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Key Points

- EMIC wave propagation from the magnetosphere to the ionosphere is complicated by
reflection from the Buchsbaum resonance and interference

- Waves reflected from the Buchsbaum resonance interfere to generate a coherent driver for
a secondary lower latitude field line resonance

- This generates a fielduided secondary lowdatitude peak associated with strong shear
to-fast mode energy conversion he ionosphere

Abstract

In-situ conjugate electromagnetic ion cyclotron (EMIC) waves observed by the Swarm mission
in both hemisphereare presented. A compleand unusuapattern of Alfvéric EMIC wave
energy is observed, with a mldtitude peak close tthe source at L=3.3s well as aecondary
lower L-peak. A wave propagation model reveals that the secondary peak at L=1.7 may be
explained by wave power being redirected equatorwdte tothe Buchsbaum resonance,
crossing and interfering with the sam®EC wave powepropagatingequatorwardsfrom the
opposite hemisphereThisinterference creates a coherent equatorial driver for a{bvield

line resonance at the secondary peak, and wischssociated with strong sheto-fast mode
couplingin the ionasphere This behavior complicates the interpretation of l&arth orbit

EMIC data for applications assessing radiation belt ©smbined LEO observations and
modelling enable these novel and localized magnetospi@nesphere EMIC wave propagation
pathways to be identified.

Plain Language Summary

Electromagnetic ion cyclotron (EMIC) waves are important in-Beath space due to their role
AY NBRdAzOAY 3 (GKS IY2dzyd 2F NIYRAFGAZ2Y Ay (KS
They are studied using satellites and ground observatoespaper reveals how these waves
canfollow complicatedand previously unknowpathways to reach the upper atmosphere

where they can be detected on the ground. This study shomenaand unusual effeavhere

some EMIC wave energyréflected anddiverted towvards the equator, where ineetsits
oppositehemisphere counterpartinterferes with itand sets up a resonance. This resonance
then creates a new signal peak in the upper atmosplatiewer latitudes far away from the
location of theinitial source This presents a new and hitherto unseen pathway for wave energy
to travelfrom their generation region in nedtarth space down to the ionosphere.
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Understanding such pathways is very important for correctly diagnosing the location of these
wave populationsn space, and assessing their role in causing reductions in the levels of space
radiation

Index Terms

2487 Wave propagatiqr2494 Instruments and technique2736 Magnetosphere/ionosphere
interactions 2768 Plasmaspher@753 Numerical modeling

Keywords

EMIC waves, magnetosphere, ionosphere, wave reflection, Buchsbaum resonandmdield
resonances

1. Introduction

Electromagnetic ion cyclotron (EMIC) waaes important instabilitiedinked with rapid
radiation belt dropoutgShprits et al., 2008Y.hdar importancein radiation beltdynamicds an
active area of research and debate (eMillan and Thorne, 200Bhprits et al., 2013, 2018;
Mann et al., 2016, 2018k is alsoknown that EMIC wavesanbe spatially and temporally
localised Usanova et al.2010 Blum et al., 2016, 2017; Hendry et al., 20Rin et al., 2018a,
Kim et al., 2020and can propagate in the Eartbnosphere waveguide (e.g., Mann et al.120
and references therein)his presents a dilemma in how éffectivelyobservethem.

Ground magnetometer stations (e.g. Mann et al., 2008) can provide continuous monitoring but
are fixed in positiorand their signatures are complicated by ionospheric ducting (e.g. Mann et
al., 2014, Kim et al., 2018b and references therditganwhile, higp-apogee spacecrain

elliptical orbits e.g. Van Allen ProbeS|uster, or MMSprovide limited temporal coverage as

they can rapidlycrossthe narrowlL-shellssupporing the EMIC waves (e.g. Usaaat al., 2008)

and only return to the same region onlagively long orbital timescales.

Meanwhile polar low-Earth orbit(LEQ satellites, such as the European Space Agency (ESA)
Swarm(FriisChristensen et al., 2008nissioncross kshells rapidly and thusffer the

possibility of higher temporaloverage For example, Swar and C croshe same tshell up

to four times in only 90 minutes. This makes LEO satellites potentially attractive platforms for
studying EMIC waves.

Thepathway by whictEMICwaves propagate from their source region to growahbe
complex,often involvingpolarization reversal, deflections at the Buchgbaresonance
(Buchsbaum, 1960mode conersion €.g.,Kim and Johnson, 201,6)nosphere waveguide
ducting and possible reflectioaround equatorial plasma bubblékim et al.2018b. Inner
magnetosphere propagation models.g.Sydorenko and Rankin, 2012013 may beusedto
understand the correspondence between lalitude and ground EMIC signatures and their
source location$arther out in the magnetosphereThese models red to be validated against
empirical measurementsiere we use a novel model for EMIC wave propagation to
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demonstrate the importance of the Buchsbaum resonamc&ffecting the pathways by which
EMIC waves reacthe ionosphere withirthe inner magnetospher. WhereasKim and Johnson
(2016) demonstrated how the Buchsbaum resonance can affect wave dynamics near their
equatorial generation region at Z;-here we usa simulation domain which covgthe entire
magnetospherdonospheredomainand reveal an unexpected new pathway by which EMIC
wave energy may reach the ionosphere at lovier

We combinedatafrom Swarm A and @ith results from thisvave propagation model. Two
EMIC waveignal poweipeaks at LEO are identifi@a both hemispheresTheprimary high
latitude peak(L~3.3)@ppears to represent EMIC wave power travelBtrgightforwardlydown
the field line to the ionospherelrhe secondary peak~1.7)appears tchave beergenerated
from the same source, travellirjong a novel pathway from the magnetosphere to the
ionosphere which to our knowledge has not been reported previoddtg model results show
compelling evidencéor EMIC wave reflection through Buchsbaum resonance, followed by the
two reflected waves, e from each hemisphereyossingat the equator and interfering to set
up resonant standing waves which pump energy into aielel resonance (FLRyhichis
observed ashe secondary peak. Mulgpacecraft phase differencingvealsthat the secondary
peakappeasto feature strong sheaito-fastwavemode conversion.

2. Data and Instrumentation

TheESASwarm mission (Fri€hristensen et al2008 was launched into a lowarth polar-87°
orbit in 2013 and consists of three identical satellites. Swarm A and C form a pair travelling at
450 km ditude with a separation of 1.4f latitude and a varying aloAgack separation that is
~10 seconds apart at the time of tieeent. All spacecrafare equipped with the Vector

Fluxgate Magnetometers (VFM) sampling the magnetic field at 500Hsa{ et al., 2013)The
coordinate system used here is the spacecraft coordinate system (VFM) Wh&tel faces in

the direction of the spacecrafhotion, VFM_ 3 faces radially upwards away from Earth, and
VFM_ 2 faceazimuthallyand completes the triadThe Langmuir Probeprovide plasma density
estimates at 16 HKnudsen et al., 2017)

The Van Allen Probgsmir were launched in 2012 into ne&quatorialelliptical orbits with an
apogee of 37,000 km and a perigee of ~600 Kdessell et al2012). The magnetic field
instrument has a sampling rate of 64 samples/sec and forms part of the Electric and Magnetic
Field Instrument Suite (EMFISIS) (Kletzing et al., 2013).

TheCanadian Array for Reaime InvestigationS of Magnetic Activit@ARISMygroundbased
magnetometer network (Mann et al., 2008) consists of an array of induction coil
magnetometers (ICM) and fluxgate magnetometers (FGM), measuring magnetic field
perturbations an the ground acrossvesternCanada and the northern United Statdhe ICMs
and FGMs sample at 100 Hz and 8 Hz respectively.

3. Results
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3.1 Event Observations

SwarmA/Ctraversedan area of intense EMIC wave activity off' Beptember 201510-11 UT
The pairflew northwardson the nightsidethrough a conjugate region of EMIC wave activity
spanning the southerandnorthern subauroral regionsEMICwvaves(~1.5 Hywere detected
simultaneously on several CARISMA grostadions and on Swarm/&. On Swarm, the waves
were detected in both the quarazimuthalB_VFM_2nd |B| componens. Phase differencing
(Balikhin et al., 199'RPakhotin et al., 2013)as usedo estimate thesourceregion of the
compressional disturbance assuming the source location does not change on the timescale
neededto traverse the area of interesandassuminghat the propagation speed of the
compressional component away from the source in the duct is locally homogeréguse 1
displays the results of the analy$is both hemispheres. The intersection of thed black solid
lines in Figure 1 (a), tracing the vectors of maximum and zero phase difference in the
compressional magnetic field, allows the triangulation of the signal sparagked with a black
cross. Dashed black lines denote the hypothetical isslofeompressionalvave power
spreading isotropically from the source. The same analysis has been applied to the southern
hemisphere (Figure 1 (b)). The intersection in that hemisphere is close to the theoretical
magnetic conjugate point, calculated usittng IRBEM library, which is also marked as a black
cross.Additional analysis assessing the impacts of potential latitudinallyumiiorm

propagation speeds is presentedSupplementary MateridFigure Slbased on Swarm
densities inferred from the Swarirangmuir probeHowever, the resulting difference in the
inferred sourceL-shell is small.

—_— Swarm A — Swarm A
Swarm C (b} Swarm C
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Figurel: Northern (a) and southern (b) hemisphere tracks for SwarBwAplue), and Swarm
C SwCred). Blacksolidlines denotestraight linesdrawn between SwA and SwC inter
spacecraft separation vect®at the times of maximumand zergohase difference The
intersection of these lines gives the approximatenpressionasource locationThe blue and
red traces are solid whilBwarm A and C traversed the area between thesezease and
max-phase locations, and dashed otherwiBéackdashed circlesrepresentwavefrontsassumed
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to bespreading out omndirectionally from the source. Smaitlblack crossedenote CARISMA
groundsations Large black crosses denote intersection peaitthe phase line&) and its
magnetically conjugate location (p the left panel, he smallletter pairs (a,b), (c,d) and (e,f)
refer to the correspondinggtter panels irthe waveforms shown iAgure 3 for the northern
hemispherein right panel the same letter pairs refer to the panelSupplemerdry FigureS3
for the south

In both hemispheres, the compressional wave power appears to originate from L ~ 1.7. In
general, EMIC waves are not expected to be obseeggahtoriallyat such low tshdls (Saikin et
al., 2015). Van AlleRrobeB (VARB)passed close to Swarm A/C in theuatprial plane around
1021 UT and neither Swarm A/C noARB observed angquatorialEMIC wave activity at 1.5
Hz (seSupplementaryFigure 3). VARB, which moves in the azimuthal direction due to its
near-equatorial orbit, also did not see wave activitgfore or afterwards, despite being at
higher Lshells. This suggests that the event was azimuthally localized.

In Figure 2 (g)high-pass filtered B_VFM_2 data shows |laspale aurorazoneFACdetween
~10091018 UT in thesouthand ~10561056 UT intie north. The magnetic perturbations
related to EMIC waves aheéghlightedwith green boxesshown in more detail in Figure(B)
where the magnetic field data has been processed witldswindow high-pass filter to bring
out the Pcl band sighaAssuminghat the plasmaphere ends where relatively large FACs
begin (e.g. Heilig andihr, 2018, the plasmapause location for both hemispheres would be
around L ~4.74.8.Similarly estimations obtained from th& ARB EMFISISistrument (Kletzing
et al., 2013, utilizing the upper hybrid frguency and densitywould placethe plasmapause at L
~ 55.2. These considerations would then place the Pcl signal maxaida the plasmasphere
at L ~3.3 in both hemispheres. This agrees witbr studies (e.g. Kim et aR0183) which show
EMIC waves on Swarm to be a sulyoral phenomenon.

Figure 2c) and (d) show the transverse (B_VFM_2) and compressional (|B|) components of the
magnetic field in the frequency domain. The ~1.5 Hz waveslearly seen in both

componerts, strongly suggestinm-situ mode conversion from the sheatfvénto the

compressional mode. Interestingly, while the maximum wave powthrdarshearAlfvénmode

(Figure Zc)) appears near the assumsdurcelocationat L~3.3~1021 UT in the south dn

~1050 UT in the north), there is also a secondary signal extending to lower latitudes in both
hemispheres. The maximum of this secondary signal is around 1025 UT in the south and around
1045 UT in the northThe secondary signal is marked in Figure 2v{th) orange boxedn both
hemispheres, wave powealropsbetween the prmary and secondary signals. T8exondary

signal is also pronounced in the compressional compoffeigure 2 (d))The maximunwave
intensitiesof the primary peaksin bothhemispheres, araround L ~ 3.3. The maximum
intensitiesof the secondary peakareat L ~ 1.71.8 in both hemispheres, which agrees with the
earlier geometric analysia Figure IJplacing thesecondarycompressional Pcl wave power

source at L ~ 1.7.
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Figure2: For 17 Sept 2015, 10:00:00:00:00 UT, ()lue shows the time series BfVFM_2
after the application of a-2ninute moving average higpass filter (in nT)olack shows
Langmuir probe densityb)shows the B_VFM_ 2 sigrtagh-pass filtered with a 18econd
moving average. The primary signal intensity maxima are marked in (a) and (b) with green
boxes, further the secondary intensity maxima are marked on (b) with orange btopeexl (d)
showdynamic power spectraf B_ VFM 2 and theB-modulus respectively

Thephase differencingnethodologyin the ionosphere for the secondary peakdemonstrated

in detailin Figure 3which shows the |B| readings on the spacecraft pair for three time periods.
Figure 3a) and (b) show # magnetic perturbations around 1045 UWherethe wavepackets
arriveat Swarm C before Swarm A. During the second time period, around 10&0dufie Jc)

and (d)), the wave peaks from Swarm A and C are in phase, meanirdgpthaibserve the
wavesimultaneously Finally, during the third time period, around 1052 Bfiown in Figure 3

(e) and (f)the lagging Swarm A observes the wave before Swarm C, meaning that the
wavefronts are now catchg up with the satellite pailSimilar geometric calculains were
performed for the southermemisphergSupplementaryrigureS3). In both hemispheres hie
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inter-spacecrafivavephase changes smoothly between the three time periods, without
evidence of phase wrapJupplementaryrigure 8). Themagnetically cojugateemission
regions are to the left of Swarm A/C in the south, and to the right of Swarm A/C in the north
consistent with conjugate field line tracing

Meanwhile,most CARISMACMs observsignificant wave power at ~1.5 Hz around the time of
the Swarm traversals and for severalns afterwardqseeFigureS). The wavesignalto-noise
ratio increases with decreasing grousition latitude, suggesting that the signal source is
either closeto THRKL=3.6)or southwards of itThe same wave signal is also detectedtrer
CARISMAGNMstations such as PinawRINA L=4.) and Osaki$§OSAKL=3.2, the amplitudes
being consistent with the-Ehell of the primary wave inferred on Swarm.
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Figure3: B-field modulusreadings for three time periods on Swarm A (blue) and Swarm C (red)
as they traversed the northern hemisphgtee two time series beingffset by 0.4 nT for easier
viewing. The right columehowsthe areashighlighted bythe black squares the left column.
Specifically(a) and (b) show the period of maximum phase difference between Swarm A and C
in the northern hemisphere, (c) and (d) show the pdrase period, (e) and (f) show the period
where Swarm Aees each wave front before Swarm C.



214 3.2Simulation Results

215 The event described in the present papesimulated using a twdimensional linear numerical
216  model ofultra-low frequency ULF wave propagation in atmosphere, ionosphere, and
217 magnetosphereEquationssolved by the model are present@dSupplementary Text S1

218 The simulation domain is a sector in the plane of a magnetic meridian, with the magnetic

219 latitude ranging from80° to 80°. Spatial resolution in the radial and meridional directiond 0

220 km at the Earth surface. Thener and outer radii of the simulation domain are 6,380 km and
221 60,000 km respectivelyThe ionosphere in the simulation beginsaataltitude of 110 kmThe

222  azimuthal wavenumber is assumed to be B8sed on the assumexzimuthal scale size of a

223 localized EMIC wave sourd¢garameters of ionosphere, magnetosphere, and thermosphere are
224  set using twedimensional profiles of ion, electron, and neutral densities and temperatures
225 provided by IRI (Bilitza, 2018), GCPM (Gallaghal, 2000), and MSIS (Hedin, 1991) for the

226  17th of September 2015, universal time 11 hours, magnetic local time 4.25 hours.

227 The wave source an electric current loop in the meridional plane, 500 km long inrtukal
228 directionandwith latitudinalboundaries at:0.5°, positioned ata radius of 20,000 km in the
229 equatorial plane. The period cfirrent oscillations itthe wave source is 0.5 seconds. The
230 amplitude grows linearly for 10 seconds and then remains constdm.pecific value othe
231 currentamplitude in the source is of no importance since the wave model is lilbarwhole
232 simulation lasts for 45 seconds. most of the domain,ite wave amplitude reaches its

233 stationary level after about 30 seconds since the beginning of the simulation.

234  Twometrics are used below to descrilsempressional and torsionalfvénwaves.The
235 azimuthal magnetic fielgerturbation, & , which is normal to the dipole geomagnetic fielda

236 therefore contributesothe @ NA I A2y 2F GKS Y 3y¢yhSractezstieA St R @¢
237 torsional wave. The difference between the modulus of the full magnetic fields{the of the

238 wave perturbation®andthe geomagnetic field® ) and the modulus of the geomagnetic figld

239 1 9Dsk @ @ @ , characterizethe compressional wavé\ote that two movies

240 showing evolution ob and] P sin space and time during the simulation are provided in
241  Supplementary Materials.

242  The patial profile of he iondensityis strongly noruniform and includes eelatively dense

243 plasmasphere as well axlepleted plasma outside,ias shown in Figure 4(djhe wave source
244 isinside the plasmaspher&éhe source excitdsoth torsional and compressional wavébe

245 torsional waves propagatdong thegeomagnetic field, seEBigure 4(b)The ompressional

246  waves propagatacrosshe geomagnetic fieldmostlytowards the boundary of the

247 plasmasphere, see Figure 4(a). Compressional waves emitte@ lsptince are ducted between
248 surfaces 1 5 and 1 ,wherg isthe wave frequency, j is the cyclotron

249 frequency ofO" ions and] is aBuchsbaum resonance frequenesgethe regionbetween

250 the magenta and thélue curves in Figure 4(aBuchsbaumiesonancdrequencies  are
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calculated for a 3 component plasma’(He, O using equation (13) of (Barbosa, 1982), the
plus orminus in the superscript @f  corresponds to using thelus or minusn this equation,
respectivelyNote thaf is close to the cyclotrondiquency of Heions]  , compare the
blue and cyan curves in Figgra), 4(b) In the northern hemisphere, compressional waves
impinging on the plasmaspheric boundary transform into waves with significant torsional
componentpropagatingalong the boundargn the outer side of the plasmasphei®uch a
process does not occur at the plasmaspheric boundary in the southern hemissleer&igures
4(a) and 4(b). The difference may be relatedie magnitude of thedensity gradient at the
plasmaspheric boundarwhich is noticeably sharper in the northern hemispheae shown in
Figure 4(c)Wavesoutside the plasmasphere propagating away from the Earéhbeyond the
scope of the present paper.
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Figure4: Simulation reslis. Snapshots of the perturbation of the full magnetic field modulus (a)
and the wave azimuthal magnetic field (b) at time4-375 secelectron density (¢)

perturbation of the full magnetic field modulus (d,f) and the wave azimuthal magneti¢digid

at time t=35.997 sedn (a,b,c,d, the black curve is the field line passing through the wave
source in the equatorial plan&ray curves (a,hd-g) and white curves in (e@present dipole
field linescrossng the Earth surface at latitudes 80°to 10° with a 5 step.In (a,b) the
Buchsbaum resonancarface§ 1 ° are shown by red ( ) and blue]( ) curves;

surface3 1 j and] ] i are shown by the magenta and cyan curves, respectively
(d,g), red curves mark surfages 17 .In (a,b,d,e), lack arrows and labelssind Bsmark
locations of Buchsbaum resonantes 7  on the field line of the wave source in the northern
and southern hemispheres, respectivéty(a,b),red arows mark equatorward propagating
waves excited at locationsB Regions of (f,g) match the spherical slabs shown in; (the)
horizontal and vertical coordinate axes in (f,g) are the latitude and altitude



