 that data coverage for the nightside and morningside MLT sectors are insufficient to
159 provide occurrence characteristics for those megio

160 The CRRES missionwhich wasoperated from July 1990 until September 1991
161 explored the inner magnetosphergth an apogee and perigee of 6.8 &d 350 km

162 respectivelyHalford et al.[2010] conducted a similar EMIC wave statistical study with
163 respect to wave occurrence compared with geomagnetic storm a¢imwtever CRRES

164 never managed to completeudl fprecession around the Earths A resultthere exists a

165 noticeablegap in coveragebetween800-1400 MLTs. Another study[Meredith et al.

166 2014] alsousing CRRESlata,compared geomagnetctivity levelsagainst wave power

167 and distinguishedvave eventdbetweenH"-and Hé-band wavesEMIC wavesin both

168 bandswere found to have peak occurrences in the afternoon sector.

169 EMIC waves in lhe outer magnesphere have aldoeen explored bin et al.

170 [2012] usingthe Time History of Events and Macroscale Interactions during Substorms
171 (THEMIS) measurement$ his study not only examined EMIC wave occurrences between
172 3.9Re (6.2 R) and the magnetopauder He™-band (H-band) wavesbut also exained

173 wave propertiesifferences between thé¢"-and Hé-band EMIC wavesMin et al.[2012]

174 found that peak regions for the occurrence rates of EMIC wave events changed depending
175 on thewaveband Despite havinglatacoverage in the inner magnetosph@re’ , Min

176 et al.[2012] reportedbservingew EMIC wave events below= 6.

177 Another surveyAllen et al, 2015]used observations from the Cluster Mission to
178 study EMIC waves in the outer magnetosphérbis study focused on EMIC wave



179 occurrence andave properties over the course of 10 years of data (22010).Despite

180 covering similar regions in the outer magnetosphiere £4.5 - 15) to the work byin et

181 al.[2012],Allen et al [2015] examined EMIC waveand their propertiesgainst MLT and

182 MLAT. &OXVWHUTTV SR QbwindgforEalstity Zakdd®il MLAT, rdstically

183 lowers the dwell time in the equatorial region. This reduction in dwell time is more
184 pronounced in the inner magnetosphere. Additionally, this study did not have sufficient
185 coverage of the midnight sector for a statistical analysis (FigureAllen et al.[2015]).

186 Allen et al. > @ GRHVY UHSRUW REVHUY WwithbcCOrreéhcZ fatédHot |1RU / °
187 the order of ~1%.

188 While the previous studies mentioned provide much insight into the spatial
189 distributions and wave properties of EMIC waves on a global scale, a comprehensive wave
190 property analysis similar tdin et al. [2012] has not been carried out for the inner
191 magnetsphere Unfortunately the loss of CRRES before it could complete its full
192 precessiorand the uneven spatiebverageof the AMPTE CCEorbit has left regionsn

193 the inner magnetosphere underexplored. The Van Allen Pralbeshed in August 2012,

194 survey the radiation beltdlowing the observations nesasy for such an analysisioher

195 magnetospherEéMIC waves Thehigh-fidelity wavedata of the probes will also allow for

196 a statistical study dD*-bandEMIC waves.

197 An O"-bandEMIC wave study has been recentlyre out utilizing data from

198 only Van Allen ProbéA. This study focusedn the spatial distribution @*-band EMIC

199 wave occurrence3 hedata sefrom one probeeveals that most Gbandevents have been

200 observedetween 6 " 0/7 " a [Yu etal 2015] Our study expands on these
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2.

results by incorporating data from both Van Allen Probes, as weilastigating various
wave propertieand their differences amordj threewavebands.

The present studypresents anexamination of EMIC waves in the inner
magnetosphergetectedy both of the Van Allen Probes ovire first 22month periodn
the missionThe papewill be presentedn thefollowing manner: a description of the Van
Allen Probes and instrumentation used (Section 2.1), the data artalgisnique (Section
2.2),results on the spatialistributions of wave occurren@nd propedies (wave power,
ellipticity, and normal anglebased on band separation (Seai8rl +3.3), and finally
discussion and conclusions (Section 4 and 5, respectively).

Instrumentation and Technique

2.1 Van Allen Probes

The Van Allen Probes missidformerly the Radiation Belt Storm Probes, RBSP)
[Kessel et a).2013;Mauk et al, 2013]are two identical spacecraft that orbit around the
Earth between a perigee and apogee of 1.1 andsbr8dRectively. Each probe carries out
an orbital period of ~9 hours while following a low inclination (~10°), highly elliptical
orbit. The perigeeapogee line of each probe, i.e., the line of apsides, precesses in local
time at a rate of ~210°/yeafhe probes, denoted as A and B, follow neadgntical

trajectories at different speeds leading one probe to lap the other every ~2.5 months.

One of instruments rboard both probes is the Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFI$KItzing et al,. 2013, in which the
magnetometer instrument providegh temporal resolution (64 vectors/sec) magnetic

field measurementer the current studyeachEMFISIS has twanagnetic fieldsensors, a

10
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tri-axial fluxgate magnetometer (MAG) and a-drial AC magnetic search coil

magnetometer (MSCFror this study, magnetic field measurements from MAG are used.

2.2 Data Analysis

High-resolution magnetic field ata taken by the Van Allen Probes EMFISIS
instrument fom 8 September 201230 June2014 (the first 22months of the mission)
were processed through tRastFourier Transform(FFT) technique anthe waver power
was calculatedollowing the method described illen et al.[2013 and Zhang et al.
[2014] Daily plots of EMFISIS data were generated and EMIC wave events were
identified visually. For each wave event the start tinmgl, ®me, and frequency range of
the event were documented on a waxentlist. Broadband wave activity was not
identified as an EMIC wave evefg#eeZhang et al[2014] for an example of EMIC wave
activity and broadband wave activityEMIC wave events we identified using a
minimum power threshold of 0.01 #Az. Each wave event musty&been observed for
at least 5 minutes in universal tirfi¢T) to avoid being considered background naixece
identified, d events vere catalogueddy frequency bandShouldan EMIC wave occur
over multiple bands(i.e., a gyrofrequency passed through the wave padket)wave
packes would be broken intéheir own respective eventising thelocal gyrofrequency
An example of each type &MIC waveeventcan be seen in Figure Bigure 1¢ shows an

example of EMIC wave activity over multiple bands (&+#nd O-band event).

Our polarization analysjsas described inAllen et al.[2013] andZhang et al.
[2014] of the EMIC wave eventsitilized a 10second mean magnetic field as the

background field from whiclthe magnetic field datavere then rotated fronthe GSE

11



245 coordinates to fieldligned coordinate3.he FFT waveanalysisof this field-aligned wave

246 dataused 4096 data points with an input step length of 512 points.

247 Normal angle wagalculated using the direction of minimum variansett@e k
248 vector direction. This assumes that all EMIC waves are a plane waverdjpegation
249 direction along the background field is not able to be determined as the calculation is
250 limited to 0° to 90°. This method, however, may underestimate the normal[Andkrson
251 et al, 1996]

252 The ellipticity of each wave packet was calculated by taking an ellipse defined by
253 thefield variationsperpendiculato the background magnetic field. Ellipticityavas then
254 defined by dividing the imor axisof the ellipsea, by the major axish, i.e, YL = >

255 Negative #ipticity values refer to lefhandedly polarized waveBositive values refer to
256 right-handedly polarized waves. Hiticity values falling betweenY Q r &were defined
257 as linear waves.

258 3. Statistical Results

259 3.1Dwell Time

260 All of the following plots have combinetheasurements frorhoth Van Alen
261 ProbesFigure 2 shows the totabmbined dwell time in minutes for both probeg ishell

262 versus MLT bis. The binsizes representl5 minutes of MLT per 0.9.-shell. This
263 resolution was chosen after testing different variations of bin ammbw/as found to present
264 noticeablydistinguishable spatial featured/e used the 2004 Tsyganenko and Sitnov
265 PDJQHW mbded HS0BD) Tsyganenko and Sitno2005]to calculate thd. values
266 using realtime solar wind input&/hite regionslenoteareas where the Van Allen Probes

12
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do not have magnetic field measurements. The Van Ritehes, over the 2onth period

used, have effectively covered BILT. While the probes are never beyond gpegee of

5.8 R, there is limitedcoverage ot.-shells beyond. = 8 and upwards df = 12 on the

nightside. This is due to magnetic field stretching that the Van Allebd2rencounter on

the nighside, especially in the pmidnight sector. Figure 2 indates that the dwell time

of the Van Allen Probes is almost always > 1000 minutes in eadbrdin< 7, peaking at

L~6 ZKLFK KDV EHHQ XVHG WR GHVTTRQBt\®2honthetibadc LHQW C

of the Van Allen Probes mission has yielded a total time of 31,080 hours of data coverage.

3.2 Wave Occurrences

To deternme the occurrence ratesBMIC wave activity, the time duration of each
wave packet has beeataloged and summaedthin each respective biof MLT and L-
shell. The occurrence rate is then defined as the total amount of EMIC wave observation
time dividedby the amount of dwell timthatthe VanAllen Probes have in that biRigure
3 shows the occurrence rates forElIC wave activity observed bh¢ Van Allen Probes
over the 22month period Grey regions displayed on the occurrence plots refer to areas
where the Van Allen Probdsad made magnetic field measurements bueMdC wave
activity was observedio gain insight into theelativepostion of EMIC waves in the inner
magnetospherehe plasmapause was simulated using the model describémdwin et
al. [2002]. The plasmapause was calculated for each EMIC wave observation by obtaining
the maximunKp values within the past 12 hours of BMIC wave eventThe average
position of the plasmapausguring wave observations, for every 15 minutes in MLS
denoted by black diamonds over plotted on Fidgu#e black linear ®est’ fit line (through

all points)has also been plotted as a reference pigialdwin et al.[2002] found that using

13
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the maximumKp value within the past 12 hours of the plasmapause crossing yielded the
best correlation betweeKp and the plasmapause locatioMoldwin et al. [2002]
determined plasmapause crossings by observing a decrease in electron density by a factor
of 5. Most of the EMIC wave activity observed by the Van Allen Probes has been located
beyond the simulated plasmapause, which is calculated to have a ralius of The
implications of the location of this plasmapause will be further examined in the discussion
section.

Overall the dayside of the magnetosphere has higher occurrence rates than the
nightside. Notable peak regions includhe MLT =1500 - 1700 region atL § , which
show a peak occurrence of ~25 %, and the MLIDBO +1200region al. 8§5.5. It should
EH QRWHG WKDW WZR RWKHU UHJLRQV RQ WKH QLJKWYVL(
9DQ $OOHQ 3UREHVY FRYHUDJH D ONMiieUated.LTVaNWENAIBY KDY L
Probes have not halfficient dwell timeover those regions. In passing through those
regions, the Van Allen Probes appear to haaga bit of serendipity and observed a few
events despite limitedoverageFor this significady smaller anount of coverage we do
not considethese regions as pealaveoccurrences.

All EMIC wave events were then separated by 3h@aveband in which they
occur. Afterward, their occurrencerates were plotted in the similar format to the overall
occurrence plotsrigure4 displaysthe(a)H*-, (b) He™-, and (c)O"™-bandEMIC wave event
occurrence ratesgsing a single color bar for comparisons between the bands of .waves
Table 1shows the number of EMIC wave events by band anduhe of EMIC wave
activity duration.Using the criteria described above, 771 EMIC wave events have been

identified. Most observations of EMIC wave events have beérbbied wave events (438

14



313 He'-band wave events, ~265 hours of Hand EMIC wave observatieh H-band EMIC

314 wave events are the second most observed (2é&mhid EMIC wave observations, ~156
315 hours of H-band EMIC wave observations)®and EMIC waves are the least observed
316 of the three wave bands (68-Band EMIC wave observations, ~32 hoursO6fEMIC
317 wave observationsMIC waveoccurrencesiccount forl.468% of the total observations
318 by the Van Allen Probeghis percentage of total observation is consistent Mehedith
319 et al. [2014] which reported that EMIC wave observations accounted.83% of total
320 CRRESobservationsTable 2 provides a breakdowhthe number of EMIC waves in each
321 band and_-shell bin Most H'- and Hé-band EMIC wave observations have occurred
322 betweerL = 4 +6. O'-band EMIC wave evds are mostly observed at ldwshells L ”
323 5).

324 TheH*-bandoccurrenceate distribution(Figure 4ahows two occurrence pesak
325 The first is located between 0900 < MLTL200 the prenoon peak) at > 4. The second
326 peak occurs between 1500 < MLTL700 atl > 5.5. This afternoon peak corresponds to
327 the weltknown enhanced EMIC wawegcurrenceegionwhere ring current ions overlap
328 with the plasmasphere and where dayside drainage plmadésown to occuyMorley et
329 al., 2009;Pickett et al.2010;Thorne 2010]and has been reported before at highsnells
330 [Keika et al, 2013] This pre-noon H*-band peak however has not been observed in
331 previous studies. Previous studies have instead reported a dawn centered peaklat higher
332 shells[Min et al, 2012;Usanoveet al, 2012] The midnight sector (2100 < MLT < 0300)
333 shows moderate to low occurrence rates.

334 Themajority of EMIC waves observed by the Van Allen Probes were ihéhe
335 band(Figure 4b) He"™-band EMIC waves have been observed at all MLT and the primary

15



336 L-shell coveragel(= 2 +6.5). The daysidehowever features peakccurrenceegions.

337 The afternoon sector peak (2 < MLT " 1800) overlaps with thed*-band wave
338 occurrence peak and occurs ithe expectedenhanced EMI wave source region
339 [Jordanova et a).2001, 2008] The prenoon region0800 < MLT " ~1200)also shows a
340 peak occurrence regioAnderson et al[1992a] also reported a strong occurrence region
341 around 1200VLT although they did not distinguish betwegavebands.

342 There hae been significantlfewerO*-band EMIC wave observatiofBigure 4c)

343 compared to theiH™ andHe" counterparts. Howevgthere does appear to be one peak
344 region located between 0900 < ML'TL100 fromL = 2 +4. Most of thes®*-band EMIC
345 waves were observed as the Van Allen Probes were approaching or leavingpeessgse
346 Yu et al[2015] reports a similar observatiosingdata from Van Allen ProbA. Unlike

347 the other bands, most of tHg*-band EMIC wave events have bearservedwithin the
348 averageglasngpause.

349 3.3Wave Properties

350 Using the methodiescribed inAnderson et al[1996], where it is assumed that
351 EMIC wave events are plane wavesch event was subject to tpelarization analysis
352 GHVFULEHG LQ 6HFWLRQ 7KLV DQDO\WLY \LHOGHG PHD
353 powerspectrum and polarization. Thesultsareplottedin the samé. vs. MLT format as
354 the previous figuresNote that regions with low occurrence rates may sbha® the
355 properties of a small numbef EMIC wave events

356 Figure 5 represents the wave power spatial distribution of EMIC waves by band.
357 The power spectrum of an entin&ve eventwas separateohto the L vs. MLT bins in

358 which they are observedhe power spectruraf the EMIC wave events within each bin

16
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380

hasthenbeen averaged togethflDFK EDQGYV ZDYH SRZHU GLVWULEXWI
a log format to bettatisplayfeatures. Thestimated location of th@dasmapause has again

been overplotted.

ThedaysideH*-band EMIC wae occurrence peaks shavave power averages around
0.1 nT/Hz. Beyondthe peak occurrence regions thiave power distribution plot for the
H*-bandwaves (Figure 5a.) does not reveal a significant spatial distribution structure. The
largest wave power observations occurs beyordé at 1200 MLT. The nightsideave
occurrencdlistributionfeatures a diverse range of wave power. Howekiedower overall

occurrence rates indicate that these results are dictated by limited EMIC wave observations.

TheHe*-band EMIC wavepowerdistribution(Figure 5b) showsverlapbetween
the afternoon occurrence peak ahe most intensevave power The afternoon peak
avemges consistently larger than ®T%Hz, which again corresponds to the enhanced
EMIC wave regiorfMorley et al, 2009;Pickett et al. 2010;Thorne 2010] However, we
also dserve peak power regions within {w&noon region0800 < MLT ” 1100)atL ~
6 and another p&an the premidnight (2000 < MLT” 2300)regionat L ~ 5 just beyond
theaverageglasmapausé his is in agreement with previous simulation studies that have
shown that the source regions of EMIC wavegpaesentvith the largest wave amplitudes
predicted in the afternoon MLT sector near Dst mininjdordanova et a).2001, 2008]
Three EMIC wave eventsbserved by the Van Allen Probiesthe near midnight region
have already been analyzed more closelg found to occur near the plasmapause where
freshion injectiors occur[Zhang et al.2014] Overall theHe™-band EMIC waves exhibit

higher wave powers than either tH& or O*-bandwaveevents
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The O*-band EMIC wavegFigure 5c)exhibit relatively weakewave intensity
Only three regiongi.e., red and yellow colordjeyondL ~ 4.5 are shown to have wave
powergreater than 0.hT#Hz. This may be largely due the instability of thé*-band
EMIC wave with the small wave growfiHorne and Thorng1993] The average wave
power ofO*-bandwaves occurring within theverageg ODVPDSDXVH DUH RQ WKH

nT%/Hz.

The lefthand( Y O Fr &) polarizationwave occurrence rates areakin in Figure
6, displayd in the same format as FigureNote th&aa 100%occurrencemplies that all
waves observed in @b region were found to be ldiandedly polarizedProperties

observed in low occurrence regiamgay overemphasize this polarizatioccurrence rate.

TheH"- andHe"-band EMIC wave plotéFigures 6a and 6espectively) showcase
that lefthandedly polarized waves are observed mainly beyord4. Given the small
range of MLAT covered by the Van Allen Prol@aLAT = -20° £20°), we would expect
tha most EMIC waveshouldbe observed in thesource region as EMIC waves are
generated lefhandedly polarizedHowever most of the high lefhand polarization
occurrence ri@s correspond to lower occurrerregions for theH*- andHe"-bandwaves
(Figures 6a and 6b). EMIC wave eveimshe peak occurrence regiomsve a lefthanded
occurrence rate of50 % Very few O*-band EMIC wave events (Figure 6c) are -eft
handedlypolarized A breakdown ot. vs. MLAT (figure not shown) revealbat most left
hand polarized Heband EMIC waves are observed at lower MISAMLAT = -10° £
10°). This distribution iconsistent with the source region being located between MLAT

= +11° of the magnetic equatpf RW R 1D QROOSHW DO
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The lineawave(| Y Q r & occurence rates for thid*-, He*-, andO*-band events
(Figures 7a/b, and 7¢ respectively) have the broadésshell distribution. Most of the
EMIC wave events observed lat< 4 for all the wavébands are linearly polarized@he
linearly polarized EMIC waves observed lat< 4 weresurprisingly observedat low
magnetic latitudeas well MLAT = -10° +10° (figure not shown)These eventmay not
be locally generatednd have been propagating away fribv@r source regionDue to the
lower occurrence rates of righandedly polarized waves (Figure 8)etpeak occurrence
regions for theH*-andHe" ™-band EMICwaves appear to be split between lineat kaf-
handed polarization¥he norpeak occurrenceegions for théd*-band events alsmostly

show a high rate of linear polarizationcurrence

The righthand( YP r & wave occurrence rates for the thisnd are shown in
Figure 8. Similar to the lefhandpolarized wave occurrensetheH* (Figure 8a) ad He*
(Figure 8b) righthandEMIC waves are observed beyond 4. Contrary to the other two
wave bandstheO*-band occurrence peak region is observed tmbstly linealy or right

handedly polarized.

The averaged normal angle val@eeplotted in Figure 9The wave normal angle
distributions do not display distinct features at highshells L > 4), but on average the
He'- and O™-band waves are almost always oblique (>50°) at Idwshells Across all
wavebands averaged normal anglkave fallen between 30.0° a6@.0°. This outcome is
due to the selection dhe wave power threshofdr eventsused in this study. Previous
EMIC wave observations show that weaker wave psafen come with a higher normal
angle[Zhang et al.2014] Figure 10 shows a comparison between the normal angle spatial

distributions ofHe"™-band EMIC waves with our initiakvent power threshold (0.01

19



426 nT?/Hz) and a higher threshold (0.1%fz). Note thatFigure 10 featur® different color

427 bar scales thmFigue 9 By enbrcing a higher power threshold, Figure 10b shaws
428 decrease in the averaged normal angle peslgyesting that wave packets with higher
429 wave power values yield smaller normal angi&ues

430 4 Discussion

431 In this study, we have performadstatistical study of EMIC waves detected by the
432 Van Allen Probes for the first 2&honth mission periodThe spatial distributianof the

433 occurrence rates and properties (e.g., wave power, ellipticity, and normal angle) of H
434 He*-, and O-band EMICwaves have been examinddis survey provides an extension
435 of previous studies on EMIC waves various magnetospheric regiopnderson et aJ.

436 1992a, 1992bKasahara et al.1992;Halford et al, 2010;Min et al, 2012;Keika et al,

437 2013;Meredith et al. 2014;Allen et al, 2015;Yu et al, 2015]by examining wave in all

438 wave bands for a full MLT coverage in the inner magnetosphere.

439 4.1Wave Favorable Occurrence Locations

440 As stated before, the plasmapause that has been overplotted on Figures 3, 4, and 5
441 wascalculated from formulas given Moldwin et & [2002]. These formulas were derived

442 by examiningelectrondensity drops during perceived plasmaspheric crossings observed
443 by CRRES.The locations of these crossings were then plotted agdmstalues to

444 determine a linear fitMoldwin et al.[2002] provideslinear fits of their results for nine

445 different MLT sector variationsThe result shows a nearly circular description of the
446 plasmapause.

447 Previous studies have reported that the afternoon sector has been the favored
448 occurrenceaegion for EMIC wavesThisregion of the magnetosphdsecharacteristic of
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the existence of plasmaspheric plumesich provide the cold ion populatiortbat
increase the growth ratd EMIC waves The plasmapause may expand during periods of
quiet storm activity. While the equations derivedNdgldwin et al.[2002] represent an
averaged position of the plasmapause over all evémgse weremany events whose
calculated plasmapause boundaries W@ratedat higherL-shells. These lowdfp value
events are possiplthe higherL-shell EMIC wave events observed by the Van Allen
ProbesAn expanded plasmapause overlapping with ring cuh@tréinisotropieons could
therefore generate the EMIC wavesdted at thesk-shells[Jordanova et a.2001]
During magnetic storms, hot ring curraahs are injecte into the inner mgnetosphere
allowing for the necessaryave free energy providets exist. An analysis specific to the
solar wind andgeomagneticonditions has not been carried out tfoe presenstudy and
is part of ourfuture work following up the current studyThe relatively high wave
occurrence ratepertaining to the afternoon sector peaks forHiteandHe™-band events
can be explaineldy thecoexisting of cold dense plasmadamot anisotropic ions from the
expandingtontracting plasmasphere or plasmaspheric plumes and thecuingnt

respectively

This surveyalso revealed the existenceEtIC wave occurrence pesin all three
banddocated before 1200 MLTSimulation results shovhére is a preference fbF-band
EMIC waves to be generated in the plasma trough reg@mrthe depleted plasma region
beyond the plasmapaugBPenton et al. 2014] Using the simulated plasmapause as a
reference, bothi*- and Hé-band wave occurrengeaks would bprimarily located in the
averageglasma trough region. TH8"-bandwave occurrencpeak however is the only

peak regn located primarily within this simulatgalasmasphereYu et al.[2015] also
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472 found that most of the Gand EMIC wave events were observedt inside the

473 plasmapausestrong geomagnetic activitypét ” -100nT) cancontrae the plasmapause
474 to those lowet-shells allowing for their generatiomhe O torus is known to form when
475 plasmaspheric and ring current partidiet®ractin the lowerL-shells L = 2 +5) [Roberts
476 et al, 1987] The presence of high populations @f could increase th®*-band wave
477 growth rate, exciting mor&MIC wavesin this band[Kozyra et al. 1984] Dayside
478 magnetospericcompressions or loweenergy anisotropion drift may also contribute to
479 wave excitatiorconditions for thelayside magnetosphdenderson et aJ]1996;Usanova
480 et al, 2012;Yu et al, 2015]which could explain thelaysideall-band wavesccurrence
481 peals.

482 With the exception of the Akebono satellite and the CHAIllenging Minisatellite
483 Payload (CHAMP) satellite, few studies hdeeused on EMIC wave observationslow
484 L ~ 3.5[e.g.,Kasahara et a].1992;Park et al, 2013;Sakaguchi et al.2013;Matsuda et
485 al., 2014] At theselower L-shells H-band EMIC waves were observed to beren
486 prominent than the Hebandwaves. Ray tracingfor H- and Hé-band EMIC waves show
487 that H-band waves were more favorabitan the H&-band wave$o be generated at lower
488 L shells,L ~ 1.5[Kasahara et al. 1992] However, the Van Alle Probes have detected
489 manyEMIC wave events below = 4, particularly in the He and O-bards. So far, many
490 intense Hé&-band wave events have been observed ihtleell region: 16 and 58 events
491 inL =2-3andL = 3- 4, respectively. Recentlfzamyuno\wet al.[2014] also found the
492 presence of strong Fidand wave activity at the loW regions from their EMIC wave
493 simulation results. The heart of tiimerradiation belt is located at these lavshells. The
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494 impact of the lowl EMIC waves on the loss of relativistic electrons will béuture

495 researchopic.

496 As mentioned in their desption, the Van Allen Probes follow nearly identical
497 orbits atslightly different speeds. There are cases in this study where EMIC wave events
498 are observed by both probes. There are also cases where both prepetialhe separated
499 enough tanot observéhe same EMIC wave evelthang et al.2014] For this study each
500 event was considered unique regardless if observed by both probes. A breakdown by probe
501 reveals that Probe A accounts fe46% of EMIC wave observations while Probe B
502 accounts for the remaining54%. Both probes, individually, feateirthe same data
503 coverage and roughly similar occurrence distributions (figure not shéwhoyther study
504 featuring a data coverage breakdown between Bidlsnd B againstvave occurrence
505 anddifferent geomagnetic conditions is needed.

506 4.2\Wave Properties

507 Since theorbits of the Van Allen Probesare confined to +20° MLAT,the
508 expectation would be th#ite probes shouldhaveobserve EMIC waves mostly around
509 their source regiorf / R W R 1 D Q, 2805} Tie @b€ervations for the occurrence ratés o
510 He*-bandleft-handedly polarized wavesiggesthatnewly generated waves were located
511 in all MLTs primarilyin WK HL ”” region A breakdown by MLAT reveals that left
512 handed polarizationccurrenceateswere mostly observed at lower MLAT (i.¢MLAT |
513 " finthosel shells across all MLT (figure not showihe samé. distribution feature
514 is also present in the lefftandpolarization occurrence rates of tHé-bandwaveevents.
515 However thereexistMLT ranges i.e.1300 < MLT " 1400 andl900 < MLT " 2100, which
516 exhibit sparsebservationof left-handH™-bandEMIC waves. Comparison of thgeak
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H*-band wave occurrence regions to theorresponding waveolarizationdistribution
indicates that the prenoon occurrence peak shows higher Heind polarization
observationshan the afternoon sector peak regidinis suggests the possibility ofacal

source regin for H™-band events the morning sector

The linearwaveoccurrence rates across all bands show the latggisell spatial
distribution. These events have propagated away from their source region andrhave
theory,crossed their respective crossover frequgioung et al.1981;Rauch and Royx
1982] Simulation resultshowever, reveal that linearly polarized EMIC waves may be
generated in the equatorial regiith specificplasmadensitiegHu et al, 2010] While
the event on 28 April 2018nd itsgeneratiorconditionswererecently reported b¥hang
et al.[2014], local plasma conditions for athe EMIC wave event# this studyhave not
been examined and abeyond the scope of the present wdkth H*-band wavepeak
occurrenceregions exhibit high linear occurrence ratBggions in the afternoedusk
sector 0/7 " a alsoshow adivide between left and linear po&drons. The
high occurrence of linebr polarized wavesvasobservedat higher latitudedyetween the
10° - 20° |MLAT | range observed by the Van Allen ProlieshelL = 4 +6 range(not
shown) Nearly all He"-band EMIC wave events observed belaw= 4 are linearly
polarizedand occurred at the lower MLAT rangdSIl(AT | ” f Two possible reasons
may explain theobsered featuresFirst, these waves may have propagated toward the
inner magnetosphefeom their respectiviigherL source regionThe linear polarization
is thenonly a wave propagation effecdecond, recent simulation results shavihese

lower L-shells,a lossconeQ" ion distribution in the ring curremhayresult in significant
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EMIC wave growth and highly obliquinearly polarized waves may becally generated

in theHe™-band[Gamayunov et a12014]

The occurrence regiofor the O'™-bandwave events are largelyivided between
linear and righthand polarizations.It remains unclear if these locatioshould be
considerd a source region for th®*-bandwave events.Few kft-handO*-band waves
have been observednd they exhibit no defining spatial distribution structuten
anisotropic or losgone distributions andon composition inthe lower L-shell
magnetosphereould alsoresult inour observed wave properties fthe O*-band wave

and this needs further investigation

As Figure 10 implies, there is a correlation between veawplitudeand normal
angle When the wave power threshold for the event selectidifted from 0.01 to 0.1
nT?/Hz, the average normal angle of all waves observed in thatanibe decrease by
20°. An analysis examining the correlations between EMIC wave inteasdyproperties

has not been performed as part of this studywahdserve to be future work.

4.3 Comparisons with PreviousResults

As stated above, an-otepth wave property analysis BMIC waves in the inner
PDIQHWRVSKHUH KDVQYfW EHHQ SHUIRUPHG LQ SUHYLRXYV
included that examines all three wave bands together. Table 3 provides a comparison
between EMIC wave statistical studies based on the spdicased, and regions covered
by the spacecraft (not tliespectivestudy). Table 4 shows the EMIC wave bands used in
each studyAnderson et a[1992b] discussdthe observation of wave polarization by MLT
sectors angresentechistograms on wave poweisttibution. Anderson et al[1992b]

observed sparse EMIC waves belbw 6 and wave power averages remain on an order
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of 1nT?/Hz. Ellipticity results also show a prevalence of-tlefindedly polarized waves for
the daysideKeika et al.[2013] provides occurrence results by band separation and their
study examines the relationship between geomagnetic activity and EMIC wave occurrence.
The peak occurrence region of EMIC waves observed by AMPTE CCE was found to be at

"L ” [Anderson et al.1992a;Keika et al, 2013] which are regions where the Van
Allen Probes do not have significant data coverage. In regards to thdl cpatsal
distribution of EMIC waves in the inner magnetosphere, our results are consistent with
those from CRRE®erformedby Halford et al.[2010] andMeredith et al[2014]. Both
show that there exists a peak in EMIC wave occurrence in the afterndon &ethose
lowerL-shells /” . A breakdown by band shows that the inner magnetosphere afternoon
region serves to be both peak regions forHheandHe"-bands, which is in agreement
with Meredith et al[2014] and consistent with our resulss stated above, CRRE&led
to completea full MLT precession. Our preoon resultgrovide a supplemenb the
CRRES data sethe results b)Kasahara et al[1992] pertain td_-shell regiongL ~ 1.5)
ZKHUH WKH 9DQ $0OOHQ 3UREHDB¥snqtoohsene ENDIY Wave$.P HQ W
Kasahara et al[1992] reporteda peak occurrence region for+Hand Hé-band EMIC
waves in the evening sector (MLT = 168Q000).

By comparing those fromvlin et al.[2012], results from our study provide insight

into the difierences of EMIC waves between the inner and outer magnetosphere. Our lower
L-shell afternoon sector peak wave power observations concur with those observations
reported at highdt-shells, with some overlap, in et al.[2012]. Overall, both studies
are in agreement thate™-band EMIC waves tend to be stronger in wave power than the

otherwave bandsThe afternoon sector wave power peak present inMotlet al.[2012]
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and our study coincides with thell-known enhana@EMIC wave regiorj Thorne 2010]
Our results do not reveal the appearance of a dawn certiéreand occurrence peak.
Therefore this may be a feature only apparent in the hlgkkells. However, wherglin

et al.[2012] shows a decrease iri-Hand occurrencaround 0900 1100 MLT from R =
~6.5 £14, the Van Allen Probes observe an increadd #hand EMIC waves dt = 6.
Another THEMIS study, byJsanova et al[2012], focuses on EMIC wave occurrences
associated with geomagnetic conditiokisanova et al[2012] reported EMIC wave
occurrence peak regionslat 9 on the dayside magnetosphere but did not distinguish by
wave band. Furthermoré&)sanova et al[2012] reports a less than 2% EMIC wave
occurrence rates ftr< 6.6 across all MLT sector®ur resultshow that EMIC occurrence
rates may bashigh as 25 % within thik < 6.6 regionThediscrepancies) observations
between the missiomsay be attributed to the differespatialregions of focugthe outer
magnetosphergs. the innemagnetosphejeor each missionDifferences in the solar
cyclemay also accourfor thediscrepancy.

Despite observing few events below L =Alen et al.[2015] does examine the
wave properties of these inner magnetosphere EMIC waves. Most of the inner
magnetosphere EMIC waves observedAtign et al.[2015] occur centered around 1200
MLT and appear to mostkplit between linear and lefitandedly polarizéatlower MLAT
(0/$7 " yherethe Van Allen Probes observe. Our afternoon polarization occurrence
rates are also consistently split between the linear anddattedly polarized waves. Both
studies report low righbhandedly polarized wave occurrencésner magnetosphere

normal angle measurements also appebetiblique
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A recent EMIC wave statistical study with measuremdrdm the Van Allen
Probes, performed byu et al[2015], only examined the occurrence dfkiand waves on
Probe A. Our inclusiof both Van Allen Probes has nearly tripled the total 6b@nd
wave eventsProbe B observed more events overall than Probdh% increase in
observations has provided a more symmetric MLT distribution &fband wave
occurrences while still revealing a peak region as reporteédubst al.[2015]. Note that
our study also includes the statistical properties &fb@nd waves that haveot been

addressed before.

. Conclusions

In this study we haveutilized high-resolution magnetic fieldatafrom the Van

Allen Probesin the time period of 8 September 20¥30 June 2014i.e., the first 22

months of the missionWe have examined theccurrence rateand wave property

distributions of EMIC waves as observed by the EMFISIS instruorebbth probes. The
analysisis based on the observations of over 700 EMIC wave events thedtagorize
into three wave bands. The results summmarized as such:

1. Overall the daysidanermagnetospherieatures higher EMIC wave occurrence rates
than the nightside, consistent withesults from previousstudies for the global
magnetosphere

2. A breakadwn by band reveals theie"-band EMIC waves are the most prevalent in the
inner magnetosphesmong the three wave band$ie peakoccurrenceegionsof the
He*-band wavesnclude thepre-noon Q o/7 7 DQG DIWHUQRRQ

o/7 " sectordetweer. = 4 6.
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3. Peak occuence regions are revealed for tHé&-band EMIC wavesn the prenoon
© 0/7 " 00fromL=4 +6) and afteQ R R Q 0/7” L=5bBRP
16.5) sectorsO™-band EMIC waves also show an occurrence peék o/7
1100at lowerL-shells(L < 4).

4. He'-band EMIC wave®xhibit the higlestwave power (InT?/Hz) in the afternoon
sector, i.e., the weknown enhanced EMIC wave occurrence region.-haftd EMIC
waves in all bands appear to be confined betieed +6.

5. Linearly-polarized obliqueHe'- and O-band EMIC waves have been observed below
L=4.

6. Higher wave powerappear to be correlated with lower normal angle values.
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Figures:

Figure 1.Three sample EMIC wave evemtisserved by the Van Allen Probes. Shown are the
wave powespectrogramsf a (a)H*-, (b) He™-, and (c)O*-band EMIC waveevent All plots are
on a log scaleThe solid blackines represent ion gyrofrequenci®®rtical dashedines

represent the start and end time of the event.

Figure 2 Thedatacoverage of the Van Allen Prohdsach cell refers to 15 minutes in MLT per
half L-shell. Overplottean this plot are circles representing the 2, 4, 6 and 8hell,

respectively.

Figure 3 The occurrence rates of all EMIC waves observed by the Van Allen Probes from 8
September 201® 30 June 2014. Grey areas refer to regions where the Van Allen Probes were
locatedbut did notobserveEMIC wave activity. Overplotted is a simulated plasmapaate &

4.5) as described byloldwin et al.[2002], with diamonds representing the averagétiposper

15 minutes of MLTThe black line was then fitted through the averaged positionslitate the

location ofthe plasmapause.

Figure 4 The occurrence rasef (a) H*-, (b) He*-, and(c) O"-bandEMIC waves Regions
beyondL = 6.5 lack significahcoverage compared to lowershellsand therefore have not been

defined as peaks.

Figure5. Same format asiure 4, showinghte wave power distribution of EMIC waves
observed by band.
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Figure 6 Same format as Figure ghowing the occurrence of Idfandetly polarized EMIC

waves by band.

Figure 7.Same format as Figure 4, showing the occurrence of linearly polarized EMIC waves by

band.

Figure 8.Same format as Figure ghowing the occurrence of rightindetly polarized EMIC

waves by band.

Figure 9.Same format as Figure 4, showing the normal angle spatial distribution of EMIC waves

by band.

Figure 10 Normal angle®f He"™-band EMIC waves considering a wave power threshold of (a)

0.01nT/Hz and (b) 0.1 n¥Hz. Notethatthe color bar display is different than Figure 9.
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892 Tables

893 Table 1.EMIC wave occurrence by band

Band Event # Time Duration (hours)
H* 265 156.38
He" 438 265.08
o' 68 31.0
Total 771 452.96
894
895

896 Table 2 Wave @currence by L shell.

897
Band 2<L”3 3<L"4 4<L’"5 5<L”"6 6<L"7 7<L7"8
H* 0 22 70 152 20 1
He' 16 58 125 207 31 1
o* 17 29 14 5 3 0
Total 33 109 209 364 54 2
898
899 Table 3.Comparison®f EMIC wave statisticastudies
Study Spacecraft L Range MLT covered Start Time End Time
Anderson et al[19924] AMPTE CCE 39 All Aug. 1984 Nov. 1985
Keika et al[2013] AMPTE CCE 39 All Aug. 1984 Jan. 1989
Kasahara et al[1992] Akebono 1-3 0-22, 2324 Apr. 1989 Nov. 1990
Halford et al.[2010] CRRES 3-8 14-24,08 Jul. 1990 Oct. 1991
Meredith et al[2014] CRRES 3-8 14-24,08 Jul. 1990 Oct. 1991
Min et al.[2012] THEMIS 3.914 All Apr. 2007 Dec. 2010
Usanova et al[2012] THEMIS 314 All May. 2007 Dec. 2011
Allen et al.[2015] Cluster 4.515 All 2001 2010
Yu et al[2015] Van Allen ProbeA 2-8 All Sept. 2012 Aug. 2014
This Study Van Allen Probes 2-8 All Sept. 2012 Jun. 2014
900
901
902
903
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904

905 Table 4.Comparison®f EMIC wave statisticastudies by band inclusion

Study H* He' o'
Anderson et al[1992q] P F F
Keika et al[2013] Yes Yes No
Kasahara et al[1992] Yes Yes No
Halford et al.[2010] F F F
Meredith et al[2014] Yes Yes No
Min et al.[2012] Yes Yes No
Usanova et al[2012] F F F
Allen et al.[2015] F F F
Yu et al[2015] No No Yes
This Study Yes Yes Yes

906 A study does not specifywavesby band
907
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