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Abstrakt: Predklddana diserta¢ni prace je zalozena na analyze elektromagne-
tickych emisi rovnikového Sumu (RS) Tyto vlny se pohybuji v blizkosti geomagne-
tického rovniku na frekvencich mezi protonovou cyklotronovou a spodni hybridni
frekvenci. Pouzitd data byla namérena na 4 druzicich Cluster v obdobi od ledna
2001 do prosince 2010. Pro celkovou statistickou analyzu emise jsme vyuzili dat
z piistroje STAFF-SA, ktery poskytoval neptetrzité méreni. Pro vizualni identifi-
kaci RS jsme sestavili 3 vibérova kritéria, pomoci kterych jsme vytvoiili databdzi
vice jak 2000 emisi. Ukazali jsme, ze RS se vyskytoval téméi v celém rozsahu
zkoumanych vzdélenosti (L ~ 1 az L. ~ 10, kde L zna¢i Mcllwainuv parame-
tr) s maximem mezi L = 3 a L = 5,5. Prubéh pravdépodobnosti vyskytu RS
v zavislosti na magnetickém lokalnim case vykéazal v oblasti mimo plazmosféru
vyznamné zvySeni v odpolednim sektoru. V plazmosfére byla naopak zazna-
mendna jen slabd zdvislost. Ddle jsme se zaméfili na vnitin{ strukturu RS, pro
kterou jsme vyuzili dat s lepsim ¢asovym i frekvencnim rozlisSenim z ptistroje
WBD. V datech jsme nalezli 342 emisi, kde pouze 177 z nich splnovalo podminku
viditelnosti vice jak 4 spektralnich ¢ar a mohlo byt dale vizudlné analyzovano.
7 frekvencni vzdélenosti jednotlivych spektralnich ¢ar byla vypoctena radidlni
vzdalenost zdroje, ktera pro vétsinu emisi lezela kolem L ~ 4.,4.

Klicova slova: rovnikovy Sum, radia¢ni pasy, druzice Cluster, zemskd magne-
tosféra
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Abstract: The present doctoral thesis is based on the analysis of the electromagne-
tic equatorial noise (EN) emissions. These waves propagate in the vicinity of the
geomagnetic equator at frequencies between the local proton cyclotron frequency
and the lower hybrid frequency. We used data obtained by the 4 Cluster spacecraft
during the period from January 2001 to December 2010. The analysis is based on
the data from the STAFF-SA instrument. We have developed 3 selection criteria
for the visual identification and we have compiled a database of more than 2000
events. We demonstrate than EN occurs in almost entire analyzed range of the
Mecllwain’s parameter from about L ~ 1 to L ~ 10. EN mostly occurs between
L = 3 and L = 5.5. Analysis of occurrence rates as a function of magnetic local
time shows strong variations outside of the plasmasphere (with an increase in the
afternoon sector), while the occurrence rate inside the plasmasphere is almost
independent. We have also analyzed the inner structure of EN. We use data from
the WBD instrument which provides us with high-resolution data. We have found
342 events and we have visually checked them for visibility of the spectral lines.
For further investigation we use only those containing at least 4 spectral lines. We
have estimated the locations of the source regions from the frequency differences
of the spectral lines. For most cases it was found around L ~ 4.4.
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1. Uvod

Vyzkum a vyuziti elektromagnetickych vin jsou nezanedbatelnou soucasti fyziky.
Jejich existenci ve 30. letech 19. stoleti poprvé predpovedél vyznamny anglicky
fyzik Michael Faraday a o nékolik desitek let pozdéji teoreticky popsal jeho krajan
James Clerk Maxwell, ktery shrnul zakonitosti elektromagnetického pole do ¢tyft,
na jeho pocest pojmenovanych, Maxwellovych rovnic. Z téchto zédkladnich rovnic
vychazi teoretické vypocty a modely tykajicich se siteni elektromagnetickych vin.
Velmi zajimavy specialni piipad pak tvori viny §itici se v plazmatu.

Plazma, nékdy nazyvané ¢tvrté skupenstvi hmoty, je ionizovany plyn, ktery
vykazuje kolektivni chovani a kvazineutralitu. Plazma v zemské magnetosfére, ve
kterém se nadale budeme pohybovat, ma naprosto odlisnou hustotu od plazmatu,
se kterym se setkdvame v laboratofich ¢i ve hvézdach. Navic i ta se v ruznych
oblastech velmi lisi, napt. elektronova hustota miuze v nékterych ¢astech magne-
tosféry dosahovat hodnot 10° ¢4stic v em® a nebo naopak klesnout az na méné jak
jednu ¢dstici v em?®. Viny jsou v plazmatu velmi dilezité, nebot piendsi energii
mezi dvéma misty. Mohou ji dokonce vynést ven a nebo naopak celkovou energii
plazmatu zvysit. Jelikoz plazma je tvoreno minimélné dvouslozkovou tekutinou,
muze se v ném §itit mnoho typu vln v mnoha maédech.

Vnéjsi radiaéni pas

/ 19,000 - 40,000 km

GPS satelity
20,000 km

. e ¢ p Geostacionarni orbita
VnitFni radiacni pas . druzice METEOSAT, GSO
1,600 - 13,000 km ; \ e 35,000 km

Mezinarodni vesmirna
stanice ISS
368 km

Druzice Cluster

Druzice Cluster

Obréazek 1.1: Tlustraéni obrazek dvou Van Allenovych radiaénich péasu s piikladem
druzic a sateliti, které se vyskytuji v jejich blizkosti. Pfevzato z www.nasa.gov a
nasledné upraveno.

Kolem Zemé nyni krouzi vice jak 1000 aktivnich satelitu, které maji siroké
spektrum zaméfeni — zajistuji navigaci, telefonni & televizni signily, monito-
ruji urodu ¢i suché oblasti, pomahaji v predpovédi pocasi, v narodni obrané a
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v neposledni fadé slouzi k védeckym uc¢elum. Mnohé z téchto druzic se pohybuji
v oblastech, které mohou byt velmi ovliviiovany nebo naopak samy ovliviuji cel-
kovou dynamiku magnetosféry. Velmi dynamickou ¢ast tvoii napt. Van Allenovy
radiacni pasy, které jsou zobrazeny na obrazku 1.1 i s priklady druzic s ruznym
zameérenim pohybujicich se v jejich blizkosti.

V této praci se zabyvame vyzkumem jednoho typu elektromagnetickych vin,
které se vyskytuji v oblasti Van Allenovych radiacnich pasu a které jsou oz-
nacované jako rovnikovy Sum. Jejich teoreticky popis, vcetné jeho vyznamu pro
dynamiku vySe zminénych pasu, je rozebran v kapitole 3. V pfedchozi kapito-
le 2 jsou kvantitativné rozebrany ruzné ¢asti magnetosféry i s jejich pripadnym
vlivem na jeji dynamiku. Déle se v této kapitole vénujeme teoretickému popisu
elektromagnetickych vin, jejich §iteni, vzniku a utlumu. V kapitole 4 je predstaven
projekt Cluster a dale jsou zde popsany nékteré pristroje, jejichz data jsme pouzili
pii analyze. Cile jsou prehledné vyjadreny v kapitole 5 a v poslednich kapitolach
6 a 7 jsou uvedeny a shrnuty vysledky, ke kterym jsme v prubéhu analyzy dosli.

Jesté nez se budeme plné vénovat dalsimu textu, feknéme si dulezité informace
k pouzitym zkratkam a nékterym pojmum. V nasledujicim textu jsou ve vétsiné
pripadu pouzity zkratky a nékteré pojmy odpovidajici anglickym originalum, ne-
bot vétsina pojmu je do ¢estiny preklddéna intuitivné a nékdy zcela neodpovidd
skutecnosti a nebo pro né preklad ani neexistuje. PIné jména sice pro lepsi jednot-
nost textu budeme uvadét v cestiné, avsak odpovidajici zkratky jsou pouzivany
anglické. Pro ctenafe tak bude i jednodussi se zorientovat v prislusné anglické
literature. Jednou z vyjimek je zkratka pro emisi rovnikovy Sum a to hlavné z to-
ho duvodu, ze védeckd obec pouziva pro tuto emisi v ruznych ¢lancich nékolik
ruznych oznaceni.



2. Magnetosféra Zemé

Prvnim naznakem existence zemského magnetického pole byla moznost urcovani
sméru pomoci kompasu, jehoz vlastnost ukazovat jih nebo sever je datovana jiz
do starovéké Ciny 11. stoleti. V dalsich staletich postupné piibyvaly dalsf dikazy
a znalosti o jeho existenci [1]. Pozemni pozorovéni geomagnetického pole doplnil
v 50. letech 20. stol. vyzkum magnetosféry pomoci raket. V 60. letech ptisel ob-
rovsky rozmach druzicového méreni, ktery pokracuje dodnes a s nim i detailnéjsi
znalosti o magnetosférickych oblastech a v nich probihajicich jevech.

Zemské magnetické pole lze v prvnim ptiblizeni povazovat za dipolové. Otéaz-
kou je, co se stane, pokud toto dipolové pole ve vakuu najednou vystavime ply-
nulému toku nabitych ¢astic pochéazejicich ze Slunce. Tato zdanlivé jednoduché
otazka se ve vysledném meéritku stava mnohem komplexnéjsi, nez se na prvni po-
hled zdalo. Ani s dnesni pocitacovou technikou nejsme schopni vypocitat pohyb
piiblizné 1032 ¢astic piichdzejicich ve sluneénim vétru a interagujicich se zem-
skym magnetickym polem. Namisto toho se ke slunecnimu vétru pristupuje jako
k tekutiné a vzniklé rovnice se fesi v oboru nazvaném magnetohydrodynamika
(MHD) [2], kterému se zde vsak déle vénovat nebudeme.

Sluneéni vitr

— Van Allenovy radiacni pasy

g Plazmovy plast
=

Plazmasféra

Magnetoobalka

Obrazek 2.1: Dvojrozmérny pohled na oblasti zemské magnetosféry. Pievzato
z http://space.rice.edu/IMAGE/ a nésledné upraveno.

2.1 Usporadani zemské magnetosféry

Priblizny néastin tvaru a polohy oblasti magnetosféry, o kterych se budeme v této
kapitole zminovat, je zhruba vyobrazen na obrazku 2.1. Meziplanetarni magne-
tické pole, které je od Slunce unaseno slune¢nim vétrem, muze pti splnéni urcitych
podminek interagovat se zemskym magnetickym polem. Tento jev je znam jako



prepojovani magnetickych silocar a zptusobuje mnohé ¢asticové, energetické ¢i jiné
zmény v magnetosfére.

Hranice mezi sluneé¢nim vétrem a magnetosférou Zemé je tvorena magneto-
pauzou (Magnetopause), poprvé detailné prozkoumanou sondou Explorer 12 [1].
Tato hranice urcuje misto, kde se vzdjemné vyrusuji vlivy dynamického tlaku
slune¢niho vétru a tlaku magnetického pole Zemé. Mnoho druzic smérujicich do
oblasti slune¢niho vétru zaznamenalo, ze slunec¢ni vitr prodéla prudkou zménu
nez dosahne magnetopauzy. Zména, zpusobena prechodem z nadzvukové rychlos-
ti slunecniho vétru na podzvukovou, vytvari pred Zemi razovou vinu (Bow shock),
ktera zpusobuje zahiati a odklonéni sméru toku castic sluneéniho vétru. Poloha
¢ela rdzové viny se pohybuje kolem 14 zemskych poloméru (Rg) a lezi nékolik Ry
pred magnetosférou. Jeji presna pozice vzhledem k Zemi se vSak muze vyrazné
meénit v zavislosti na tlaku sluneé¢niho vétru. Oblast podzvukového slunecéniho
vétru za razovou vinou se nazyva magnetoobdalka (Magnetosheath). Ta obklopuje
celou zemskou magnetosféru a na noc¢nf strané v oblasti chvostu (nékolik stovek
Rg za Zemi) postupné splyva s meziplanetarnim magnetickym polem. Magneto-
pauza je uzaviend, tzn. ze zadné magnetické siloc¢ary nemohou skrz tuto hranici
projit. Vyjimkou v prostupnosti magnetopauzy na denni strané jsou dvé oblas-
ti tzv. kaspu (Cusp), trychtytovitych oblasti nachazejicich se v misté, kde se
stfetavaji geomagnetické silocary, jdouci smérem ke/od Slunce a smérem do/od
chvostu. Z duvodu absence silného geomagnetického pole muze skrz tyto dvé
oblasti pronikat do magnetosféry sluneéni plazma.

Ve srovnani s magnetosférou na denni strané stlacenou sluneénim vétrem se
magnetosféra na no¢ni strané protahuje do dlouhého magnetosférického chvostu
(Magnetic tail). Tvoii ji nékolik oblasti, na jejichz definice nemd védeckd obec
jednotny nazor. My se zde budeme drzet déleni uvedeného Eastmanem a kol. [3].
Velmi nizkou hustotou plazmatu (méné jak 0,1 cm™3) jsou charakteristické laloky
(Tail lobe) s nizkoenergetickymi ¢asticemi lezicimi na otevienych magnetickych si-
loc¢ardch. O néco vétsi koncentrace ¢astic jsou v plazmové hraniéni vrstve (Plasma
sheet boundary layer) a hlavné v plazmové vrstvé (Plasma sheet). Hraniéni vrstva
tvori prechodovou oblast mezi témeét prazdnymi laloky a horkou (teplota iontu je
zhruba 7x vyssi nez elektroni [4]) plazmovou oblasti lezici pfevazné na uzavienych
silocarach.

2.1.1 Radiac¢ni pasy a prstencovy proud

Energetické castice zpusobujici vykyvy v zemském magnetickém poli jsou zachy-
ceny v oblastech radiacnich péasu. Jejich objev uskutecnény sondou Explorer 3
pred zhruba pul stoletim byl jednim z dulezitych mezniku kosmického vyzkumu
v okoli Zemé [5]. Radiaéni pasy, nékdy nazyvané po svém objeviteli Van Alle-
novi, jsou tvoreny 2 oblastmi obklopujicimi Zemi (obr. 1.1) na vzdalenostech od
~ 1000 km do ~ 7 Rg. VSechny empirické modely se vyznacuji zjevnym propadem
v rovnikovém toku elektronu nad 1 MeV. Tento propad, nazyvany ,slot region®,
muze vSak béhem zvySené magnetické aktivity prakticky vymizet a zaplnit se
energetickymi elektrony. Tato mezera délici radiacni pasy se nachézi v priblizné
vzdalenosti mezi L = 2 a L = 4!. Oblast s nizsim L se nazyva vnitini pés a je

Parametr L, tzv. Mcllwaintv parametr, udévé na jaké se nachdzime magnetické silo¢érte.
Jeho velikost je definovdna na geomagnetickém rovniku hodnotou Rg, jinymi slovy pro dipélovy



slozena prevazné z energetickych protonu (> 10 MeV). Vnitini pas je velmi sta-
bilni, ménici se na ¢asovych skaldch slune¢niho cyklu. Oblast s vyssim L, slozend
z elektronti i protonu s energiemi od stovek keV po mnoho MeV, se nazyva vnéjsi
pas. Ten je na rozdil od vnitiniho velmi nestaly a formuje se nebo mizi v zévislosti
na vlnove-casticovych interakcich na casovych skalach nékolika dnu.

V neddavné dobé byl druzicemi Van Allen probes zkoumajicimi oblast ra-
diacnich pdsu u¢inén necekany objev. Za ur¢itych podminek mohou nékteré ¢astice
s vysokymi energiemi vytvorit tfeti, nejvzdélenéjsi radiacni pas [6]. Princip je-
ho vytvotreni a celkové dynamiky radiacnich pasu neni stale zcela jednoznaéneé
objasnén, ale je nedilnou soucasti vysvétleni a v budoucnu snad i predpovédi
kosmického pocasi.

BOUNCE

TRAJECTORY OF
TRAPPED PARTICLE
MIRROR POINT

DIRECTION OF
ELECTRON DRIFT

MAGNETIC
FIELD LINE

DIRECTION
OF PROTON
DRIFT

Obrazek 2.2: Tlustrace tii periodickych pohybii nabitych ¢astic zachycenych v zemském
magnetickém poli. Prevzato z [9] a ndsledné upraveno.

Nabité castice v nehomogennim magnetickém poli vykonavaji vlivem Loren-
tzovy sily 3 zékladni pohyby [7,8]: cyklotronni (gyraéni) pohyb, bounce drift?
v gradientu magnetického pole a drift zakiiveni (obrézek 2.2). Pokud tyto 3 po-
hyby aplikujeme na geomagneticky zachycené castice, pak vyslednym efektem
je celkovy azimutdlni drift. Jeho smér je opacny pro elektrony jdouci vychodné
a ionty jdouci zapadné [9]. Tento drift vytvaii pfenos nédboje a proud spojeny
s timto prenosem plynouci zapadnim smérem toroidalné kolem Zemé se nazyva
prstencovy proud (ring current). Nachdzi se v oblasti geomagnetického rovniku?
na vzdalenostech ptiblizné mezi 2 az 9 Rg. Prstencovy proud je formovéan ionty
pochézejicimi ze sluneéniho vétru (protony a alfa ¢dsticemi) a z ionosféry (O ion-
ty). Béhem intenzivnich geomagnetickych bouii se dramaticky zvysuje mnozstvi
O%, coz m4 za nasledek rychlé zesileni prstencového proudu a dominanci iontu

model je hodnota parametru L na rovniku shodnd s radidlni vzdalenosti od Zemé udavanou
v jednotkach Rg.

2Bounce pohyb je zalozeny na odrazu nabitych ¢astic ve sbihajicim se magnetickém poli
postaveném na zachovani magnetického momentu, ktery je prvnim ze tii adiabatickych inva-
riantu. Existuji jesté dalsi dva adiabatické invarianty spojené z gyratnim pohybem castic a
azimutdlnim driftem (vSechny tyto t¥i periodické pohyby jsou zobrazeny v obrazku 2.2).

3Rovina geomagnetického rovniku se neshoduje s rovinou rovniku geografického. Je to
zpusobeno tim, ze magneticky pdl je od geografického vzdalen pfiblizné o £11°.
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O* béhem maxima geomagnetické boute. Tyto zmeény ve slozeni vedou k roz-
padu prstencového proudu skrz druhové a energeticky zavislé vymény naboje a
vlnoveé-casticové ztraty zpusobené rozptylem. Neutralni atomy vzniklé vyménou
naboje slouzi jako zdroj informaci vedouci k celkové predstavé o prstencovém
proudu a jsou tudiz nejslibnéjsim nastrojem pro vyzkum jeho vyvoje.

Ptedél mezi zachycenymi vysokoenergetickymi ¢asticemi radiacniho pasu a
¢asticemi prstencového proudu neni zcela jednoznacny [1]. Naopak je tu velky
prekryv v nazvoslovi, vétsina prstencového proudu je tvorena zachycenymi ¢as-
ticemi a vSechny zachycené castice prispivaji k prstencovému proudu. Nicméné
pojem prstencovy proud vyzdvihuje ty ¢asti ¢asticové distribuce, které vyznamné
prispivaji k celkové proudové hustoté. Zmény v proudu jsou zodpovédné za pokle-
sy povrchového magnetického pole zndamé jako geomagnetické boute. Intenzivni
boute zpusobuji ruzné efekty na technologickych systémech, jako ruseni nebo
dokonce trvalé poskozeni telekomunika¢nich ¢i navigacnich sateliti, telekomuni-
kacnich kabelt ¢i rozvodné elektrické sité. Pojem ,zachycené castice® v radiacnich
pasech naopak predstavuje ¢astice pronikajici hluboko do hmoty a zpusobujici
tak poskozeni radiaci pfistrojum umisténym na druzici [10] nebo dokonce lidem.
Témito vysoce radiacnimi ¢asticemi jsou kromé energetickych iontu také urych-
lené elektrony, které do prstencového proudu prispivaji naopak pomérné slabeé.
Béhem geomagnetickych bouii se muze velikostné ménit tok relativistickych elek-
tronu az o pét fadu [11], navic mohou elektrony prochézet do atmosféry a zpu-
sobovat zeslabeni ozénové vrstvy [12].

2.1.2 Plazmosféra

Obratme se nyni k popisu hustého (~ 10* cm™2), studeného (~1 eV) plazma-
tu, nazyvaného plazmosféra, rozprostirajiciho se v podobné oblasti magnetosféry
jako radiacni pésy (obr. 2.1) do vzdéalenosti nékolika zemskych poloméru. Na
vzdalenostech kolem 3-5 Rg je plazmostéra obvykle ukoncena ostrou hranici zva-
nou plazmopauza, na které dochéazi k hustotnimu skoku o velikosti nékolika radu.
Za touto hranici se nachazi oblast zvand plasma through, charakteristicka velmi
nizkou hustotou ¢astic studeného plazmatu (~ 1 cm™3). Na obrazku 2.3 je vidét
priblizny tvar plazmosféry v rovnikové roviné, na kterém je mozno na vecerni
strané videét jasné vybouleni. Tato témér stale pritomnd oblast se nazyva bulge a
v zavislosti na geomagnetickych podminkach muze v lokdlnim ¢ase ¢astecné ménit
svou polohu [1]. Vnitini ¢dst plazmosféry je na geomagnetickych podminkéch
témer nezavisla, avsak poloha plazmopauzy se muze se zvysujici se geomagnetic-
kou aktivitou priblizit k Zemi az o nékolik Rg. Pro mnoho analyz zabyvajicich
se Sifenim, vznikem, dtlumem, vlnové-casticovou interakci ¢i celkovou charakte-
ristikou elektromagnetickych vin je potfeba znat polohu plazmopauzy, proto si
v nasledujici podkapitole uvedeme nékolik modelu pro jeji vypocet.

2.1.3 Modely pro vypocet polohy plazmopauzy

Plazmopauza je hranice, ktera oddéluje dvé velmi rozdilné oblasti, které se pie-
devsim lisi ve slozeni a hustoté (viz text vyse). Pozice plazmopauzy je stano-
vena jako posledni uzaviend ekvipotencidla kolem Zemé. Ekvipotencialy se vy-
tvareji v dusledku kombinaci konvekce a korotace elektrickych poli. Soubézné
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Obrazek 2.3: Obecny tvar plazmosféry v rovnikové roviné béhem klidnych a mirnych
magnetickym podminek. Obrazek je nakreslen na zékladé dat namérenych Carpenterem
[13].

s teoretickymi modely se hledaly i empirické modely, tedy modely vznikajici na
zékladé zavislosti nalezené v datech. V nich poloha plazmopauzy odpovida nej-
vnitinéjsimu mistu, ve kterém dochazi k ostrému hustotnimu skoku. Mnoho au-
toru studovalo polohu plazmopauzy v zavislosti na nékolika faktorech. K tém
plazmopauzy pomalu roste.

Pravdépodobné nejobecnéji vytvoreny pouzitelny model vznikl na zakladé dat
z 208 pruchodu druzice ISEE 1 a jeho autory jsou Carpenter a Anderson [14].
Poloha plazmopauzy (L,,) je pak v ¢ase mezi 00:00-15:00 MLT (magneticky
lokélni ¢as) popsana vztahem:

Lop = 5,6 — 0, 46K ppya, (2.1)

kde Kpmax je maximalni hodnota Kp indexu v predchozich 24 hodinach. Béhem
vecernich i no¢nich hodin se ¢asto pozorovalo husté plazma i za o¢ekavanou hranici
plazmosféry, a proto nebyl vecerni sektor 15:00-00:00 do rovnice (2.1) zahrnut.
Na zékladé predchozich studii Carpentera a Andersena [14] a Moldwina a
kol. [15] vytvofili O’Brien a Moldwin [16] komplexnéjsi model (OM2003), ve
kterém je zahrnuta i zavislost na lokalnim case. Model byl vyvinut na zdkladé
vice jak 900 pruchodu plazmopauzou satelitu CRRES béhem let 1990-1991. Au-
toii sledovali zavislost na ruznych geomagnetickych indexech, nebot kazdy z nich
ukazuje trochu jiné vlastnosti magnetické aktivity. Kp index udava hodnotu mag-
netickych disturbanci v tithodinovych intervalech. AE index se zaméfuje na mag-
netickou aktivitu auroralni oblasti, zptisobenou ionosférickymi proudy tekoucimi
pod a v aurordlnim ovalu. Jinymi slovy AE index predstavuje celkovou vychylku
horizontalniho magnetického pole od prumérné hodnoty mérené béhem magnetic-
ky klidného dne. Dst index odréazi silu symetrickych a asymetrickych slozek prs-
tencového proudu, opét vzhledem k hodnoté mérené béhem magneticky klidného
dne. Tvar rovnice pro polohu plazmopauzy je pro model OM2003 nasledujici:

Lop = 1]l + apue cos(¢p — ag)|Q + b1l + byye cos(¢ — by)] (2.2)
¢ = 2m(MLT/24).



Tento vztah jiz zahrnuje existenci bulge, ale zaroven reflektuje i to, Ze ne ve
vSech predchozich pozorovanich byla tato oblast zaznamenana. Fyzikalni vyznam
parametru v rovnici (2.2) je nasledujici: @, a by poskytuji informaci o mozné
relativni vychylce vzhledem k lokalnimu casu, zatimco dalsi dva parametry ay a by
udavaji polohu bulge. Hodnoty parametru se lisi dle pouzitého geomagnetického
indexu. V tabulce 2.1 jsou uvedeny hodnoty parametru pouze pro Kp index, ktery
jsme v nasi praci pouzivali pro vyhodnoceni magnetické aktivity. Hodnoty pro
ostatni indexy jsou k nahlédnuti v publikaci O’'Briena a Moldwina [16]. Hodnota
koeficientu () udava maximalni hodnotu Kp indexu v poslednich 36 hodinach,
vyjma poslednich 2 hodin pied zkoumanym ¢asem.

Tabulka 2.1: Hodnoty parametra pro model OM2003 zahrnujici zavislost na Kp indexu.

a | Uit | (24/2¢)ag | b1 | b | (24/29)b,
-0,39 £ 0,02 | -0,34 £ 0,05 | 166 £ 0,2 | 56 £0,1 | 0,12+ 0,17 | 3 £1

V roce 2013 uvefejnili Heilig a Lithr [17] sviij novy model LPPCH-2012 za-
lozeny na pozorovani zmén v proudech podél pole v ionosfére pro data z druzice
CHAMP. Vysledny model je podobny modelu OM2003, i kdyz se k nému doslo
ponékud rozdilnym zpusobem. Hlavnim rozdilem je zavislost Kp indexu, ktera je
v novém modelu kvadraticka. Duvodem je zjisténa silné zavislost polohy plazmo-
pauzy na Kp:

Lyp = b(1+byscos(¢—by)) + (ay - Kp + ay - Kp?) -
(1 + ame cos(¢ — ay)) , (2.3)
¢ = 2m(MLT/24).

Hodnoty parametru v rovnici (2.3) jsou uvedeny v tabulce 2.2.
Tabulka 2.2: Hodnoty parametru pro model v rovnici LPPCH-2012.

ai ‘ az ‘amlt‘aqb‘ b ‘bmlt‘bqb
-0,657 | 0,0331 | 0,1113 | 1,040 | 5,911 | 0,0469 | 2,439

VsSechny tii uvedené modely patii mezi zakladni modely, u nichz by chyba urceni
plazmopauzy neméla presahovat jeden zemsky polomeér.

2.2 Elektromagnetické viny

Sirenf elektromagnetickych vin ve vsech fyzikdlné znamych prost¥edich pro viech-
ny frekvenc¢ni rozsahy od nulové frekvence po gama paprsky se tidi Maxwellovymi
rovnicemi [18]. My se v8ak zajimame pfedevsim o $ifeni vln v plazmatu, které se
vétsinou chova nepatrné jinak nez dielektrickd média. V této ¢asti poskytneme
teoretické pozadi nutné k experimentalnimu pozorovani vin a jejich interpretaci.
Popisu siteni vin v plazmatu s magnetickym polem se rozsdhle vénuje mnoho
publikaci (napf. [2,8,19-21]). Avsak genera¢ni mechanismus a zanik nékterych
vlnovych médu neni stale dostatec¢né znam a pochopen.
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2.2.1 Sifeni vln v plazmatu

Magnetosférické plazma skladajici se z iontu a elektronu konecné teploty, které
je prostoupeno magnetickym polem poskytuje prostor pro existenci rozmanitych
elektromagnetickych vlnovych maédu, které nemohou existovat ve volném prosto-
ru.

2.2.1.1 Vlny ve studeném plazmatu

Vzhledem k mnoha ¢ésticim pohybujicim se v plazmatu je nutné pti odvozeni
moznych vlnovych médu pouzit néjaky zjednodusujici model, ktery je matema-
ticky vyjadritelny, ale pritom se jeho vystupy priblizuji v co nejvétsi mite skutecné
situaci. Plazma proto nyni budeme povazovat za ptiblizné neutralni se stejnym
poctem kladnych a zapornych ¢astic, se zanedbatelnou tepelnou rychlosti, homo-
genni v prostoru a s neporusenym magnetickym polem. Tento zakladni model
studeného plazmatu poskytuje prekvapivé komplexni pohled na Siteni vin. Iner-
cidlni vliv iontu a elektronu je pro tento model zachovan a stejné tak jsou v ném
pritomny vsechny dulezité rezonance.

Pro odvozeni existujicich médu je nejprve nutné odvodit disperzni relaci stu-
deného plazmatu. Obecné udava disperzni relace vztah mezi ihlovou frekvenci w
a vlnovym vektorem k. Zakladem pro jeji odvozeni jsou Maxwellovy rovnice, a
to presnéji Faradayuv indukéni zdkon (2.4) a Ampéruv zdkon (2.5) [18]:

0B
. OF
VxB = ,uo(] +80E) s (25)

kde E a B jsou vektory elektromagnetického pole, pg je permeabilita vakua a g
je permitivita vakua. Celkova proudova hustota j v rovnici (2.4) je ddna vztahem

j = anqj'vj . (26)

J

Index j oznacuje jednotlivé druhy ¢astic, n; je jejich hustota, ¢; jejich ndboj a v;
je rychlost jejich pohybu zpusobeného pruchodem viny. Déale budeme potiebovat
pohybovou rovnici ¢éstice v elektromagnetickém poli:

mjdit'Z(Jj(EJrvj x B), (2.7)

kde m; je hmotnost nabitych castic.

Za ptedpokladu, ze plazma je homogenni a neporusené v case i prostoru,
muzeme nyni provést linearizaci rovnice (2.7) pro malé poruchy vyjadiené jejich
harmonickym rozkladem do rovinnych vin expli(k - r — wt)]. Zavedeme-li déle By
jako okolni statické magnetické pole, pak pohybova rovnice piejde do tvaru

—iwmj'vj = qj(E + v; X B0> s (28)

ve kterém jsme zanedbali ¢len v; X B, nebot velikost pole By je daleko vétsi
nez velikost poruchy B. Vyjadienim vsech slozek rychlosti a jejim dosazenim do
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rovnice pro celkovy proud (2.6) ziskdme obecny vztah pro proudovou hustotu

(neboli obecny Ohmuv zakon)
j=0FE, (2.9)

kde o(w, k) je tenzor vodivosti. Muzeme pak definovat vztah pro cyklotronovou
we; (2.10) a plazmovou wy; (2.11) frekvenci j-tého druhu ¢éstic

B
wej = = an =, (2.10)
J
2
2 n;d;
= 0 2.11
5 e (2.11)

Predpoklad homogenity v prostoru, ze kterého pti odvozeni disperzni relace
vychézime, nam dovoluje pristupovat k plazmatu jako k dielektriku a muzeme
tedy pro By ve smeéru osy z zavést dielektricky tenzor studeného plazmatu

; S —iD 0
€wk)=1+—oc=|iD S 0 |, (2.12)
€ 0O 0 P

kde 1 predstavuje jednotkovy tenzor. Elementy dielektrického tenzoru jsou defi-
nované nasledovneé:

1 1
S = S(R+1), D=_(R-1L), (2.13)
ng
R =1-Y ™2 2.14
Wﬁj
L = 1-Y ——» 2.15
2 o) (215)
2
wz.
Po=1-33 (2.16)

J

Veliciny S, D, R, L a P jsou notaci zavedenou Stixem [20] urcené pro odvozeni
sifeni ve studeném plazmatu a oznacuji zacatky terminu Sum (soucet), Diffe-
rence (rozdil), Right (pravy), Left (levy) a Plasma (plazma). Poslednim krokem
v odvozeni je aplikace rotace na rovnici (2.4) a dosazeni za V x B z Ampérova

zédkona (2.5). Pokud nyni vzniklou rovnici linearizujeme, vysledkem bude tzv.

vlnova rovnice:
nx(nxE)+e- E=0. (2.17)

Dosadime-li nyni za n obecny vztah pro index lomu [18]

ke
_w

n (2.18)

a zvolime-li, ze index lomu a tedy i vlnovy vektor bude lezet v roviné x — z, pak
vlnova rovnice prejde do tvaru

S —n?cos? 6 —iD  n?cosfsinf &,
iD S —n? 0 e, | =0, (2.19)
n? cos @ sin @ 0 P —n?%sin®0 &
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kde € je ihel mezi vlnovym vektorem k a osou z, tedy smérem magnetického pole
By. Netrivialni reseni rovnice (2.19), ktera predstavuje hledanou disperzni relaci,
nalezneme, polozime-li determinant vzniklé matice roven 0. Obecné feseni tohoto
problému z hlediska thlu # mé tvar

P(n?> — R)(n*— L)

2 — —
W0 = S “RL)(E — P)

(2.20)

Obecnd podminka pro rezonanci (n? — o) a ofezani (n = 0) plynouci z rov-
nice (2.20) je tan? = —P/S, respektive PRL = 0.

2.2.1.2 CMA diagram

Disperzni relace 2.19 ma mnoho teseni, kterd se chovaji rozdilné pro rizné smeéry
Siteni i pro ruznd frekvencni rozmezi. Nékteré vinové mddy jsou pojmenovany
podle jejich objevitele, nebo jejich jména popisuji jejich vlastnosti. Avsak ne
vzdy piislusné jméno zcela odpovida charakteristice daného médu. Proto byla a
je tendence prislusné vlastnosti daného typu vin usporadat do oblasti vzhledem
k ruznym parametrum prostoru. Jedno z nejelegantnéjsich tiidéni predstavuje
CMA diagram, ktery propojuje ruzné mddy na zakladé jejich tvaru vinoploch
(obrazek 2.4). Clemmov-Mullaly-Allis diagram pojmenovany podle jeho tvurcu
plati pouze pro dvouslozkové plazma (elektrony a protony). Diagram je rozdélen
do 13 oblasti, na jejichz hranicich je index lomu n pro piislusné vlnové mody
dané oblasti roven 0 nebo oo, tedy dochézi bud k ofezdni vln, & k jejich re-
zonanci. Jinymi slovy, z diagramu lze zjistit, zda v daném sektoru existuji dva,
jeden popftipadé zadny mod, nastava-li a popiipadé za jakych podminek rezonan-
ce nebo ofezani, ktera z vin je rychlejsi a naopak a také ukazuje prechody mezi
pravotocivymi a levotoc¢ivymi vinami a fadnym a mimotradnym médem pii zméné
thlu 6 z 0 na 7/2. Normalizované osy CMA diagramu urcuji, kde se se v daném
prostoru parametru nachazime. Osa y X we/w je umérna velikosti magnetického
pole a osa = o w?/w hustoté plazmatu.

wcewce fce

2.2.1.3 Mimoradny maéd

Disperzni relace (2.20) ma 2 zakladni feSeni pro 2 mezni dhly sméru Sifeni: (i)
siteni podél magnetického pole By (6 = 0°) a (ii) siteni kolmo k By (6 = 90°). Ro-
zebereme si detailnéji pouze druhé feseni. Pujde-li § — /2, pak musf tan® § — oo
a obecné nastava rezonance pro S — 0, kterou nazyvame hybridni, nebot v sobé
zahrnuje kombinaci cyklotronové i plazmové frekvence. Kolmé sifeni nastane pro
nulovy jmenovatel rovnice (2.20), jehoZ Fesenim jsou 2 médy: (i) n? = P fddny
(ordinary) O-méd a (ii) n? = RL/S mimoiddny (extraordinary) X-méd. Pokud
bychom ftesili podminku rezonance pro X-méd, feSenim budou 2 frekvence — horni
wyn & spodni wy, hybridni rezonance. V priblizeni vysoko-hustotniho plazmatu je
hodnota wy, priblizné rovna geometrickému pruméru cyklotronovych frekvenci
iontu a elektronu.

Polarizaci elektrické a magnetické slozky X-médu lze vypoéitat z disperzni
relace (2.19). Fluktuace elektrického pole jsou polarizovany elipticky v roviné
x —y a fluktuace magnetické pole jsou polarizovany linearné ve smeéru statického
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Obrazek 2.4: CMA diagram pro dvouslozkové plazma. Pievzato z [22].

magnetického pole By. Tyto teoretické poznatky vyuzijeme v dalsich kapitolach,
nebot mimoiddny méd je médem, ve kterém se §f{ rovnikovy sum. Odpovidajici
prostor v CMA diagramu ohranic¢eny shora spodni hybridni rezonanci (S = 0) a
zespodu iontovou cyklotronovou rezonanci (L — o) je v pravém hornim rohu.

2.2.2 Vznik a Gtlum plazmatickych vin

Tomuto tématu bylo v minulosti vénovano mnoho prostoru v ruznych knihach
a védeckych ¢lancich (napf. [19, 20, 23-25]). V poslednich letech diky novym
druzicovym projektum a pokrocilejsimu poc¢itacovému modelovani bylo mozno
pro mnoho typu vln uspokojivé objasnit jak mechanismus jejich vzniku, tak i je-
jich utlum. I presto stale panuji kolem nékterych vin nejasnosti tykajici se tohoto
tématu. Jelikoz vymeéna energie mezi vlnami a casticemi mé obrovsky vyznam



pro modelovani a predpovidani vyvoje podminek v magnetostére je zodpovézeni
otazky ohledné excitace a hlavné ttlumu vin vice a vice aktudlni.

Zékladnim zdrojem energie pro prirozené vznikajici viny jsou vykyvy z rov-
novazného stavu, které mohou byt zpusobeny mnoha procesy probihajicimi v mag-
netosfére, jako difuzi a konvekci plazmatu napfi¢ magnetickym polem, rozptylem
pitch thlu?, urychlenim éastic v elektrickych polich a v neposledni fadé poruchami
pochézejicimi z promichavéani studeného a horkého plazmatu.

Aby mohlo dojit k rezonanénimu pfesunu kinetické energie ¢astic do energie
vlny (vznik vln) nebo naopak (itlum vin) musi byt splnéna rezonanéni podminka,
ktera ma pro dvouslozkové plazma tvar

W=k —nwe; =0; n=0,%£1,£2. .. (2.21)

kde K a v jsou velikosti slozek vinového vektoru a rychlosti cdstic ve sméru
geomagnetického pole. Pokud polozime n = 0 bude vysledkem podminka pro
zékladni Landauovu rezonanci, pti niz dochézi k predani energie, je-li podélna
fazova rychlost viny rovna podélné slozce rychlosti ¢éstice. Ostatni hodnoty n
reprezentuji tzv. cyklotronové rezonance (gyrorezonance) [26].

Kromeé vyse uvedené nestability je v plazmatu piritomno nespocet dalsich (viz
odkazy na literaturu v zacitku této podkapitoly), kterymi se zde jiz zabyvat
nebudeme.

Nejvyznacnéjsim utlumovym mechanismem v bezesrazkovém magnetosféric-
kém plazmatu je Landauuv utlum na elektronech ¢i iontech. Kvalitativné lze pro
Landaouvu rezonanci s elektrony tici, ze pouze ty Céstice, jejichz rychlost je blizka
tazové rychlosti viny, si mohou intenzivné vymeénovat energii s vinou. K ttlumu
muze dochazet i na iontech a to pro velmi nizké fazové rychlosti, tedy v pripadé
iontove-akustickych vin.

2.2.3 Priklady druzicového pozorovani vin

V blizké oblasti okolo Zemé se vyskytuje Siroké spektrum elektromagnetickych
vin ve frekvenénim rozsahu od zlomku Hz do desitek MHz. Ze vSech moznych
typu vin jsou snad nejzajimavéjsi a nejstudovanéjsi viny tzv. hvizdového médu
sitici se v rozsahu ELF/VLF frekvenci mezi protonovou a elektronovou cyklo-
tronovou frekvenci. Tato frekvenéni oblast lezi ve slysitelném pasmu, proto také
byly nékteré viny tohoto modu pojmenovany podle zvuku, ktery pii poslechu
pripominaly — napi. hvizd, chorus, sykot ¢i lvi fev.

Rychlost siteni téchto vin je vzhledem k rychlosti svétla pomérné mald, coz
jim umoznuje efektivné interagovat s energetickymi elektrony. Béhem magne-
tickych boufi muze intenzita ELF a VLF vin narustat, nasledkem ¢ehoz mo-
hou byt zaroven poruseny vsechny tii adiabatické invarianty [27,28]. Z tohoto

4Uhel mezi smérem statického magnetického pole a rychlosti béhem gyra¢niho pohybu castic.
7Z velikosti tohoto uhlu lze urcit, zda dand ¢astice zustane zachycena v magnetickém poli a nebo
se vysype do atmosféry. Pro kazdou danou radialni vzdalenost na rovniku je definovan tzv.
ztratovy kuzel, ktery uddva mezni velikost pitch uhlu. Je-li pitch thel ¢dstic mensi nez thel
dany ztratovym kuzelem, pak dochazi k vysypéni ¢astic do atmosféry. V opacném piipadé se
¢éstice, putujici podél siloc¢dry, v urcitém misté odrazi (tento bod se nazyva zrcadlovy bod,
nebo také bod obratu) a za¢nou vykondvat bounce pohyb. Velikost ztratového kuzele se na
rovniku zmensuje s radidlni vzdalenosti, napt. ve vzdalenosti L. = 4 je tihel ztratového kuzele
zhruba 5°, pro L = 8 se zmensi na hodnotu kolem 2°.
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Obrazek 2.5: Spektrogram zobrazujici magnetickou spektralni intenzitu naméfenou na
druzici CRRES ukazuje ruzné typy elektromagnetickych vin, které mohou potencidlné
interagovat s energetickymi elektrony.

duvodu je potieba v difiznich modelech rozlisovat mezi energeticky ztratovymi
a zdrojovymi procesy. Pro sledovani téchto zmén se mimo jiné zavedly tti diftizni
koeficienty — radialni difize Dy, rozptyl pitch ihlu D, a diftize energie Dgg. Ex-
citované viny mohou zpusobovat jednak difizi v energii, zpusobujici napt. lokalni
urychleni, jednak rozptyl pitch thlu, ktery muze vézt az k vysypani ¢astic do at-
mosféry [29,30]. Pro porozuméni procesum vedoucim k naruseni populace na-
bitych ¢éstic béhem zvysené magnetické aktivity je potieba presného druzicového
méfeni vin zapojenych do déju v magnetosfére [31]. Vétsina vin hvizdového
médu néjakym zpusobem do dynamiky radia¢nich past zasahuje. Jmenovité je
to napft. rovnikovy Sum, ktery bude detailné rozebran v nasledujici kapitole, cho-
rus nebo plazmosféricky sykot. Vsechny tyto tii zminéné emise muzeme vidét na
obrazku 2.5.

Chorus patii mezi jednu z nejvice zkoumanych viln a to predevsim pro je-
ho obrovsky vyznam v dynamice radiac¢nich pasi, nebot zptisobuje nejen lokalni
urychleni, ale zaroven ovliviiuje ztratové procesy probihajici ve vnéjsim radia¢nim
pasu. Jeho vnitini struktura je diskrétni, slozend z individualnich vlnovych baliku,
které formuji prevazné dva, ale nékdy i vice frekvencnich pésu, a jsou oddéleny
mezerou lokalizovanou na poloviné elektronové cyklotronové frekvence. Chorus
je schopen pomoci cyklotronové a Landauovy rezonance diftiizniho presunu pitch
thlu elektronu do ztréatového kuzele v sirokém pasmu energii (od jednotek keV
po jednotky MeV) [32]. Navic pomoci energetické diftze efektivné presouva ener-
gii z nizkoenergetickych (nékolik keV) elektront, které jej generuji, elektrontum
zachycenym v radiaénich pasech a urychluje je tak na vysoké energie (jednotky
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az desitky MeV) [33].

Plazmosféricky sykot se vyskytuje v oblastech husté plazmostéry. Tato emise je
zodpovédna za vytvatreni elektronového slotu mezi vnitinim a vnéjsim radia¢nim
pasem v prubéhu magneticky klidného obdobi [34, 35]. Ke zdrojum této emise
teoreticky mohou prispét viny chorus s diskrétni strukturou, které se béhem siteni
od rovniku vyhnou Landauové ttlumu a jsou nasledné zachyceny v plazmosfére,
kde se mohou vzajemné spojit a vytvorit tak nekoherentni plazmosféricky sykot
[36, 37]. Pozorované vlastnosti se pouzivaji na stanoveni jednak doby zivotnosti
elektronu v plazmosfére, jednak jako zdéznam rozpadu vnéjsiho pésu [38]. Tyto
viny také prispivaji k rozptylu elektronu a jejich ztratach ve vnéjsim pasu [39].

frequency (Hz)

Obrazek 2.6: Spektrogram naméfeny na druzici Polar, ktery detailné ukazuje aurordlni
sykot.

Mezi dalsi studované vilny hvizdového modu patii auroralni sykot
(obrazek 2.6). Tato emise, jak ndzev napovidd, se vyskytuje v aurordlnich ob-
lastech na Sirokém rozsahu frekvenci (od nékolika stovek Hz po nékolik stovek
kHz) a méa charakteristicky trychtytovity tvar [40]. Emise se $ifi ze zdrojové ob-
lasti, ktera se muze vyskytovat na radidlnich vzdalenostech mensich jako 1 Rg,
smérem vzhuru od Zemé do aurordlnich oblasti se sestupnymi proudy [41].

ICE VLF Spectrogram (onboard) £12

log(uvi.m™Hz™)

ut 06:17:00 06:19:15 06:21:30 06:23:45 06:26:00

Obrazek 2.7: Piiklad Kvaziperiodicky modulované emise naméfené na druzici
DEMETER.
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Posledni emisi, kterou zde jesté zminime je Kvaziperiodickd QP emise (obra-
zek 2.7). QP emise jsou sirokopasmové emise (na frekvencich od 500 Hz do 4 kHz)
vyskytujici se prevazné na denni strané, které jsou charakteristické periodickou
modulaci intenzity vin s periodou od nékolika sekund az po nékolik minut [42].
Modulace intenzity je jednak spojovana s ULF pulzacemi magnetického pole,
jednak je vysvétlovana interakci vin hvizdového médu s energetickymi elektrony
prichazejicimi azimutalné z no¢ni strany [43]. Druhy zminény mechanismus je
spojovéan s naslednym vysypanim interagujicich elektronu [43]. Hayosh a kol. [44]
pozorovali v nékolika piipadech zaroven QP emisi a elektrony ve ztratovém kuzeli,
¢imz teoreticky potvrdili jednu ze zminénych teorii generace téchto vin. Zdrojova
oblast QP emisi lezi v rovnikové oblasti v radialné vzdalenéjsich oblastech odkud
se emise nasledné sit{ podél silocar do stiednich sitek [45].
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3. Rovnikovy Sum

V druhé poloviné 60. let vypustila NASA treti ze série druzic OGO (Orbiting
Geophysical Observatories). Tato druzice s relativné nizkou orbitou (inklina-
ce ~ 30°) pohybujici se na vzdalenostech L. > 3 zaznamenala na magnetome-
tru béhem pruletu rovnikem nékolik piipadu elektromagnetického Sumu na frek-
vencich vétsich, nez je protonova cyklotronova frekvence [46]. Vzhledem k tomu,
ze vyskyt této emise byl omezeny pouze v blizkosti rovniku, byla proto pojme-
novana ,rovnikovy sum* — RS (equatorial noise). V nékterych publikacich jsou
vsak, vzhledem k jejim vlastnostem, pouzivéna i jind jména jako rychld magne-
tosonicka vina (fast magnetosonic waves) ¢ magnetosonicky sum (magnetosonic
noise).

3.1 Vlastnosti RS — pozorovani a teorie

Data z druzic IMP 6 a Hawkeye 1, zaznamenana na pristroji uréeném pro Siro-
kospektralni méfeni elektrického a magnetického pole, ukazala, ze RS nemé ve
skutecnosti zasumeénou strukturu, ktera byla vidét na spektrogramech s niz§im
rozliSenim, ale sklada se ze superpozice piiblizné vodorovnych spektralnich car
s ruznou frekvenéni vzdélenosti od nékolika az po desitky Hz [47]. Soubézné s po-
zorovanim vnitini struktury byla navrzena i teorie jejtho vzniku zalozena na in-
terakci s ionty na nasobcich jejich charakteristickych cyklotronovych frekvenci.
Generace RS bude vice rozebrana v nésledujici podkapitole. V této podkapitole
shrneme dosavadni vysledky o vlastnostech RS ziskané jak druzicovym pozo-
rovanim, tak teoretickym vyzkumem.

Piedpoklad, ze se RS &fff ve hvizdovém médu byl prokdzan jak teoretic-
ky, tak pozorovanim. Na obrazku 3.1 jsou znézornéné nékteré vlnové vlastnosti
hvizdového médu vypocitané z teorie jeho siteni [48]. Pro vypocet byl pouzit
model dvouslozkového plazmatu (elektrony a protony). Uvedené vlastnosti byly
pocitany pro 3 ruzné frekvence (f = 9fuy; 16 fuy; 25 fiy ) piiblizné pokryvajici
frekvenéni interval, na kterém je RS pozorovan. Zavislost vsech vlnovych frek-
venci je v obr. 3.1 uvedena pro 2 ruzné plazmové frekvence f,,. Vidime, Ze smeér
grupové rychlosti® a polarizace elektrické slozky jsou na plazmové frekvenci f,
témér nezavislé, na rozdil od velikosti grupové rychlosti a vlnové délky, jejichz
hodnota se méni v zavislosti na velikosti f,,.

Fluktuace elektrického pole jsou pro priblizné kolmé siteni (vlastnosti pro vy-
soké uhly siteni ukazuje obrazek 3.1b) elipticky polarizované s nizkou elipticitou,
ale je videét, ze jejich polarizace neni nikdy linearni. Hodnota polarizace fluktuaci
magnetického pole pro vlnovy vektor lezici do 0,5° od roviny rovniku nepresahuje
pro vSechny uvedené vlnové frekvence hodnotu 0,2.

Z teorie vime, ze smér magnetickych fluktuaci je orientovan podél By (potvr-
zeno i pozorovanim [49]), a proto jej nelze pouzit ke zjisténi sméru vinového vek-

! iy je protonové cyklotronova frekvence. Obecné je spojitost mezi kruhovou frekvenci w a
frekvenci f dana vztahem w = 27 f

2Grupova rychlost, definovand jako vg = g—;‘c’, je rychlost §ifeni informace o tvaru vinového
baliku neboli rychlost pfenosu energie baliku. Tato rychlost na rozdil od fazové rychlosti nemuze
nikdy ptresdhnout rychlost svétla.
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Obrazek 3.1: Teoretické vlastnosti hvizdového médu jako funkce dhlu 6. (a) 0° <
6 < 90° (b) zvétdend Gast pro thly 87° < 6 < 90°. Cervené ¢ary odpovidaji hod-
noté f, = 6fc a modré hodnoté f, = 12fc.. plné ¢ary jsou pocitany pro f = 9fuy,
teckované pro f = 16 fgy a ¢arkované pro f = 25 fis. Vyznam paneli zhora: vlnova
délka pocitana pro firy = 8 Hz, grupova rychlost vg normalizovana na rychlost svétla,
thel 6 mezi grupovou rychlosti a By, polarizace Lg fluktuaci elektrického pole a
polarizace Lp fluktuaci magnetického pole. Pievzato z [48].

toru. Naopak ze sméru hlavni polariza¢ni osy elektrickych fluktuaci smér siteni
stanovit lze. Bylo zjisténo teoreticky [50-54] i pozorovanim [48, 55-57], Ze RS
se §iff jak azimutalné, tak radidlné a to uvnitt i vné plazmopauzy s moznosti
prechodu pfes jeji hranici.

Pokud budeme uvazovat presné kolmé sSiteni, lze, za pouziti metody ,ray
tracing”, zalozené na Snellové zdkonu lomu, zjistit, Ze emise je mozno rozdélit
v zavislosti na charakteru jejich §ifeni na zachycené (vlny jsou zachyceny v plaz-
mosféfe, na jeji hranici se odrazi zpét) a nezachycené (vlny se mohou prosifit skrz
plazmopauzu ven do oblasti plasma through) [54,58]. Némec a kol. [56] provedli
statistickou studii z dat druzic Cluster, ktera tyto teoretické vysledky potvrdila.

Druzicova pozorovani poskytuji dobry podklad pro statistiku vyskytu nebo in-
tenzity RS v zévislosti na riznych parametrech. Ve vétsiné statistik je RS v datech
identifikovan na zakladé pevného frekvenéniho rozsahu vzhledem k vysce spodni
hybridni, iontové cyklotronové ¢i elektronové cyklotronové frekvence v misté po-
zorovani [59-65] a pevného intervalu geomagnetické sitky Ay. Tato metoda je
sice ¢asové efektivni, ale muze zanést do vysledku ,nechténa“ data, jako napft.
pricny elektromagneticky vinovy méd, ktery se muze vyskytovat na stejnych frek-
venénich vyskach i Ay [49]. Od RS ho vsak lze jednoznacné rozlisit, nebot fluk-
tuace magnetického pole pricného médu jsou k By kolmé.

Zdrojem dat do publikaci zabyvajicich se analyzou RS jsou méfeni z druzic,
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Obrézek 3.2: Histogramy ukazuji vlastnosti RS ziskané na zakladé statistiky z prvnich
dvou let méreni druzice Cluster. (a) Histogram normované magnetické sirky pro blizce
linedrné polarizované viny. (b) Elipticita a (c) planarita RS normovans na intenzivni
pripady. Prevzato z [59].

které alespon ¢asti své orbity prochézeji oblasti, kde je ocekavan vyskyt této emise
(napt. projekty Polar, IMAGE, CRRES, Cluster, DEMETER, THEMIS, Van
Allen probes apod.). Ze statistik vyplyvé, ze RS se prevazné vyskytuje do 10° Ay
[49,60,65], elipticita v magnetickém poli je témeét linedrni (ve vétsiné pripadu do
0,2) a planarita, znacici miru polarizovanosti vlny, je vétsi jak 0,6 (znaci, ze RS
je silnéji polarizovand vina) [59]. Tento typ vin byl zaznamenén i na vysokych
magnetickych §itkach (Ay > 50°), ale s daleko mensi magnetickou amplitudou
nez na rovniku [49]. Zminéné vlastnosti zjisténé z pozorovani (obrazek 3.2) [59]
potvrdily teoreticky piedpoklad, ze RS se & v X-médu. Emise se vyskytuje
zhruba v 60% piipadu pruchodu rovnikem [59] a nejcastéji je zaznamendvana
na radialnich vzdalenostech od 2 do 7 Rg. Poloha intenzitniho piku emise je
omezend do 2° od rovniku [61]. Pii pouziti modelu Tsyganenko 89, udéavajiciho
presnou polohu podél silocary s nejslabsim magnetickym polem (min-B rovnik),
se intenzitni pik lokalizuje pfimo na min-B rovniku [62].

log(nT?/Hz)
-6.5

-6.8

Obrazek 3.3: Rozlozeni spektralni hustoty magnetického pole pro interval frekvenci
zhruba odpovidajici RS (0,0005 < f/fce < 0,02) pro ruzné hodnoty Kp indexu. (a)
Kp <3, (b) 3<Kp <5, (c) Kp > 5. Prevzato z [63].

Bylo pozorovano, ze intenzita magnetického pole roste se zvysujici se geo-
magnetickou aktivitou (obrazek 3.3) [63,64], hlavné pak v oblasti plasma trough
[65]. Intenzivnéjsi emise jsou pozorovany vné plazmopauzy, prevazné na vecerni
strané [60]. Naopak v plazmosféte jsou viny slabsi a téméf nezdvislé na magne-
tickém lokalnim case [65].
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3.2 Mechanismus vzniku RS

Béhem magnetickych bouti dochézi ke vstiikovani protontu do vnitini magne-
tosféry. Tyto protony vytvareji v rychlostnim prostoru tzv. distribuci prsten-
cového typu, ktera je nestabilni a poskytuje tak volnou energii pro excitaci vin
s maximalnim rustovym pomeérem na nasobcich cyklotronové frekvence intera-
gujicich inott [52,66]. Ukdzka métrené protonové distribuce v rychlostnim fazovém
prostoru v blizkosti Alfénovy rychlosti (charakteristickd rychlost, na které se sit{
nizkofrekvenéni viny v plazmatu) je vidét na obrdzku 3.4. Vzhledem k tomu ze
RS se &fF{ témér kolmo k magnetickému poli, tak k rezonanci dochdzi pouze po-
kud slozka rychlosti protonu rovnobézna s magnetickym polem bude blizkd 0
(v = V, ~ 0) a frekvence vlny bude navic priblizné rovna nasobkiim iontové
cyklotronové frekvence. Jasné viditelna pritomnost diskrétni spektralni struktu-
ry nasvédcuje tomu, ze tyto vilny mohou interagovat s protony, alfa casticemi,
popripadé tézsimi ionty zachycenymi v blizkosti rovniku.

a x<10° b x 10°
16 —14.1
1.58 . ~14.15
1.56 ~14.2
T 1.54 -14.25
? 152
£ e ~14.3
5 1 -
S 1 4 14.35
1.46 —14.4
—14.5
0 5 10 15 0 > 4 6 8
V, (ms™) x10° V, (ms™)  x10°

Obrazek 3.4: Pozorovani iontové distribuce v rychlostnim prostoru (V| oznac¢uje rych-
lost kolmou k By, V, rychlost podélnou s By). (a) Pfiklad rozlozeni proudu protont ve
fazovém prostoru. (b) Piiklad rozlozeni hustoty ptiblizné kolmych iontu ve fazovém pro-
storu. Modra ¢ara odpovida velikosti Alfénovy rychlosti, bila ¢ara ukazuje ditribuéni pik
prstencové distribuce. Distribuce byly naméfeny na druzici Van Allen probes. Pfevzato
z [67].

Protony poskytujici potfebnou energii pro excitaci vin jsou na pitch hlech
blizkych 90° a energiich ~10 keV [50,52,66,68]. Chen a kol. [69,70] navic zjistili,
ze rychlost energetickych iontu v prstencové distribuci pottebna k excitaci vin by
meéla lezet v intervalu £ dvojnasobku Alfénovy rychlosti.

Tontova distribuce umoziuje spocitat rustovy pomér vin [52,69,70]. Balikhin a
kol. [67] ukdzali na pifkladu RS, Ze teoreticky spocitané frekvence piki ristového
poméru odpovidaly skuteéné pozorovanym frekvencim spektralnich c¢ar lezicich
na nasobcich protonovych iontovych frekvenci.

V nékterych ptipadech, i v datech s dobrym rozliSenim, neni na spektrogramu
patrna zadna vnitini struktura. Jinak fe¢eno emise je tvorena Sirokopasmovym
Sumem kontinudlné prochézejicim pres celé frekvenéni spektrum. Chen a kol. [71]
navrhli, Ze podoba vnitini struktury RS, tzn. je-li diskrétni, nediskrétni nebo
kombinovanad, zalezi na velikosti rustového poméru vzhledem k hodnoté iontové
cyklotronové frekvence f;. Diskrétni struktura se objevi pokud rustovy pomér
vlny zpusobeny excitaci je mensi jako 1/2f.; a naopak.
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3.2.1 Poloha zdroje

Jak bylo teceno vyse, frekvencni vzdalenost jednotlivych spektralnich car od-
povida hodnoté iontové cyklotronové frekvence f.; v misté vzniku vilny. Ze vzda-
lenosti jednotlivych spektralnich car lze tedy zjistit, za predpokladu dipélového
modelu, radidlni polohu zdrojové oblasti, kterd muze byt jind nez poloha druzice,
nebot vlna se ze zdroje mohla §ffit az do mista pozorovani. Velikost statického
magnetického pole By ve vzdélenosti R je v dipdlovém ptiblizeni na rovniku dana
vztahem [18]

_ oM

47w R3
kde M znacéi magneticky dipélovy moment, jehoz velikost je ptiblizné rovna

7,7 x 10?2 Am?. Za By si muzeme dosadit z rovnice (2.10) definujici iontovou
cyklotronovou frekvenci. Vyjadiime-li si nyni velikost R, pak polohu zdrojové

oblasti vypocitame jako
poqi M
R=7 S (3.2)

kde index ¢ oznacuje ionty. Frekvencni vzdélenost spektralnich car je rovna veli-
kosti cyklotronové frekvence fo; = we;/27.

By

(3.1)

3.3 Vyznam emise pro dynamiku radiac¢nich
pasu

RS v posledni dobé pfitahuje hodné pozornosti a to piedeviim vzhledem k je-
ho schopnosti urychlovat elektrony ve vnéjsim radia¢nim pasu na vysoké energie
(z nékolika keV na MeV). Béhem magnetickych bouit jsou na vzdalenostech L > 5
pozorovany dramatické zmény toku vysokoenergetickych elektronu (> 1 MeV).
Béhem boute se elektronovy tok po dobu nékolika hodin typicky zeslabuje a
nasledné se v fadu dnu zvysi na mnohem vétsi hodnoty, nez byly pozorovany
pred bouii [72, 73]. Zjistilo se, ze k celkovému zvyseni toku elektronu neni ra-
dialni difize podpotrena urychlenim pomoci ULF vin dostacujici, ale je zapotiebi
i lokélntho urychleni pomoci vlnové-c¢asticové rezonance.

Abychom zjistili energie a velikosti pitch uhli, na kterych mohou elektro-
ny interagovat s vlnami, je potfeba vyfesit rezonanéni podminku (2.21) spolu
s disperzni relaci (2.20) hvizdového médu pro siteni na velkych thlech. Vyfesenim
lze zjistit (viz obrézek 3.5), ze cyklotronové rezonance (n > 1) probihaji pouze
pro energie nad 3 MeV, a proto je nepravdépodobné, ze by v urychlovacim proce-
su hraly vyznamnou roli. Naopak Landauova rezonace (n = 0) muze probihat pro
siroké spektrum energii. Pokud budeme brat rozptyl elektront jako difizni proces
v pitch thlu a energiich, pak je potfeba najit, pro zjisténi efektivity interakce,
pribéh difiznich koeficienttl v zévislosti na velikosti pitch dhlu. Zjistilo se, ze RS
efektivné rezonuje s elektrony s vyssimi pitch tihly, a proto je nepravdépodobné, ze
by mohl diftiz{ v pitch ihlu zptsobit jejich vysypani do ztratového kuzelu [74,75].
Rozptyl v energiich probiha na casové skale ~ 1 dne, na rozdil od rozptylu pitch
thlu probihajictho na delsich ¢asovych skalach az nékolika dnu [74]. Obzvlasté

cvv s

thlech daleko méné efektivni (coz plati i pro urychleni), a proto nemad tento proces
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Obréazek 3.5: Rezonanéni elipsa rovnikového Sumu pro interakci s elektrony na
vzdélenosti L = 4,5 a pro thel §ffeni ~ 89°. Cérkovand ¢éra ukazuje Landauovu re-
zonanci (n = 0) a plnd ¢ara cyklotronovou rezonanci (n = 1). Teckované ¢ary vyme-
zuji oblast konstantnich energii elektronu a ¢arkované-teckovand Géra ztratovy kuzel.
Prevzato z [74].

velky vliv na vyvoj a dynamiku podminek v magnetosfére [6]. Na druhou stranu
muze RS ovlivnit dobu zZivota elektronit a jejich urychleni nejen v plazmosfére,
ale i mimo ni [76].

Kromeé diftize zpusosobené Landauovym utlumem, byl navrzen dalsi mecha-
nimus prenosu energie, tzv. ,transit time“ diftze, ktera je vSak radové slabsi nez
Landauova rezonance [77].

Zajimavosti je, ze byl neddvno nalezen pripad, ve kterém doslo kombinaci
urychleni ¢dstic RS a chorem k vytvoreni tzv. elektronové motyli distribuce ve
vnitini magnetosfére (L < 5) [78]. Tato distribuce se bézné vytvaii na daleko
vyssich L a je zpusobena rozdilnou symetrii magnetického pole na denni a no¢ni
strane.
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4. Druzicova meéreni

Zemska magnetosféra je mistem, kde probiha mnoho vinovych jevi. Zajem o jejich
studium v poslednich desetiletich rapidné roste. Je to hlavné z toho duvodu, ze
vlny jednak velmi ovliviiuji chovani magnetosféry a navic mohou byt pouzity jako
prostiedek pro vyzkum jevu v jejich jednotlivych ¢dstech a v horni atmosfére.
Experimentélné lze viny v plazmatu mérit dvéma zpusoby — pozemnimi piistroji
a pristroji umisténymi na druzicich. Pro ionosférickd a stratosférickd pozorovani,
pri kterych nelze vyuzit satelity, se pouziva méreni pomoci raket a balénu, které
je v8ak dobré z duvodu kratké doby letu omezit na jeden zkoumany jev.

Obrazek 4.1: Ilustracni obrazek druzic Cluster leticich v zemské magnetosfére. Pievzato
z hitp://sci.esa.int/cluster.

Pro studium vln ve vzdalenéjsich oblastech magnetosféry (i nékolik desitek
zemskych poloméru) se vyuzivd hlavné druzicové méreni. Zakladnimi faktory,
které rozhoduji o ndvrhu mise, jsou charakteristiky orbity a zameéreni mise, které
vyrazné ovliviiuje volbu ptistrojového vybaveni.

Mezi dulezité vlastnosti orbity, které je treba dusledné naplanovat patti: po-
loha apogea a perigea (nejvzdalenéjsi a nejblizsi bod orbity vzhledem k Zemi),
inklinace!, doba obéhu a také po jakou dobu se druZice po dané orbité muze
pohybovat. Tyto parametry se urcuji hlavné dle zvolené oblasti, kterou chceme
nejvice studovat.

Pro identifikaci a popis jednotlivych vlnovych emisi je potieba znat jejich
frekvenci a vinovy vektor. Abychom méli kompletni informaci o lokdlnim elektro-
magnetickém poli, je idedlni mit méfeni z tii ortogonalnich elektrickych i mag-
netickych vinovych senzoru. V praxi si ovsem pro konstrukéni slozitost musime

Welikost thlu, ktery mezi sebou sviraji rovina orbity a rovina rovniku. Polarni drdha mé
vysokou inklinaci zatimco rovnikova drdha ma nizkou inklinaci.
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vétsinou vystacit s méné jak Sesti slozkami elektromagnetického pole. Z téchto
dat se pak urcuji charakteristické vlastnosti vin jako frekvenéni spektrum, pola-
rizace, elipticita, planarita ¢i smér vlnového vektoru a toku energie (Poyntinguv
vektor).

Pro kompletni zmapovani zkoumaného problému je mnohdy nezbytnosti znat
nejen vlastnosti vin, ale i parametry okolniho magnetosférického plazmatu, mezi
néz patii napt. jeho hustota, slozeni a velikost magnetického a elektrického pole a
také parametry slune¢niho vétru, které mohou pifimo i neptimo velmi ovliviiovat
déje v magnetosfére. Mezi ispésné druzicové projekty, mérici jak v zemské mag-
netosfére tak ve sluneénim vétrum, patii nebo pattily napt. mise OGO 3 (Japon-
sko), PROBA2 (ESA), DEMETER (Francie), THEMIS (NASA), Cluster (ESA),
WIND (NASA), ACE (NASA) a STEREO (NASA). Na vyvoji mnoha piistroju
z téchto druzic se podileli i vyzkumnici z Ceské republiky. Vyvoj se vak nezasta-
vil a stéle se planuji nové mise jako Taranis (Francie), Resonance (Rusko), JUICE
(ESA) ¢i Solar Orbiter (ESA). Avsak musime mit na pameéti, ze od myslenky , by-
lo by dobré studovat néjaky jev® k redlnému uskutecnéni mise (vypusténi druzic)
vede dlouha cesta, ktera muze trvat az nékolik desetileti.

4.1 Projekt Cluster

vvvvvv

Cluster, sestavajici ze ¢tyr identickych druzic umoznujicich jak c¢asovy tak pro-
storovy vhled do ruznych déju probihajicich v zemské magnetosfére (obr. 4.1).
Kazda z téchto druzic nese 11 identickych piistroju. Druzice byly vypustény ve
dvou vlnach v poloviné roku 2000 a po Sesti meésicich zkuSebniho provozu presly
v unoru 2001 do plnohodnotného funkéniho médu. Puvodné méla byt mise pro-
vozuschopnd do roku 2009, ale od vypusténi ubéhlo jiz témér 15 let a vétsina
pristroju je stéle funkénich. Jen orbita se od puvodni obézné drahy zacala od
roku 2006 zna¢né meénit (obr. 6.6). Konec mise je momentalné prodlouzen do
konce roku 2018 a jedna se o dalsim prodlouzeni do roku 2020.

Nynéjsi projekt Cluster II vznikl pod zastitou Evropské kosmické agentury
(ESA). Mise Cluster I bohuzel selhala hned po vypusténi nosné rakety, ktera
nékolik sekund po startu explodovala. Avsak ptistrojovy i projektovy tym se
rozhodl misi obnovit, aby vice jak dvacetileté ptripravy nepfisly vnive¢. Vyuzilo
se zaloznich modelu puvodnich pristroju a jiz o ¢tyfi roky pozdéji byly satelity
Cluster II za polovi¢éni naklady pripraveny k vypusténi z kosmodromu Bajkonur.

Druzice Cluster diky svému pfiblizné tetraedralnimu uskupeni poskytuji veé-
decké komunité jedinecné informace o procesech probihajicich v riznych oblas-
tech kolem Zemé a taktéz jsou zdrojem dat o interakci mezi ¢asticemi ze slu-
necniho vétru a zemskou atmosférou. Vsechny tyto informace pfispivaji k vy-
tvofeni trojrozmérného obrazu zemské magnetosféry. Ziskand data mohou také
pomoci k predpovédi kosmického pocasi. Toto téma patii v poslednich nékolika
letech mezi nejvice diskutované. Druzice mezi sebou udrzuji vzdélenosti ménici
se v rozmezi 100 az 10000 km. Orbita byla puvodné navrzena jako polarni s pe-
riodou priblizné 56 h s apogeem i perigeem lezicim pfiblizné v roviné rovniku.
Avsak s prodlouzenim mise doslo i k ptirozené zméné drahy a pruchody rovnikem
se priblizily k Zemi (obr. 6.6). Diky tomu je mozné studovat oblasti, které v pred-
chozim vyzkumném planu zahrnuty nebyly.

26



magnetosheath

magnetopalise

Obrézek 4.2: Vyvoj orbity projektu Cluster béhem let 2001-2008 v x — 2z GSE soustaveé.
Pievzato z hitp://sci.esa.int/cluster a nasledné upraveno.

Pifjem dat z druzic Cluster a posilani prikazu je primarné provadéno po-
moci antén na pozemni stanici ESA ve Villafranca nedaleko Madridu (Spanélsko),
kromé pi{jmu dat z pristroje WBD, ktery probihd na stanici v Panské Vsi (CR).

4.2 Pristrojové vybaveni

Meétici piistroje, umisténé na palubé druzic, tvoii kompletni sadu pro vyzkum
podminek v plazmatu v okoli Zemé a ve sluneénim vétru. Patii mezi né méreni
magnetického a elektrického pole, ¢asticové pristroje a pristroje pro méteni elek-
tromagnetickych vin. V dalsim popisu se zaméiime pouze na popis pristroju je-
jichz data jsme k vyzkumu vyuzivaly. Jedna se o pristroje mérici magnetické
(FGM) a elektrické (EFW) pole plazmatu, vinové piistroje (STAFF a WBD) a
pristroj pro méfeni hustoty (WHISPER).

4.2.1 EFW

Pristroje, které jsou urceny k méteni okolniho elektrického pole, jsou z duvodu
nezadouciho ti¢inku samotného téla druzice umistovany co nejdal od néj. Nejéastéji
se sondy upevnuji na kovova lanka, ktera se po vypusténi druzice na obéznou
drahu sama vlivem odsttedivé sily odvinou. Vzhledem k minimalni hustoté v okol-
nim plazmatu zlstévaji lanka natazend a vysledné elektrické pole se pak zjistuje
jako rozdil potencidlu mezi dvéma sondami umisténymi naproti sobé v roviné
rotace druzice. Bohuzel timto zpusobem nelze mérit rozdil potencidlu v ose ro-
tace, kde neni sila, kterd by lanko napnula a proto se pro tiiosé métfeni vétsinou
pouzivaji sondy umisténé na pevnych nosicich a tedy daleko blize télu druzice.
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Pristroj EFW (Electric Field and Wave), pouzivany na druzicich Cluster, se
skladd ze dvou paru sférickych sond, méricich v roviné rotace druzice a majicich
mezi sebou vzdalenost 88 m [79]. Kromé fluktuaci elektrického pole, méfenych
se vzorkovaci frekvenci 25 nebo 450 Hz, se v tomto experimentu navic zjistuje
z velikosti potencialu sonda-druzice hustota okolniho plazmatu. V prubéhu let se
bohuzel pokazila jedna ze sond na druzicicich Cluster 1 (2001), Cluster 3 (2002)
a Cluster 2 (2007). Na téchto druzicich pak nebylo nadédle mozné méftit rozdil
potencialu mezi chybnou a protéjsi sondou a preslo se na tzv. asymetricky mod,
ktery zjistoval rozdil potencidlu mezi sondami umisténymi kolmo k sobé [80].

4.2.2 FGM

K meéfteni okolniho zemského magnetického pole se pouziva fluxgate magnetome-
tr (magnetometr se saturovatelnym jadrem), ktery umoznuje méfit i mald pole
v rozsahu nékolika desitek nT az nékolik set nT. Kazda druzice Cluster nese dva
senzory, pricemz vnéjsi senzor je umistén, z duvodu minimalizovani vlivu interfe-
rence 7z druzic, na konci 5.2 m dlouhého kovového lana a vnitini senzor je situovan
1.5 m od konce lana smérem k druzici [80]. Kromé senzort je na palubé druzice
umisténa jednotka zpracovavajici data z obou senzoru. Ptistroj umoznuje méfit
v nékolika ruznych rozsazich v zavislosti na poloze druzice v pribéhu celé orbity.

4.2.3 STAFF

Aktivné métici soucdsti pristroje STAFF (Spatio-Temporal Analysis of Field

Fluctuation) je tiiosy civkovy magnetometr umistény na 5 m dlouhém rameni,
ktery zaznamenavéa fluktuace magnetického pole v rozsahu 0,1-4 kHz. Druhou
soucasti je elektronickd schranka obsahujici dvé dopliujici se jednotky — spek-
tralni analyzdtor (métici ve frekvenénim rozsahu az do 4 kHz) a analyzator vl-
novych forem (méfici nizké frekvence do 10 nebo 180 Hz). Nezpracovana data
jsou v nékolika krocich kalibrovana — musi se spravné nacasovat, vyfiltrovat a
pretransformovat do prislusnych souradnicovych systému. Spektralni analyzator
kombinuje méteni tii magnetickych vlnovych komponent a dvouslozkové métreni
elektrického pole z pristroje EWF. Ze vsech slozek pak prubézné vytvari Hermi-
tovské kiizové spektralni matice x5, logaritmicky rozdélené do 27 frekvencénich
kandla s ¢asovym rozlisenim od 0,125 do 4 s [81,82]. Vystupem STAFF-SA jsou
soubory se spektralnimi maticemi a s vykonovou spektralni hustotou (PSD —
Power Spectral Density).

4.2.4 WBD

Pro vysoké rozliseni v ¢ase i frekvenci byl pro druzice Cluster vyvinut pristroj
WBD (Wide-band Data), ktery zpracovava meéfeni elektrického i magnetického
pole ve vybranych frekvencnich pasmech od 25 Hz do 77 kHz (viz tabulka 4.1)
s ¢asovym rozlisenim 5-36 ps [83]. Vlnové formy jsou jednak v redlném case
posilany pfimo na zem a jednak jsou uchovavany na druzici pro pozdéjsi ode-
slani. V obou pripadech pak vlnové formy, zpracovavané ptes Fourierovu trans-
formaci, vytvari spektrogramy s vysokym rozlisenim. Ptistroj muze zpracovavat
v jednu chvili pouze méreni podél jedné osy elektrického ¢i magnetického pole.
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Data z tohoto piistroje byla posildna jednak na jednu ze tii mezinarodnich stanic
sitée agentury NASA (DSN — Deep Space Network) a navic byla ptijimana také
pozemni ionosférickou observatoii Panskda Ves. Od roku 2015 zajistuje piijem
vyhradné stanice Panska Ves.

| méd | elektrické | magnetické |
95 | 25 Hz_ 95 kHz | 25 Hz _ 4 kHz
19 | 50 Hz — 19 kHz | 50 Hz — 4 kHz
77 1 - 77 kHz 1-4kHz

Tabulka 4.1: Ptehled frekvenénich médu piistroje WBD

Vzhled pristroju STAFF i WBD je ukdzan na obrazku 4.3.

Obrazek 4.3: Redlnd podoba piistroju (a) STAFF a (b) WBD. Pfevzato
z hitp://sci.esa.int/cluster.

4.2.5 WHISPER

Plazma okolo Zemé je plné nabitych castic, jejichz hustota ovliviiuje vznik vin
a vzajemny ptenos energie. WHISPER (Waves of Hlgh frequency and Sounder
for Probing of Electron density by Relazation) experiment byl zkonstruovan pro
méreni celkové elektronové hustoty pomoci vystrelovani signalu z 50 metrt dlouhé
antény [84]. Hustota je pocitdna z piijmu zpétného (odrazeného) signalu. V pa-
sivni operaéni dobé muze navic WHISPER métit vinovou aktivitu ve frekvencnim
rozsahu 2-80 kHz, ktery pokryva velikost elektronové plazmové frekvence ve
vétsiné oblasti, kterymi mohou druzice prolétat.
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5. Cile

Disertacni prace, kterou drzite v ruce, navazuje na diplomovou préci [85], ktera
se vénovala vyzkumu rovnikového sumu z pristroju STAFF-SA a WBD mezi roky
2002 a 2007.

Pro dalsi vyzkum zalozeny na datech z pristroje STAFF-SA jsme si stanovili
splnit nasledujici cile:

o Rozsitit jiz stévajici databdzi ¢asovych intervali RS z piistroje STAFF-SA
na obdobi 2001-2010.

e Vysetiit viskyt RS v zdvislosti na geomagnetické sfice, magnetickém lokalnim
case a geomagnetickych podminkach.

e Zameérit se na rozlozeni emise v zavislosti na magnetickém lokalnim case,
zv14st pro oblast plazmosféry a plasma through.

Pro dalsi vyzkum zalozeny na datech z pristroje WBD jsme si stanovili splnit
nasledujici cile:

e Vytvorit databazi Gasovych intervali RS pro pifstroj WBD s pomoci jiz
dokonc¢ené databaze pro pristroj STAFF-SA, pro casové obdobi 2001-2010.

e Projit viechny nalezené RS a u kazdého z nich vysetfit jeho vnitini struk-
turu a popiipadé zaznamenat frekvenci spektralnich car.

e Vypocitat polohu zdrojové oblasti a zjistit jeji piipadnou zavislost na poloze
plazmopauzy.
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6. Vysledky

V této praci jsme se zamérili na statistickou analyzu vlastnosti rovnikového sumu
v obdobi od ledna 2001 do prosince 2010 z métfeni druzic Cluster. Zpracovavali
jsme data pievdzné z piistroju STAFF-SA a WBD. Zjistovali jsme pfedevsim
vlastnosti vyskytu RS v zdvislosti na poloze druzice, magnetickém lokalnim ¢ase,
geomagnetickych podminkach a poloze emise viéci plazmopauze. Déle jsme ana-
lyzovali vnitini strukturu RS a jeji spojitost s moznou zdrojovou oblasti téchto
vin.

6.1 Zpracovani dat a metody vyzkumu

Data z druzic ¢eka dlouhd cesta nez se mohou zac¢it vyhodnocovat. Nejdiive se
musi presunout na pozemni pracovisté, kde jsou ulozena na dlouhou dobu, coz
vétsinou klade pomérné vysoké naroky na velikost diskovych poli. Nasledné se
provadi kontrola poptipadé korekce ¢asu zaznamenaného na druzici a svétového
casu (UT — Unidversal Time). Piimo mérend data zaznamendvéna s casem piicho-
du datového paketu na zemi, se musi navic korigovat o ¢asové ztraty zpusobené
sitenim signdlu z druzice a pruchodem ionosférou. Dale prochazi surova data
programy, které vyhledavaji chyby v datovych balicich a opravuji je nebo je za-
hazuji. Chyby mohou byt zpusobeny samotnymi pristroji, které mohou zazname-
nat $patné hodnoty, at uz vinou néjaké interference z venku (napifklad nekteré
pristroje nejsou vhodné pro méfeni v urcitych oblastech kosmického plazmatu),
saturaci pristroje a nebo pfimo vnitini chybou méreni samotného ptistroje. Déle
mohou nastat ztraty dat prenosem a nebo pak chyby vzniklé samotnym zpra-
covanim dat.

Piijem dat z druzic Cluster a posilani prikazu je primarné provadéno pomoci
antén na pozemni stanici ESA ve Villafranca nedaleko Madridu (Spanélsko). Data
s vysokym rozlisSenim z pristroje WBD, kterd se posilaji pfimo béhem méteni, jsou
prijimana navic také pozemnimi stanicemi sité DSN a stanici Panskd Ves.

Opravend data, urc¢ena pro koncového uzivatele (védce), se pak pomoci ruznych
programu zpracovavaji dle toho, jaky problém je potieba zkoumat. Pro zpra-
covani dat z pristroje STAFF-SA byl vytvoren program PRASSADCO (PRopa-
gation Analysis of STAFF-SA Data with COherency tests) [86], ktery zpracovava
data z méteni elektrického a magnetického pole. Vystupem programu jsou jednak
obrazky ukazujici vlastnosti elektromagnetickych vin, jednak mohou byt vystupy
ulozeny v numerické podobé. Mezi vlastnosti, které si muzeme pomoci tohoto
programu zobrazit, patii vykonova spektralni hustota, vykonova spektra mag-
netického a elektrického pole, smér vlnového vektoru, elipticita, koherence mezi
signaly z antén, stupen polarizace a planarita.

Kromeé starsich metod vypoctu predstavil Santolik a kol. [87], pro nékteré vyse
zminéné veliciny, novou metodu vypocétu sméru vinového vektoru z magnetické
spektralni matice pomoci singuldarntho rozkladu matice (SVD — Singular Value
Decomposition). Pro prevedeni dat z pristroje WBD na soubory zpracovavatelné
programem PRASSADCO byl sepsan program wbd2psd, ktery umoznuje zpra-
covani vSech méficich médu z piistroje WBD.
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6.2 Piiklady RS a vybérova kritéria

Jak jiz bylo feceno, je nasledujici analyza zalozena hlavné na vysledcich ziskanych
ze dvou piistroju — STAFF-SA a WBD, jejichz podrobnéjsimu popisu jsme se
vénovali v kapitole 4. Je vsak dulezité zminit v jaké mife se uvedené dva piistroje
zapojily do jednotlivych vysledku zalozenych na dukladné vizudlni analyze dat
z obou vyse zminénych piistroji. Celkova identifikace vSech casovych intervali,
kdy byl RS pozorovén, byla provadéna ze spektrogrami z dat piistroje STAFF-SA,
ktery nepietrzité méril a zpracovaval data. Casové-frekvenéni rozliseni pifstroje
nam vsSak nedovolilo vidét vnitini strukturu studované emise. K tomu tcelu
jsme vyuzili dat z piistroje WBD, ktery bohuzel v pozadovaném moédu 9,5 kHz
prerusované, a proto databaze zaznamenanych emisi z piistroje WBD obsahuje
diametralné méné zaznam.

Nyni uvedeme nékolik prikladu spektrogramu z pristroje STAFF-SA, které
ukazuji vice ¢i méné typické prubéhy ¢i tvary emisi, se kterymi jsme se pii vy-
tvareni databaze setkali. Nékteré vysledky uvedené v nésledujicich podkapitolach
jsou publikované Hrbéackovou a kol. [88,89].

Na obrézku 6.1 je vidét klasicky pribéh RS. Tato emise byla pozorovéna
23. 2. 2004 druzici Cluster 1 v case od 2:15 do 2:31 UT. Data byla namétena na
noc¢ni strané v blizkosti geomagnetického rovniku na radialnich vzdalenostech ko-
lem 4,6 Rg (zemskych poloméru). Plnd ¢erné linka, vykreslend ve vSech panelech,
predstavuje spodni hybridni frekvenci (fi,), kterd tvori maximaln{ frekvenéni hra-
nici pro RS. Jeji hodnota se poéitd za predpokladu hustého vodikového plazmatu
jako geometricky prumeér protonové a elektronové cyklotronové frekvence.

Vykonova spektralni hustota (PSD — Power Spectral Density) magnetického a
elektrického pole dosahuje v tomto piipadé maximalni hodnoty okolo
2 x 107% nT? Hz~! (obr. 6.1a), respektive 7 x 107* mV? m~2 Hz~! (obr. 6.1b).
Emise se vyskytuje ve frekvencnim rozsahu od 30 Hz do 220 Hz. V obou panelech
je jasné vidét pomeérné ostré frekvencni ofezani, které odpovida hodnoté spodni
hybridni frekvence.

Na panelu 6.1c je vykreslena absolutni hodnota elipticity poc¢itand pomoci
metody SVD (viz [87], rovnice (13)). Pokud je elipticita rovna nule, znamena to,
Ze je vlna linedrné polarizovana, pokud je naopak rovna jedné, je vlna kruhove
polarizovana. Z panelu 6.1c je ziejmé, ze elipticita magnetického pole této emise je
blizké& nule, coz znaci linearni polarizovanost. Tento vysledek je v souladu s teorii
siteni vin v mimotadném maédu.

Planarita (panel 6.1d) je pocitdna také SVD metodou z magnetické spektralni
matice (viz [87], rovnice (12)). Cfm vice se planarita blizi jedné, tim vice je vina
polarizovand v jedné rovineé.

Dalsi panel 6.1e ukazuje velikost polarniho thlu # mezi vlnovym vektorem a
okolnim statickym magnetickym polem. Hodnoty blizici se k 90° znamenaji, ze
vlna se §ifi v roviné kolmé k magnetickému poli.

Pro statistickou analyzu vyskytu jsme potiebovali vytvorit seznam ¢asovych
intervalt vech naméfenych RS v pribéehu zkoumaného desetiletého obdobi. Vi-
zualné jsme prohlédli témér 6000 pruchodu rovnikem. V piipadé, ze byla emi-
se béhem pruchodu nalezena, byl do vytvarené databaze zaznamenan cas jejiho
zacatku a konce a ¢islo druzice, kterd ji v daném c¢ase pozorovala. I kdyz me-
zi sebou druzice nemély v nékterych obdobich velkou vzdalenost, neznamena-
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CLUSTER 1 2004-02-23 01:59:57.061 - 2004-02-23 02:44:59.957
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MLat (deg): -12.55 -6.87 -0.94 5.22 11.58
MLT (h):  0.39 0.45 0.51 0.58 0.64

Obrazek 6.1: Ukazka typického ¢asové-frekvenéniho spektrogramu z dat druzice Cluster
1 z 23. inora 2004 v ¢ase mezi 02:00 a 02:45 UT. Panely shora: (a) soucet vykonové
spektralni hustoty ti{ slozek magnetického pole; (b) soucet vykonové spektralni hustoty
dvou slozek elektrického pole; (c) elipticita fluktuaci magnetického pole; (d) planarita
fluktuaci magnetického pole; (e) polarni tihel § mezi vilnovym vektorem a statickym
magnetickym polem. Cas méfeni druzice (UT) a jeji poloha jsou uvedeny ve spodni
¢ésti obrazku. R — vzdéalenost druzice v zemskych polomérech (Rg), MLat — magnetickd
sitka ve stupnich, MLT — magneticky lokalni ¢as v hodinach. Maximalni hodnota spodni
hybridni frekvence (fi) je vykreslena ve vSech panelech ¢ernou ¢arou. V panelech (c¢)-
(e) jsou pouzita pouze data s PSD magnetického pole vétsi jako 10~7 nT?Hz ! a s PSD
elektrického pole vétsi jako 1076 mV?m—2Hz !

lo to, ze byla emise zachycena vzdy na vSech druzicich se stejnou intenzitou.
Naopak se v mnoha ptipadech stalo, ze méla ruzny prubéh a nebo nebyla na
nékteré druzici zachycena vubec. Pro udrzeni konzistence pii vybéru emisi jsme
vytvorili 3 vybérova kritéria, ktera byla sestavena na zdkladé statistické analyzy
dat ziskanych v prubéhu prvnich dvou let méfeni druzic Cluster zpracovanych
Santolikem a kol. [59] a Némcem a kol. [61]:

e RS je elektromagnetickd emise. Byl stanoven prah 107 nT? Hz~! pro PSD
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CLUSTER 3  2002-12-26 14:34:58.612 - 2002-12-26 15:00:02.442
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Obrézek 6.2: Ukdzka RS pozorovaného na druzici Cluster 3 26. prosince 2002 v case
mezi 14:35 az 15:00 UT. Vyznam panelu je stejny jako v obrazku 6.1.

magnetického pole a 107® mV?2 m~—2 Hz~! pro PSD elektrického pole. Emise
je povazovana za RS, pokud jeji intenzita presahuje oba uvedené prahy a
zaroven vyhovuje nasledujicim dvéma podminkam.

o Maximum fluktuaci elektrického a magnetického pole lezi do 7° od dipdlového
geomagnetického rovniku.

e Magnetické fluktuace emise musi byt linearné polarizované. Absolutni hod-
nota elipticity, pocitané pomoci SVD metody, nesmi presahovat hodno-
tu 0,2.

Vzhledem k uvedenym kritériim jsme v panelech (c¢)—(e) pro lepsi prehlednost
pouzili pti vykreslovani pouze data spliujici prvni vySe zminénou podminku, tzn.
prahy intenzity elektrického a magnetického pole. Tato podminka byla pouzita
pro vSechny spektrogramy na obrazcich 6.1-6.5. VSechny orbitalni informace,
uvedené ve spodni ¢asti spektrogramu, jsou ulozeny v data setu s 1-minutovym
¢asovym rozliSenim.
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CLUSTER 3 2009-08-01 21:50:00.376 - 2009-08-01 22:49:59.311

100 Ll IIHI‘II‘IrrnIIIrIlII I I‘I‘I‘I‘I‘Il-‘ ‘I‘I‘I‘T‘I‘Irlllll“-IFT-Illlll-‘:l‘l‘l‘l\‘lrl\‘IFI‘FH‘I‘ ‘ 10®

f (Hz)

oy \'n ‘\uu‘w‘ﬂu:ui‘H\‘\‘!m‘“i\\li\m\l\‘wﬂ\ll‘\,u‘,l‘ll‘\‘h‘,\l“.‘”"\""\”\‘ \"‘ﬁ'”‘"”” 0 ”HIWHWMN IH" I I"‘")HM ‘h‘”“““‘l

(@)

L
i LS o
‘ by ol \'H m N'ﬂ wl“l‘wh” “ ‘ i \' |h| 10°
1O’MMLMMMAMMMMMMMJMMMMMWMMMMMAJWMM’ 10°

M 10?2

100 +

‘ |\I\ \I|\‘\H ‘\‘ ‘Il HI‘HI‘

WH \II\”III l LLL \ll i

'|‘ Ll II|H | H I | 'u‘uuu HH

" I 1 T
\ IH’\'II L ! I\‘HH H ‘\ r

107' HHI\I\ I W‘n‘\

(b)

f (Hz)

mVZm2/Hz

100+
(©

i

STy

100
(d)

T
w \‘I I\HH\H\H H‘ Ik 11 I\ [ ‘ ‘\IW‘H “\

f (Hz)
(
Vi

104 1t

100

N
(e) T T

‘“ m i Hrwwll'l “HI";'\‘F T ‘\‘”l”\ﬁ”H u‘ I 1“ ‘M‘ u” (m 1l

‘ il | ‘
10 {1} IIIHl\ll\I l “HHH Il IH‘ Il \ ‘ ‘ ‘ HH' H ‘Hl\lH |

UT: 2150 2200 2210 2220 2230 2240 2250
R (Re): 7.35 7.62 7.88 8.13 8.38 8.62
MLat (deg): 0.59 -0.54 -1.57 -2.50 -3.33 -4.09
MLT (h): 4.77 4.73 4.69 4.66 4.62 458

f (Hz)
EVD
O o o ok
N Do o
e ] — ] s [ & s ]S Smm—

Obrazek 6.3: Ukizka RS pozorovaného na druzici Cluster 3 1. srpna 2009 v ¢ase mezi
21:50 az 22:50 UT. Vyznam panelu je stejny jako v obrazku 6.1.

Obrazek 6.2 ukazuje velmi slabou emisi, ktera sotva prosla vybérovymi kritérii.
Data byla naméfena na rannf strané druzici Cluster 3 dne 26. 12. 2002. RS je za-
znamenan v case mezi 14:44 a 14:49 UT ve frekvenénim rozsahu zhruba od 150 do
200 Hz na radiélnich vzdalenostech kolem 4,3 Rg. Nejvyssi hodnota magnetickych
fluktuaci PSD odpovidajici této emisi je okolo 3 x 1077 n'T? Hz™! (obr. 6.2a), coz
je jen nepatrné nad hranici uvedenou v prvni vybérové podmince. V elektrickém
poli vidime piitomnost Sirokospektralniho elektrostatického Sumu, kterd nam zne-
moznuje ur¢it hodnotu PSD fluktuaci elektrického pole (obr. 6.2b). Avsak hod-
noty elipticity, planarity a sméru sifenf jasné ukazuji, ze tato emise je RS. I kdyz
planarita ani smér $ifeni nepatii mezi vybérova kritéria, pfesto mohou slouzit
jako ovéfent, ze dang emise je opravdu RS, jako kupiikladu v tomto pifpadé, kdy
byl zdznam zatazen do databaze i bez jisté hodnoty PSD elektrického pole.

Piiklady emisi méfenych na mimotradné velkych radialnich vzdélenostech od
7.5 Rg do 10,5 Rg jsou ukézédny na obrazcich 6.3 a 6.4. Emise na obr. 6.3
byla naméfena na ranni strané druzici Cluster 3 dne 1. 8. 2009 s PSD elek-
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CLUSTER 1 2009-02-16 10:00:00.188 - 2009-02-16 12:19:59.951
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Obrézek 6.4: Ukdzka RS pozorovaného na druzici Cluster 1 16. tinora 2009 v ¢ase mezi
10:00 az 12:20 UT. Vyznam panelt je stejny jako v obrazku 6.1.

trického a magnetického pole 1073 mV? m~2 Hz ™!, respektive 9 x 10~7 nT? Hz!.
Druhd emise (obr. 6.4) byla zachycena na odpoledni strané druzici Cluster 1 dne
16. 2. 2009 s PSD elektrického a magnetického pole 1072 mV? m~2 Hz ™!, respek-
tive 2 x 107 nT? Hz~!. Obé emise byly naméieny, vzhledem k jejich vzdalenosti
od Zemé, zcela jisté mimo plazmosféru.

S rostouci vzdélenosti od Zemé rapidné klesa velikost magnetického pole a
tudiz i hodnota fy,. Jinak feceno, maximalni mozna frekvence, které mohou obé
emise nabyvat, se pohybuje v obou téchto piipadech maximélné do 40 Hz. Navic
vypocet fi, jako geometricky prumér prestava ve vzdalenéjsich oblastech magne-
tosféry z duvodu nizké hustoty platit, nicméné stale slouzi jako horni odhad a
tedy nejvyssi mozna frekvenéni mez.

Na tomto misté bychom méli poznamenat, ze pii vypoctu geomagnetické sitky
se v datech z Clusteru pouziva dipélovy model. Ten pro velké radidlni vzdalenosti
zacind byt v urcovani polohy geomagnetického rovniku, definovaného jako bod
na magnetické siloc¢are s minimdlni velikost{ magnetického pole [62], nepfesny.
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CLUSTER 4 2002-08-20 02:19:58.843 - 2002-08-20 03:19:59.777
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Obrazek 6.5: Ukdzka RS pozorovaného na druzici Cluster 4 20. srpna 2002 v Gase mezi
02:20 az 03:20 UT. Vyznam panelu je stejny jako v obrazku 6.1.

Z, duvodu této odchylky dipdlového modelu od skutecné polohy rovniku, bylo
pozménéno druhé vybérové kritérium z puvodnich 5°, které pouzil Santolik a
kol. [59], na 7° geomagnetické sifky a to proto, aby nebyly vylouceny emise na
vyssich radialnich vzdélenostech. Vsimnéme si, ze napiiklad v obrazcich 6.3 a 6.4
lezi celda emise mimo geom. rovnik.

Posledni priklad na obrazku 6.5 byl naméren druzici Cluster 4 dne 20. 8. 2002
v polednim sektoru MLT. Maximalni PSD magnetického a elektrického pole je
pfiblizné 2 x 107% nT? Hz !, respektive 2 x 1072 mV? m~2 Hz~!. Emise se nachdzi
na frekvencich mezi 100 az 300 Hz. Tento piiklad jsme zde uvedli z duvodu jeho
netypického prubéhu. Pokud se nyni zamérime na prvni dvé vybérova kritéria,
mohli bychom za RS povazovat celou emisi oznacenou ¢ernym obdélnikem (viz
obr. 6.5a). Pokud se ovéem podivdme na prubéh fy,, pak zjistime, Ze horizontalné
déli emisi na 2 ¢asti, coz by znamenalo, Ze se emise nachézi i nad spodni hybridni
frekvenci. Navic v panelu elipticity je blizkd nule pouze ¢ast oznacend cervenym
obdélnikem (obr. 6.5¢) a stejné tak i planarita je blizkd 1 jen v oznacené ¢ésti
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(obr. 6.5d). S prihlédnutim k 3. vybérovému kritériu byla proto do databaze
zalazena pouze Cast v ¢erveném obdélniku. Viny mimo vyznacenou oblast ziejmé
vznikly podobnym mechanismem jako RS (majf taky vysoky tihel vinového vek-
toru — obr. 6.5e), ale z planarity, kterd se pohybuje v rozmezi 0,3 az 0,7, je vidét,
ze kazd4 z téchto vin mé ruzny vinovy vektor (viz [88]).

Jak jsme slibili v uvodu této kapitoly, budeme se v nasledujicich podkapi-
toldch vénovat riznym vlastnostem RS v zavislosti na podminkéch ve vnitini
magnetosféte.

6.3 Vyskyt RS

Tabulka 6.1: Statistické shrnuti pozorovéni emisi RS naméfenych na piistroji
STAFF-SA.

pruchody  pocet  pravdépodobnost L

rovnikem  pifpadu vyskytu [%]
2001 396 202 51 3,8-4,5
2002 521 242 46 4,0-5,0
2003 586 344 59 3,9-4,9
2004 580 305 53 4,0-4,8
2005 576 375 65 3,9-5,3
2006 575 289 50 3,5-4,9
2007 563 230 41 2,6-4,0
2008 547 105 19 2,1-3,4; 8,9-10,0
2009 655 25 4 1,4-2,5; 6,1-10,0
2010 786 89 11 1,1-2,0; 3,2-10,0
total 5785 2229 40 1,1-10,0

total 01-06 3234 1772 54 3,5-5,3

Celkove jsme prosli data z 5785 pruchodu druzic Cluster rovnikem na vzdéle-
nostech od L = 1,1 do L. = 10. Statistika vSech 10 zpracovavanych let je uvedena
v tabulce 6.1. Poznamenejme, ze kazda z druzic je v této analyze brana jako
samostatny zdroj dat. Do prvniho sloupce ,prichody rovnikem® jsou zahrnuty
vsechny pruchody druzic Cluster geom. rovnikem v daném roce, ke kterym exis-
tuje méfeni magnetického pole z pristroje STAFF-SA. Intervaly ve sloupci ,, L
jsou pocitany pro data z prvniho sloupce a ukazuji na jakych vzdéalenostech bylo
mozné pozorovat v daném roce rovnikovy Sum. Pokud jsou uvedeny 2 interva-
ly, pak bylo mozno pozorovat Sum i 2 x béhem orbity, a to béhem blizkého i
vzdaleného pruletu rovnikem.

Ze viech pruchodi rovnikem jsme v 2229 pifpadech zaznamenali RS. V pribéhu
prvnich 6 let méfeni se RS vyskytoval ve 46-65% vsech prichodi. Od roku 2006
jeho vyskyt zacal klesat dolu na méné nez 20% a v roce 2009 dosahl dokonce jen
4%. Tento pomérné strmy pokles je ziejmé zpusoben zménou orbity, kterd se od
roku 2006 zacala vlivem gravitace pomalu odchylovat od své puvodni eliptické
polarni drahy. Perigeum se priblizilo k Zemi z puvodni polohy kolem 4 Rg na

e~/
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Obrazek 6.6: Ukdzka tvaru orbity z roku 2002 (a) a tvaru orbity z roku 2009 (b).
Soufadnice X,Y a Z jsou uvedeny v GSE soustavé. Prilet rovnikem se nachézi v misté
orbity, kde Zgsg je rovno 0.

se snizila a ackoli poloha apogea zustala zhruba stejna (cca 20 Rg), vzdalenéjsi
pruchod rovnikem se znatelné pfiblizil k Zemi (viz vyssi interval vzdalenosti v ta-
bulce 6.1). Piiklad rozdilu mezi tvarem orbity v roce 2002 a 2009 je znazornén na
obr. 6.6. Obrazky vlevo ukazuji v pouzitém souradném systému GSE prumét or-
bity do roviny ZX a obrazky vpravo prumét do roviny ZY. V obr. 6.6a je ukdzan
tvar puvodni orbity, kterd méla polarni prubéh — apogeum i perigeum lezi na
rovniku. V prubéhu roku 2006 se zacala inklinace orbity naklanét a perigeum se
posunulo hrubé mimo rovnik (viz obr. 6.6b). Celkovy procentudlni vyskyt orbit
s RS je 40%, coz je o mnoho méné nez vychézi z vysledki uvedenych Santolikem
at al. [59], ktery na zakladé jiné metody identifikace RS uvad{ pravdépodobnost
vyskytu 60%. Pokud se vSak podivame na celkova procenta pro roky 2001-2006,
tedy pred zménou orbity, pak se priblizné k hodnoté 60% piiblizime.
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Obrazek 6.7: (a) Celkové mnozstvi hodin stravenych méfenim druzic Cluster piistrojem
STAFF-SA rozdélenych do binu 0,5 L x 2° Ay. (b) Mnozstvi hodin stravenych
méfenfm rovnikového sumu. (c) Pravdépodobnost vyskytu emise RS a (d) jeji zjisténa
smérodatnd odchylka. Bild mista oznacuji biny s celkovym pokrytim mensim nez 3 h.

6.3.1 Zavislost RS na geomagnetické sifce a MLT

Na obrazku 6.7 je vidét celkové pokryti méfeni druzicemi Cluster v zavislosti
na Ay pro vsechna data (obr. 6.7a) a pro data obsahujici pouze orbity s RS
(obr. 6.7b). Z pravdépodobnosti vyskytu (OR — occurrence rate) ukdzané na
obr. 6.7c je vidét, ze RS se vyskytoval na viech vysetfovanych vzdalenostech,
avsak nejcastéji (az v 60% pripadi) byl naméten v intervalu L = 4 az L = 5,5.
Na vzdalenostech L < 2,5 a L > 8,5 byl RS, vzhledem k celkové dobé stravené
v téchto lokacich, nameéfen jen velmi zfidka, coz vysvétluje pro¢ jsou procen-
tudlni hodnoty vyskytu ve 4. sloupci tabulky 6.1 pro pozdéjsi roky takto nizké.
V poslednim obrazku 6.7d je vykreslena smérodatna odchylka o}, vypoctena pro
OR z predchoziho obrazku. Jeji vypocet vychazi z podminek pouzitych pii zpra-
covavani dat. Zakladem je binomické rozdéleni, které je prondsobeno parametrem
udavajicim pocet nezavislych bodu v pouzitych datech. Jeho podrobné odvozeni
je uvedeno v publikaci Hrbackovéa a kol. [88], rovnice 1. Stejnym zptusobem je
pocitana chyba o, i v obrazcich 6.8-6.13. V téchto obrdzcich je navic pouZita
nasledujici podminka pro vykresleni OR — minimalni pocet dat v daném intervalu
zkoumanych parametru zahrnujici celkové méteni druzic Cluster musi byt alespon
180, coz v 1-minutovém rozliseni odpovida 3 hodinam. Pokud tato podminka neni
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splnéna, pak hodnota OR neni pro tento interval vykreslena.
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Obrézek 6.8: (a) Celkové mnozstvi hodin stravenych méfenim druzic Cluster piistrojem
STAFF-SA rozdélenych do binu 0,5 L x 2 h MLT. (b) Mnozstvi hodin stravenych
méfenim rovnikového sumu. (c) Pravdépodobnost vyskytu emise RS a (d) jeji zjisténa
smérodatné odchylka. Bila mista oznacuji biny s celkovym pokrytim mensim jak 3 h.
V obrazcich jsou zapocitana data do 20° Ayp.

Nyni se podivejme na vyskyt druzic Cluster v zavislosti na magnetickém
lokalnim case, ktery muzeme vidét v obrazku 6.8. VSechna data jsou uvedena
pro | Au |< 20°. Z celkového méteni (obr. 6.8a) je zjevné, ze druzice Cluster
pokryly prakticky rovnomérné vsechny sektory MLT, hlavné v intervalu L = 4 az
L = 6. Z vysledné OR (obr. 6.8¢) se jevi, ze pro L > 5 se RS objevuje pfevazné
béhem dne, zatimco pro mensi L je vidét RS i béhem noci.

Jelikoz ve vSech néasledujicich histogramech budeme pouzivat jiné rozmezi ge-
omagnetické sfiky, ukdzeme si nynif na rozlozeni RS v zavislosti na Ay (obr. 6.9)
pro¢ tomu tak bude. Je bez pochyby, ze témér vSechna data jsou namétena do
20°. Navic jsme zjistili, ze 90% dat lezi v intervalu do 10° a dokonce vice jak 3/4
dat se nachazi do 7°. Vzhledem k tomu, ze chceme omezit vstup ,nechténych®
dat do zpracovani, zvolili jsme pro nasledujici obrazky hranici A\y; co nejmensi a
to 7°. Jesté bychom méli vysvétlit, co znamenaji ,nechténd® data. Behem mnoha
orbit byl naméten Sum pouze v mensim intervalu Ay nez 20°, ¢imz nam do zpra-
covéni, zahrnujici cely interval Ay, vstupovala i data neobsahujici RS, i kdyz byl
v daném pruchodu naméfen. Timto omezenim jsme se tomuto nechténému efektu
prakticky zcela vyhnuli a vysledné zavislosti jsou tak vice zietelné.
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Obrézek 6.9: Pravdépodobnost vyskytu RS jako funkce geomagnetické siiky. Svislé
cervené a modré ¢dry oznacuji hranici 7° a 10°, uvnitf nichz se vyskytuje 78%, respek-
tive 90% zaznamu RS.

6.3.2 Zavislost RS na geomagnetickych podminkach

Naposledy se v této kapitole podivame na polohu druzice, ukazanou v obrazku
6.10, tentokrat v zavislosti na geomagnetickych podminkéach vyjadienych inde-
xem Kp. Cernd ¢dra ukazuje mnozstvi ¢asu straveného celkovym méfenim druzic
Cluster (obr. 6.10a), méfenim RS (obr. 6.10c) a vyslednou OR (obr. 6.10e). Dalsf
2 barevné ¢ary ukazuji data pro ruzné geomagnetické podminky, ¢ervend ukazuje
data naméfend béhem geomagneticky klidnych podminek a modra ukazuje data
béhem zvysené geomagnetické aktivity. Jako hranice mezi klidnou a rozboufenou
magnetosférou byla zvolena hodnota Kp = 3. Maximalni hodnoty OR (az 40%)
dosahuje RS na vzdélenostech L. = 3 az L. = 5,5 (obr. 6.10e). Na L = 5.5 se
OR skokové velmi snizi a pro vyssi L pak klesa postupné k 0. Pro nizsi L je
pokles k 0 daleko strmeéjsi. Zavislost pro nizkd Kp prakticky kopiruje celkovou
zavislost, naopak béhem zvysené geom. aktivity je OR daleko vyssi nez celkova
(v nékterych mistech dosahuje az 70%). Bohuzel pro nékteré intervaly L nemame
dostatek celkové zaznamenanych dat pro vysoka Kp a nemuzeme tedy tici jak
vypada zavislost v intervalu 5,5 > L < 7 a pro L < 2,5.

V predchozich publikacich se potvrdila zévislost intenzity RS na geomagne-
tickych podminkach. Zkouseli jsme zjistit zda stejnou zavislost vykazuje i vyskyt
RS (obrazek 6.10). Cernd Géra ukazuje zavislost pro vsechna naméfend data
(6.10b), pro véechna data s RS (6.10d) a pro celkovou OR (6.10f). Cervens a
modra ¢ara znazornuje prislusnd data nameérend v plazmosfére, respektive mi-
mo plazmosféru. Pro vypocet polohy plazmopauzy byly pouzity 3 modely, které
jsou uvedené v podkapitole 2.1.3 — Carpenter a Anderson, O’Brian a Moldwin
(OM2003) a Heilig a Lithr (PPCH2012). Vzhledem k tomu, Ze jejich vysledky se
mezi sebou vyznamné neodliSovali, pouzili jsme v uvedenych datech nejnovéjsi
model PPCH2012. Z porovnéani polohy plazmopauzy namétené piimo na druzici
Cluster ptistrojem WHISPER s polohou vypoctenou dle vSech vyse zminénych
modelu vyplyvé, ze nejblize se k redlnym datum pfiblizila hodnota z modelu
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Obrazek 6.10: (a) Poloha druzic Cluster pro vSechny pruchody rovnikem (¢ernd ¢éra).
Pocet hodin strdvenych mérenim béhem nizké magnetické aktivity (Kp < 3) ukazuje
cervena ¢ara. Modréd ¢ara udava pocet hodin namétfenych béhem zvysSené magnetické
aktivity (Kp > 3). (c) Poloha druzic Cluster béhem méfeni RS, (e) pravdépodobnost
vyskytu RS. Barevné kédovéani histogramu (c) a (e) ma stejny vyznam jako v histo-
gramu (a).(b) Hodnoty Kp indexu pro data ze vSech pruchodi rovnikem (Cerna cara).
Cervend a modré ¢éra ukazuji data naméfend v plazmosféie, respektive v plasma throu-
gh, poloha plazmopauzy je urcena z modelu PPCH2012. (d) Rozlozeni Kp indexu pou-
ze pro priichody, kdy byl méfen RS (Gernd ¢éra). (f) Pravdépodobnost vyskytu RS.
Vyznam barevnych ¢ar v histogramu (d) a (f) je stejny jako v histogramu (b). V histo-
gramech (e) a (f) je zndzornéna zjisténd smérodatna odchylka op,. Ve viech histogramech
jsou pouzita data do | Ay |< 7°.
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PPCH2012 a OM2003, avsak ani jeden model se pro vybrané piiklady nelisil
o vice jak L = 0,4.

Z obr. 6.10f je vidét pro data v plasma through zvysujici se pravdépodobnost
vyskytu s rostouci geomagnetickou aktivitou. Tento rust je znatelny az do Kp = 7.
Data v plazmosféfe byla namétena hlavné béhem klidnych podminek, jejich OR
klesa pro Kp > 3. Pro vyssi Kp je bohuzel velmi omezené mnozstvi dat a proto
pokracovani zavislosti neni mozno porovnat.

6.3.3 Rozlozeni MLT v zavislosti na poloze plazmopauzy

(a) (b)
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Obrazek 6.11: Pocet hodin stravenych méfenim uvniti plazmosféry pfistrojem
STAFF-SA v binech o velikosti 2 h MLT x 2° Ay (a) pro vSechna naméfena data
a (b) pro RS. (c) Pravdépodobnost vyskytu RS a (d) jeji zjisténa smérodatné odchylka
op. Poloha plazmopauzy je pocitand z modelu PPCH2012

Pokud se blizeji podivame na rozlozeni magnetického lokélniho ¢asu pro za-
znamenané RS, vzhledem k poloze druzice v zavislosti na poloze plazmopauzy,
dojdeme k velmi zajimavému zavéru. V rozlozeni RS v plazmosféie, které je
ukdzano na obrazku 6.11 a detailnéji na histogramech v obrazcich 6.13a, 6.13c a
6.13e je vidét jen velmi slaba zavislost na MLT. Jakési lehké minimum se ukazuje
na nocni strané a maximum na odpoledni strané, avSak rozdil mezi nimi neni vic
jak 15% (obr. 6.13e). Naproti tomu z obrézku 6.12, 6.13b, 6.13d a 6.13f ukazujicich
zavislost pro oblast plasma through vyplyva, ze vyskyt je béhem dne (maximum
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nastavd kolem 15 h) vic jak dvakrat vyssi nez v noénich hodindch (minimum
nastéava kolem pulnoci). Tato skutecénost poukazuje na silnou zavislost rozlozeni
RS v MLT vzhledem k poloze plazmopauzy.

(a)

[ & R
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0
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Obrazek 6.12: Totéz jako v obrazku 6.11, avSak pro data naméfend v plasma through.

Podle vysledku ziskanych ray tracingem [54] se na vyssich L muze RS pohybo-
vat pouze v uzsich intervalech MLT. Proto muze byt jeho vyskyt vice lokalizovan
na dennf strané. Naopak na nizsich L se RS snadnéji pohybuje v azimutédlnim
sméru (je zachycen v plazmosféfe), a proto muze byt jeho vyslednd OR v celém
intervalu MLT rovnomérnéji rozlozena. Tato teorie je ve shodé s vyse popsanymi
vysledky.

PiedloZend analyza dat z piistroje STAFF-SA je pomérné jedinecénd, nebot
vznikld databdze RS byla vytvofena na zdkladné detailniho vizudlniho vybéru,
pii kterém byla brana v potaz nejen intenzita elektromagnetickych fluktuaci, ale
také polarizace magnetického pole. Predeslé statistické studie byly zalozeny pouze
na vybéru v zavislosti na PSD v daném frekvenénim intervalu. Napiiklad Green
a kol. [60] a Meredith a kol. [64] dochdzi k jinym zavérum nez uvadime v této
praci, a naopak nase vysledky zhruba odpovidaji tém, které uvedli Pokhotelov a
kol. [63] a Ma a kol. [65].
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Obrazek 6.13: (a) Pokryti méfeni druzicemi Cluster dané po¢tem hodin stravenych v 2 h
intervalech MLT uvniti plazmosféry dle modelu PPCH2012 (¢ernd ¢éra: viechna data,
¢ervend Cara: vSechna data pro nizkou magnetickou aktivitu, tedy pro Kp < 3, modra
¢éra: vSechna data pro vysokou geomagnetickou aktivitu, tedy pro Kp > 3). (b) Stejné
jako histogram (a) pouze pro data v plasma through. Doba stravend méfenim RS (c)
v plazmosféie a (d) v plasma through. Pravdépodobnost vyskytu RS (e) v plazmosféie
a (f) v plasma through. V histogramech (e) a (f) je ukdzdna znazornéna smérodatnd
odchylka op,. Ve vSech histogramech jsou pouzita data do | Ay |< 7°.
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6.4 Vnitini struktura RS

V této casti se budeme vénovat vysledkim ziskanym z dat ptistroje WBD méficim
ve tfech frekvenénich mdédech (viz tabulka 4.1). Pro nasi statistiku byl pouzit
kvili vhodnému frekvenénimu rozsahu méd 9,5 kHz, ktery umoznoval rozeznat
a zpracovat vnitini strukturu RS. V nésledujicich podkapitoléch jsou uvedeny
ukazkové spektrogramy s riznymi pifklady vnitini struktury RS, se kterymi jsme
se béhem zpracovani setkali a vysledky ziskané z jeji analyzy.

6.4.1 Zpracovani dat a ukizky RS

Zékladem pro analyzu dat bylo vytvoreni databaze ¢asovych intervalu, béhem
kterych byl pozorovén RS a zérovei prlstrOJ WBD meéril v pozadovaném médu.
Casové intervaly vsech naméfenych RS z obdobi mezi roky 2001 az 2010 jsme
méli k dispozici z predchozi analyzy dat z pristroje STAFF-SA. Informace o do-
stupnosti dat a méficich moédech byly cerpany z webové stranky
http : | Jwww — pw.physics.uiowa.edu/cluster /wbdcoverage/ so ftware_logs/,
kterd je vénovana pristroji WBD, vyvinutém na univerzité v lowé. Nasledné byly
vSechny nalezené intervaly z duvodu vypoctové zatéze rozdéleny do 2-minutovych
useku (vzniklo tak celkem 2423 podintervalu) a zpracovany programem whd2psd.
Ten vytvoril potiebné datové soubory pro dalsi analyzu obsahujici hodnoty vy-
konové spektralni hustoty s rozlisenim 0,84 Hz. Z kazdého zaznamu se takto vy-
tvorilo 1 az nékolik desitek podintervalu, ze kterych byl nasledné vykreslen spek-
trogram. Ze ziskanych spektrogramu byl pro kazdy zdznam RS vizualné vybran
pouze jeden zastupny, ve kterém byla pripadnd spektralni struktura nejlépe vidét.
V ojedinélych ptipadech byly vybrany podintervaly dva a to pouze v piipadé,
kdy se ménily rozestupy spektralnich ¢ar a nebo se v prubéhu emise ménila je-
jich frekvence o vice jak 10 Hz. Z 342 vybranych ¢asovych podintervalu se pomoci
programu PRASATKO opét vykreslily spektrogramy, ve kterych se nynf vizualné
oznacily frekvencni vyiky spektralnich ¢ar (SC). Frekvence se zaznamenavaly jen
ve spektrogramech, ve kterych byly alesponi 4 SC v jednom systému ¢ar (vy-
svétleni viz ukézky spektrogramu nize). Stejné jako v piipadé dat z piistroje
STAFF-SA| byly i zde do zpracovani zahrnuty vysledky z kazdého spektrogramu
jako samostatny zaznam. To platilo jak pro vybrané dva podintervaly z jedné
emise, tak i pro podintervaly obsahujici stejnou emisi, avsak méfenou na ruznych
druzicich.

Kromé frekvence SC byly do vzniklého textového souboru navic zaznamendany
nasledujici informace o spektralni struktute:

e zasumeénost vnitini struktury

e kombinovang struktura — na spektrogramu byly vidét SC, a zdroven byla
¢ast emise zasumeéna

e malo SC - zfejma viditelnost SC, avsak jejich pocet mensi nez 4

e spodni struktura — nékolik samostatnych systému SC v nizsich ¢dstech emise
(typicky do 50 Hz)

e spektralni struktura vyskytujici se nad fy,
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Vsechny dosud zminéné pripady vnitini struktury nyni ukédzeme na nékolika
prikladech. Ve spektrogramu na obrazku 6.14a je vidét ukazkova vnitini struktura
RS naméfeného 1. ledna 2004 na druzici Cluster 1. Medién frekvenéniho rozestupu
SC je 5,3 Hz. Na obrazku 6.14b je ukizdn RS naméfeny 16. zaif 2003 druzici
Cluster 4. Tento piiklad pati{ mezi ty ojedinélé piipady, kdy frekvence SC byly
zaznamenany na 2 mistech v prubéhu jedné emise. Divodem je zména frekvence
jednotlivych SC, kterd stoupla béhem pulhodinového pozorovani o vice jak 20 Hz.
Zéroven s frekvenci SC se zménily i jejich rozestupy, zatimco v prvni oznacené
sadé frekvenci (kolem 18:05 UT) je medidn 5,3 Hz, v druhé sadé (kolem 18:17
UT) je 4,9 Hz. Tento rozdil 0,4 Hz mohl byt zptusoben nepfesnym urc¢enim stiedu
SC, jejichz sitka byla ve vétsiné pifpadu veétsi jak 3 Hz, coz mohlo pii jejich
odectu vést az k chybeé nékolika Hz. Také z tohoto duvodu bylo pouzito kritérium
minimélniho poétu SC, nebot zminéna chyba se pii uréovani medidnu pro vétsi
pocet zaznamu obvykle eliminovala pouze na nékolik desetin Hz. V nasledujicich
vysledcich zahrnujicich frekvenéni intervaly jsou proto pouzity pouze medidnové
hodnoty.

(a) (b)

CLUSTER WBD 2004-01-01 18:53:00.030 - 2004-01-01 19:01:00.067 CLUSTER WBD 2003-09-16 17:48:00.037 - 2003-09-16 18:22:00.063
i T X 10"

10?

f(kHz)

= |
sc1 sc4 & 0.15

mvZm?Hz!
=
S
mv’m?Hz*

uT: 1800 1805 1810 1815

SC4-A(): 9. 6. 421 165 X 359

SCa-RR): . . 464 459 . 451
)

uT:
SCLA():
SCL-R(Ry):
SCL-MLT(h):

SC4-MLT(h): 11.46 11.45 . 11.42

Obrézek 6.14: Piiklady RS s viditelnou vnitini strukturou naméfené pifstrojem WBD
(a) 1. ledna 2004 druzici Cluster 1 a (b) 16. zaff 2003 druzici Cluster 4. Obé emise
maji jeden z nejvyssich pocti zaznamenanych SC. Cervené sipky oznacuji vysku za-
znamenanych frekvenci. Cernobild ¢dra ukazuje horni odhad fi,. Cas méfeni druzice
(UT) a jeji poloha jsou uvedeny ve spodni ¢asti obrdazku. A, — magnetickd sitka ve
stupnich, R — vzdalenost druzice v zemskych polomérech, MLT — magneticky lokalni
cas v hodinach.

V obou uvedenych spektrogramech na obr. 6.14 jsou SC vidét v elektrickém
poli i nad hranici spodni hybridni frekvence. Tento nezvykly jev se vyskytuje ve

20

10"

10?

10*

10°




vice pripadech a to pfevazné v pozdéjsich letech v datech na druzici Cluster 1.
Zjistovali jsme zda by nemohlo jit o pifstrojovou vadu, ale pro tuto frekvenéni
oblast nebyl zadny podobny efekt popséan. V piipadé ze se nejednd o ptistrojovou
vadu, ale o prirodni jev, mohly by tuto spektralni strukturu nad fi, vysvétlovat
elektrostatické protonové Bernsteinovy maédy, které se nad touto hranici normalné
vyskytuji. Na elektromagneticky X-mod se jejich méd muze zménit pod hranici
fin. Celkové je tento jev velmi zajimavy a zaslouzil by si jisté hlubsi vyzkum, ten
je vsak nad ramec cilu této diserta¢ni prace.

Daéle je v obou spektrogramech vidét spodni struktura, ve které jsou sice
znatelné SC, ale v poétu mensim jako 4 (napf. obr. 6.14b — oblast kolem 40 Hz).
Navic SC tvoif v téchto spodnich strukturach samostatné systémy, tzn. systémy,
mezi kterymi je frekvenéni mezera 2 x vétsi nez vzdalenost mezi dvémi po sobé
nasledujicimi SC v jednom systému.
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Obrazek 6.15: (a) Pitklad RS s viditelnou vnitini strukturou naméfeného pifstrojem
WBD 13. zaff 2001 druzici Cluster 2 se znatelnou spodni strukturou. (b) Pifklad RS
s viditelnou vnitin{ strukturou naméfeného piistrojem WBD 12. listopadu 2003 druzici
Cluster 4 s kombinovanym prubéhem. Vyznam §ipek, ¢ernobilé ¢ary a popisku je stejny
jako v obr. 6.14.

Na spektrogramu 6.15a naméreném 13. zari 2001 druzici Cluster 2 je vidét
vnitini struktura, v jejiz spodni ¢asti je na prvni pohled zjevna mmnohocetna
spodni struktura. Pii detailnéjsi analyze vsak zjistime, ze v tomto ptripadé jsou
frekvencni vzdalenosti mezi spodnimi strukturami natolik malé, Ze je za samo-
statné systémy povazovat nemusime a je tedy mozno zahrnout do analyzy vSechny
SC mezi 0 az 180 Hz.
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Na spektrogramu 6.15b naméfeném 12. listopadu 2003 druzici Cluster 4 je
ukazka kombinované emise. V intervalu 0-50 Hz je vidét zasuména spodni struk-
tura, mezi 60 az 140 Hz pozorujeme vnitin{ strukturu s rozlisitelnymi SC a nad
140 Hz se opét vnitini struktura stava nerozliSitelnou — zasumeénou.

V nékterych piipadech v prubéhu emise mirné stoupa (obr. 6.14b a 6.15a) ¢i
klesd frekvence SC. Ve vétsiné pifpadii se tato zména vaze s klesajici ¢ stoupajici
hodnotou fy,, to vSak neznamena ze vzdy kdyz hodnota fi, méni velikost, tak se
ménf i frekvence SC (viz obr. 6.15b).

Zminovana spodni struktura je vidét v mnoha pripadech — celkové byla na-
lezena v 81 z 342 zkoumanych udalosti, coz tento jev ¢ini pomérné vyznamnym.
Navic k piitomnosti mezer ve spodni struktute dochazi na ptiblizné stejnych frek-
vencich, jmenovité kolem 25 Hz, 50 Hz a v nékterych ptipadech i kolem 75 Hz,
tedy na nésobcich 25 Hz. Tyto frekvenéni mezery mohou mit dvoji vysvétleni:
Prvnim z nich je, Ze se emise generuje na radidlnich vzdalenostech kolem L = 2,6
priblizné odpovidajicich protonové cyklotronové frekvenci fy, = 25 Hz. Obecné
zabiré &fika vzniklych SC vice jak polovinu nebo spise 2/3 hodnoty cyklotronové
frekvence (viz 1. odstavec podkapitoly 6.4.4). Z tohoto duvodu mohou byt vidét
zminéné SC jako modulovany um na nizsich frekvencich (obr. 6.14a, 6.15b). Emi-
se se navic z mista vzniku muze §itit dal od Zemé na vzdalenosti kolem L = 4.5,
na kterych se do jiz existujiciho signalu muze namodulovat drobnéjsi struktura,
odpovidajici vzdalenéjsim L. Na druzici pak pozorujeme jak puvodni Sirsi struk-
turu, tak namodulovanou drobnéjsi (obr. 6.15a). Druhym vysvétlenim je ttlum
viny na frekvencich odpovidajicich iontovym Bernsteinovym moédum, ovsem me-
chanismus zpusobujici moznost pozorovani takového utlumu na L = 4,5 nam
prozatim neni znam.

Tabulka 6.2: Statistické shrnuti pozorovani emisi RS naméfenych na piistroji WBD.

pripady viditelnost kombinovana pravdépodobnost

na WBD SC (analyzovéno) emise vyskytu SC [%]
2001 32 26 (17) 10 81 (53)
2002 40 32 (19) 9 80 (48)
2003 64 61 (40) 24 95 (63)
2004 53 49 (42) 14 92 (79)
2005 34 14 (10) 7 41 (29)
2006 33 23 (20) 8 70 (61)
2007 30 21 (14) 9 70 (47)
2008 3 0 0 (0) 0 (0)
2009 6 4 (0) 1 67 (0)
2010 47 36 (15) 10 77 (32)
total 342 266 (177) 92 78 (52)

Celkova statistika pifpadi RS pozorovanych na pifstroji WBD je uvedena
v tabulce 6.2. Z celkovych 2229 ptipadu zaznamenanych na piistroji STAFF-SA
bylo na WBD identifikovano 342 emisi. V prvnim sloupci ,,pripady na WBD*
je uveden celkovy pocet emisi v daném roce nalezenych v pozadovaném maédu
(do 9,5 kHz). Druhy sloupec ,viditelnost SC'* poskytuje dvé informace, jednak
uvadi v kolika ptipadech z celkového mnozstvi byla vidét jakdkoli vnitini struk-
tura, jednak ¢islo v zavorce udava kolik emisi s nalezenou vnitini strukturou
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bylo analyzovano, tzn. ze ve spektrogramu byly viditelné nejméné 4 SC v jednom
systému car. Sloupec ,kombinovand emise uvadi, jak jiz ndzev napovida, ko-
lik z celkového mnozstvi emisi s vnitini strukturou obsahovalo navic zasuménou
¢ast. V poslednim sloupci je uvedeno s jakou pravdépodobnosti jsme v emisich
nachdzeli vnitin{ strukturu se SC. Cislo v zévorce udava tutéz pravdépodobnost,
ale pocitanou jen pro analyzované ptripady. Celkové je v této statistice vidét po-
dobna tendence jako v ptipadé dat z pristroje STAFF-SA, to jest od roku 2008
strmé klesal pocet nalezenych emisi, pouze v roce 2010, kdy bylo mozno béhem
jedné orbity analyzovat az 2 pruchody rovnikem, jejich pocet vzrostl. Pozname-
nejme, ze tato statistika je znac¢né ovlivnéna tim, ze v nékterych letech nebyla
k dispozici data v pozadovaném maédu i déle jak nékolik meésicu.

6.4.2 Analyza spektralnich car

Pravidla pro zafazeni frekvenci SC do celkové analyzy byla uvedena vyse, nyni
se podivejme na vysledky statistiky tohoto vybéru.
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Obrazek 6.16: Statistika analyzy vnitini struktury rovnikového Sumu. (a) Frekvence
zaznamenanych SC normovand lokélni cyklotronovou frekvenci vodiku. (b) Pocet za-
znamenanych SC jednotlivich emisi. (c) Medidn frekvencnich intervalii jednotlivych
emisi. Cernd ¢ara ukazuje viechna zaznamenans data. Oranzova a modra ¢ara ukazu-
je data naméfend v plazmosféte, respektive v plasma trough. Poloha plazmopauzy je
pocitand z modelu PPCH2012.

Frekvence SC normované na lokalni (v misté méteni druzice) iontovou cyklot-
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ronovou frekvenci vodiku je vidét v histogramu 6.16a. Cernd ¢éra ukazuje viechny
zaznamenané frekvence, modra a Cervena cara ukazuje pouze ty frekvence, které
byly naméfeny v plasma through, respektive v plazmosfére. Z histogramu je
zietelné, ze spektralni struktura byla vidét ¢astéji a do vyssich frekvenci v plasma
through nez v plazmosfére. Navic je vidét, ze ptripadu, kdy normovand frekven-
ce presahuje 42 Hz, je pouze nékolik, coz koresponduje s ptibliznym vypoctem
hodnoty spodni hybridni frekvence odpovidajici zhruba 42-nasobku protonové
cyklotronové frekvence.

V histogramu 6.16b je ukézan pocet SC oznacenych v jednotlivych emisich.
Barevné kédovani je stejné jako v obr. 6.16a. Bohatsi spektraln{ struktura (> 20
SC) byla vidét pouze v plasma through. Emise s poctem SC < 4 nebyly zazna-
menavany, a proto histogram klesa od této hodnoty k nule.

Frekvenéni hodnoty po sobé nasledujicich SC véech analyzovanych emisi byly
nasledné mezi sebou odecteny. Vysledné mediany frekvencnich intervali jednot-
livych emisi jsou uvedeny v histogramu 6.16¢, barevné kédovani opét odpovida
obr. 6.16a. Poznamenejme, ze nase zvolené frekvenc¢ni rozliSeni nedovoluje roz-
poznat frekvencni intervaly pod 2 Hz. Celkovy median hodnot fr. rozestupu pro
oblast mimo plazmosféru je 5,3 Hz, uvnitt je hodnota celkového medidanu vyssi
a to 6,2 Hz. V plasma through nabyvaji fr. intervaly prevazné hodnot mezi 4 az
6 Hz, naproti tomu je jejich rozdéleni v plazmosfére ponékud rovnomérnéjsi, ne-
bot se zde druZice mohly dostdvat do blizsich oblast{ k Zemi a tedy do silnéjsiho
magnetického pole, kde vyssi f.; zpusobovala vétsi fr. rozestupy.
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Obrazek 6.17: Zavislost frekvené¢nich intervalt na (a) poloze plazmopauzy a (b) poloze
druzice. Bila kiivka ukazuje zavislost radiadlni vzdalenosti za predpokladu dipdélového
modelu na fr4. Biny jsou rozdéleny v intervalu 0,5 Hz x 0,25 L, /L.

V nékterych predeslych publikacich [52,56] byla predestiena teorie, Ze rov-
nikovy sum se pravdépodobné generuje v oblasti plazmopauzy na jeji vnéjsi ¢i
vnitini hranici. Pfi bliz§im pohledu na vztah mezi fr. intervaly, ze kterych lze
vypocitat zdrojovou oblast, a polohou plazmopauzy (obr. 6.17a) zddny naznak
zavislosti nevidime. Pokud se vsak podivame na obr. 6.17b, ukazujici vztah me-
zi fr. intervaly a polohou druzice, vidime, ze v tomto pripadé je jista zavislost
znatelna. Bila céra, kterou je vykreslena obecnd zavislost radialni vzdalenosti
zdroje na fr. rozestupech v pripadé dipélového modelu, déli OR na 2 ¢éasti. Tento
zajimavy zaveér vice rozebereme v podkapitole 6.4.4. Udalosti zahrnuté do zpra-
covani byly ziskdny z celkového pokryti piistrojem WBD do 7°Ay (detailnéjsi

o4



popis postupu ziskavani L, a L je uveden na zac¢atku podkapitoly 6.4.3). V tom-
to piipadé byla navic véem ¢asovym bodim zahrnujici méfeni RS a odpovidajici
jedné emisi pfifazena stejnd hodnota medidnu frekvenéniho rozestupu SC. Hodno-
ta vysledné OR vznikla vydélenim poc¢tu udalosti v jednotlivych binech sou¢tem
vSech udalosti v pifslusném intervalu Ly, ¢i L.

6.4.3 Zavislost RS na geomagnetickych podminkich
a MLT

Pro porovnéni s nékterymi vysledky z ptistroje STAFF-SA uvedeme v této podka-
pitole statistiku vyskytu druzic Cluster v dobé, kdy pristroj WBD meéril v pozado-
vaném moédu do 9,5 kHz. Informace o poloze druzice, Ly, Kp indexu a MLT jsou
cerpany z databaze vytvorené pro STAFF-SA, maji tedy 1-minutové rozliseni. Do
zpracovani byly zahrnuty vSechny ¢asové body odpovidajici intervalu do 7°Ay.
K vzniklému souboru byla navic pridana informace, zda pro dany ¢asovy bod byl
na WBD zaznamenén RS a byla-li jeho vnitin{ struktura viditelnd ¢ zasuméns.
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Obrazek 6.18: Poloha druzic Cluster do 7° Ay pro data z piistroje WBD méficiho
v médu do 9,5 kHz. (a) Doba stravens celkovim méfenim (Gernd ¢dra), méfenim RS v je-
hoz vnitin{ struktufe byly vidét alesponn 4 SC (modré ¢dra), méfenim RS jehoz vnitin
struktura obsahovala méné jak 4 SC (zelend ¢dra) a méfenim RS jehoz vnitini struk-
tura byla zasuménd (oranzova ¢ara). (b) Vyslednd pravdépodobnost vyskytu. Vyznam
barevnych car je stejny jako v histogramu (a).

Celkova doba stravend mérenim pristroje WBD v obdobi od roku 2001 do
roku 2010 je znazornéna Cernou carou na obrazku 6.18a. Barevné cary ukazuji
pocet hodin stravenych méfenfm RS s vnitin{ strukturou obsahujici nejméné 4
zaznamenané SC (modra ¢éra) a méné nez 4 SC (zelend ¢dra), a méfenim RS
se zaSumeénou vnitini strukturou (éervend cara). Vyslednd OR je uvedena na
obr. 6.18b. Barevné kédovani je stejné jako v histogramu 6.18a. V nékterych
intervalech L nemusi soucet hodnot barevnych car odpovidat hodnoté, kterou
ukazuje Cernd cara. Duvodem je zapocitani udalosti s kombinovanym prubéhem
jak do emisi s vnitini strukturou, tak do emisi se zasuménym prubéhem. Ze
srovnani ¢ernych car na obr. 6.18a a 6.10a (STAFF-SA) je vidét, ze na radialnich
vzdalenostech L > 3 jsou oba prubéhy podobné. Rozdil je pouze v celkovém
poctu hodin stravenych mérenim v daném intervalu L, ktery je logicky pro WBD
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fadové nizsi. Pro L < 3 nemd WBD v daném mdédu prakticky zaddné pokryti.
Nyni porovnejme prubéh OR (Cernych ¢ar) na obr. 6.18b a 6.10e, které se od
sebe neocekavané lisi. Kolem L. = 4 se oba prubéhy chovaji podobné, OR zde
dosahuje hodnot kolem 35% a pro L > 8 klesd linearné k 0. V oblasti mezi L = 5
a L = 8 je OR pro WBD o cca 5% vyssi a navic se kolem L = 6,5 ukazuje druhé
lokalni maximum, coz v datech pro STAFF-SA nevidime. Nejvic rozdilné jsou
vsak prubéhy pro L < 4, pro které OR na STAFF-SA klesa plynule k 0, zatimco
na WBD naopak stoupd. Duvodem vyse zminénych odlisnosti je pravdépodobné
rozdilné celkové pokryti méteni.

Stejné jako v pripadé OR z pristroje STAFF-SA je i pro WBD pouzita pod-
minka pro jeji zobrazeni. Zobrazeny jsou pouze intervaly, ve kterych piresahla

pro ktery byla 180 min, a to z duvodu menstho celkového pokryti.
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Obrézek 6.19: Hodnoty Kp indexu pro vSechna data naméfend do 7° Ay v zavislosti (a)
na charakteru vnitini struktury a (c) na poloze plazmopauzy. Piislusnd vyslednd OR
je ukdzana v histogramu (b), respektive (d). Vyznam c¢ar v histogramech (a) a (b) je
stejny jako na obr. 6.18. Oranzova a modrd ¢ara v histogramech (c) a (d) ukazuje data

naméfend v plazmosféte, respektive v plasma through. Poloha plazmopauzy je pocitand
z modelu PPCH2012.

Histogram 6.19a ukazuje zavislost vyskytu druzic Cluster na geomagnetickych
podminkach pro celkové méfeni piistrojem WBD (Cernd ¢ara) a pro méfeni za-
hrnujici pouze RS (barevné ¢ary). Vyslednd OR je zobrazena na obr. 6.19b.
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Vyznam barevnych ¢ar je stejny jako v obr. 6.18. OR emisi s po¢tem SC > 4 po-
stupneé roste se zvysujici se geomagnetickou aktivitou. Pro zaSumeéné emise a emise
s poctem SC < 4, jejichz vyskyt je behem klidnych magnetosférickych podminek
rovnomerny, vzroste OR pro Kp > 4 vice jak dvojndsobné a se zvysujicim se Kp
nadéle stoupd na rozdil od OR emisi s poétem SC > 4, kterd naopak pro Kp > 5
prudce klesa. Tyto prudsi zmény jsou ziejmé zpusobeny tim, ze pii vyssich Kp
dochézi ke generaci vice emisi, jejichz vnitini struktura se prolina a vznikaji pak
zasumeéné ¢i kombinované emise s mensim poctem car ve vnitini struktufe.
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Obrézek 6.20: (a) Pokryti méfen{ druzic Cluster do 7° Ay v zavislosti na MLT
rozdéleného do 2 h intervali. (b) Vysledna pravdépodobnost vyskytu. Vyznam ba-
revnych car v obrazcich (a) a (b) je stejny jako v obr. 6.19¢. Pravdépodobnost vyskytu
RS (c) v plazmosféie a (d) v plasma through pro véechny zaznamenané RS (¢ernd Géra),
pro RS méfené béhem klidnych geom. podminek (oranzovd ¢éra) a pro RS méfené
béhem zvysené geom. aktivity (modra cara).

Cerné ¢ara v histogramech 6.19¢ a 6.19d ukazuje stejnou zavislost jako ¢erns
¢ara v histogramu 6.19a, respektive 6.19b. Barevné cary vsak tentokrat ukazuji
celkovy vyskyt, respektive OR v plazmosféie (oranzové cara) a v plasma through
(modré ¢dra). Pokud OR opét srovndme s vysledky ze STAFF-SA (obr. 6.10b a
6.10f) vidime, ze na WBD jeji hodnota pro Kp > 4 oproti STAFF-SA skokové
vzroste, coz je nejspiSe zpusobeno tim, ze pristroj WBD méril ¢astéji v poza-
dovaném moédu béhem zvysSenych geomagnetickych podminek. Dalsim rozdilem
pro méfeni z WBD je jeho mnohem vyssi OR v plazmostére, ktera vsak jen vice
zvyraznuje skutecnost, kterd byla znatelna i v datech z piistroje STAFF-SA, a to
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ze béhem klidnych geom. podminek je hranice plazmopauzy dal od Zemé a tedy
druzice ¢astéji méri uvnitt plazmosféry. To potvrzuje i prubéh celkového méreni
druzicemi v histogramu 6.19¢, kde pro vétsi Kp klesne pocet dat namérenych
v plazmosfére témér na 0.

Vyskyt namérenych dat v zavislosti na MLT vzhledem k poloze plazmopau-
zy je ukédzan na obr. 6.20. Histogram 6.20a ukazuje celkovou dobu stravenou
meéfrenim druzicemi Cluster. Vyslednou OR ukazuje histogram 6.20b. Barevné
kodovani je stejné jako v obr. 6.19¢. Histogramy 6.20c a 6.20d ukazuji podrobnéji
OR pro ruzné geom. podminky v plazmosfére, respektive v plasma through.
Zatimco v plasma through se prubéh zhruba shoduje s vysledky ze STAFF-SA,
v plazmosfére vychézi naprosto odlisné (obr. 6.13e a 6.13f). Ze STAFF-SA vysla
v oblasti plazmosféry jen slabd zavislost, avsak pro data z WBD vysla v této
oblasti podobna zavislost na MLT jako v plasma through. Domnivame se, ze
tento necekany rozdil v prubézich OR pro oblast plazmosféry je zpusoben opét
nedostatkem meéreni ptistroje WBD v této oblasti, kde, pro srovnani, v kazdém
2-hodinovém intervalu mezi 6 a 18 h MLT je v pruméru celkové jen kolem 5
hodin zaznamu, na rozdil od pristroje STAFF-SA, kde je prumérné 70-80 hodin
na kazdy 2-hodinovy interval MLT. Coz pro WBD znamend méné jak 1/15 dat
z celkového méteni. Stejny rozdil je i v mnozstvi dat obsahujici RS.

6.4.4 Zdrojova oblast

7 teorie vime, ze vnitin{ struktura RS vznikd interakef viny s ionty (nebude-li
napsano jinak, pro dalsi vypocty uvazujeme pouze ionty vodiku) na jejich cha-
rakteristickych cyklotronovych frekvencich. Jinymi slovy, rozestupy mezi SC nam
udavaji velikost lokalni cyklotronové frekvence v misté vzniku viny, pomoci které
je mozno, za predpokladu dip6lového modelu, vypocitat pomoci rovnice (3.2) ra-
didlni vzdalenost zdrojové oblasti vin. Histogram zjisténych radialnich vzdalenosti
zdroje Ly ukazuje obrazek 6.21a. Nejcastéjsi zjisténa radidlni vzdélenost je kolem
L = 4,4, coz odpovida velikosti cyklotronové frekvence vodiku 5,3 Hz. Pocet emisi
vzniklych na L > 5 je témér nulovy. Nemuzeme s jistotou fici, ze by emise za
touto hranici nevznikaly, ale hlavnim duvodem proé¢ v této studii zdrojovou ob-
last nad zminénou hranici nevidime je rozlisitelnost spektralnich car. Ve vétsiné
analyzovanych emisi nebyla sfika SC mens{ jako 3 Hz, coz odpovida vice jako po-
loviné medianu frekvenénich rozestupu. Proto nebylo mozné identifikovat zdroj
na vétsich vzdalenostech jako L > 5,3.

Rozdil mezi vypoctenou modelovou polohou plazmopauzy a polohou zdrojové
oblasti je ukdzan na obr. 6.21b. Zadny vyrazny pik kolem 0 vidét neni, coz bo-
huzel teorii generovani RS v okoli plazmopauzy (viz kapitola 6.4.2) nepotvrzuje.
Z obrazku je ale vidét, ze emise pozorované v plazmosféie jsou v ni také castéji
generované, a stejné tak to platii pro oblast plasma through. Tato skute¢nost nas
privedla k otédzce vztahu mezi polohou zdroje Ly a polohou druzice L ukazaného
na obr. 6.21c. Zde je vidét daleko vyraznéjsi pik kolem 0, nez v predeslém obréazku.
RS byl ve vétsiné pifpadit naméten do vzdélenosti | L |< 0,3 od zdrojové oblas-
ti. S prihlédnutim k tomu, ze do vysledku této podkapitoly jsou zahrnuty jen
emise se zaznamenanou vnitini strukturou, histogram 6.21c tika, ze s ptribyvajici
vzdalenosti od zdrojové oblasti se vnitini struktura emise stava vice zasuménou.
Pravdépodobnym divodem je nejspiSe interakce s jinymi vinami ¢i ¢asticemi. Tu-
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Obrazek 6.21: (a) Poloha zdrojovych oblasti RS pocitand z rozdilu frekvenci SC za
predpokladu dipdlového modelu. Oranzova a modréd ¢ara ukazuje data zaznamenana
druzicemi Cluster v plazmosfére, respektive v plasma through. Rozdil mezi polohou
zdrojové oblasti a (b) polohou plazmopauzy, respektive (c) polohou druzice. Vyznam
barevnych ¢ar v histogramech (b) a (c) je stejny jako v histogramu (a). Poloha plazmo-
pauzy je stanovena z modelu PPCH2012.
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Obrazek 6.22: Pravdépodobnost vyskytu polohy zdroje v zavislosti (a) na poloze
plazmopauzy pocitané vzhledem k poloze druzice a (b) na poloze druzice. Biny jsou
rozdéleny v intervalu Ly = 0,2/0,125 x Ly, = 0,2/L = 0,25. Bilé pifmky charakterizuji
zévislost na f; vodiku, popiipadé tézsich iontu.
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to domnénku podporuje i vysledek plynouci z histogramu radidlnich vzdalenosti
6.18b, ze kterého vyplyvd, ze pocet zasuménych emisi je v intervalech L < 3 a
L > 5,5 vétsi (zvldsté pro vzdalenéjsi emise) nez emisi s vnitini strukturou.

Hodnoty pouzité v histogramech 6.21a-6.21c jsou medidny hodnot jednot-
livych emisi.

Posledni obrazek 6.22 ukazuje detailnéji vztah mezi zdrojovou oblasti a polo-
hou plazmopauzy (6.22a), respektive polohou druzice (6.22b). Hodnoty Ly, Ly,
a L byly ziskdny stejnym postupem jako v obr. 6.17. Hodnota vysledné OR
vznikla vydélenim poctu udalosti v jednotlivych binech souctem vsech udélosti
v piislusném intervalu Ly, ¢i L. Bild pifimka x = y v obr. 6.22a zobrazuje pfimou
zavislost na cyklotronové frekvenci vodiku fy,. Jinak feceno pokud by zdrojova
oblast lezela v blizkosti plazmopauzy byla by OR v tomto obrazku koncentrovand
kolem této ptimky. Na obr. 6.22b je zobrazena kromé piimky charakterizujici fu,
(vlevo) také piimka charakterizujici f. 2x ionizovaného helia (a ¢éstice) nebo 1x
ionizovaného deuteria (vpravo). Emise vyskytujici se vlevo od piimky pro vodik
zjevné prichazi na druzici z vétsich vzdalenosti. Pro emise vyskytujici se napravo
od vodikové ¢ary jsou mozné dvé interpretace, jednak, pokud vezmeme v tvahu
souvislost s vodikovou ptfimkou, se viny mohly §itit na druzici smérem od Zemé,
a jednak mohlo jit také o emise tvorici se na a/deuterium ¢asticich, které se na
druzici dositily z vétsich radialnich vzdalenosti nez byla poloha druzice.

6.5 Azimutalni smeér Sireni RS

Zkombinovanim méreni ze STAFF-SA a WBD je mozno ziskat azimutalni thel ¥
smeéru Sifenf vin. Némec a kol. [56] timto zpusobem ziskali pro obdobi 2001-2010
tthel ¥ pro vice jak 100 emisi RS. Ze statistické studie vyplynulo, ze smér sifeni se
lis1 v zavislosti na poloze plazmopauzy. Zatimco v plasma through se azimutalné
RS &fif predevéim v zapadnim a vychodnim sméru kolmo k radidlnfmu sméru
siteni (obrazek 6.23a), v plazmosféfe neni preferovany zadny smér azimutélniho
siten{ (obrazek 6.23b). Toto rozlozeni by mohlo byt vysvétleno pouzitim analyzy
sméru §ffeni za predpokladu, ze by RS vznikal na plazmopauze. Tuto teorii vSak
bohuzel studie zdrojové oblasti nepotvrdila (viz obr. 6.21).
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Obrazek 6.23: Histogram vypocitanych hodnot azimutélniho sméru sifeni (a) v plasma
through a (b) v plazmosféfe. Azimutalni ihly +£90° odpovidajici sifeni vychodnim ¢i
zdpadnim smérem jsou znazornény c¢arkovanou carou.
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6.6 Proménlivost intenzity RS s podminkami
v magnetosfére

Dosud jsme z pristroje STAFF-SA ukazovali pouze vysledky tykajici se samotného
vyskytu druzice behem méteni RS. Nyn{ si ukdzeme jak vypadd zavislost na MLT
a Kp indexu v piipadé intenzity emise [93]. Celkovd intenzita se v plazmosfére
jevi nezavisla na MLT (obr. 6.24a), coz je stejny vysledek jako mame pro vyskyt
RS (obr. 6.13e). V plasma through je situace trochu odlignd. Zatimco v obrazku
6.13f je maximalni vyskyt v odpolednich hodinéach, v histogramu 6.24b je nejvyssi
intenzita v dopolednim sektoru. Intenzita byla zjistovana z Poyntingova vekto-
ru integrovaného pres geomagnetickou latitudu, vymezenou zacatkem a koncem
casového intervalu dané emise, ve frekvencnim rozsahu do 500 Hz, coz byla nejvyse
stanovend spodni hybridni frekvence v prubéhu celého datového souboru.

Kromeé zéavislosti na MLT je na obrazku 6.24c vyobrazena zavislost celkové
intenzity na geomagnetickych podminkach.
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Obrézek 6.24: Celkové intenzita jednotlivych emisi jako funkce MLT pozorovana (a)
v plazmostéie a (b) v plasma through. Silné plné ¢ary odpovidaji medidnu hodnot
v daném intervalu MLT, slabsi pak odpovidaji odspodu 1. (25%) a 3. (75%) kvartilu.
(c) Celkové intenzita pozorovanych emisi jako funkce Kp indexu. Plné ¢ary odpovidaji
medidnu hodnot naméfenych v plazmosféie (modrd barva) a v plasma through (Gervend
barva).

6.7 Kvaziperiodické modulace intenzity RS

Kvaziperiodické (QP) VLF emise byly popsédny v podkapitole 2.2.3 vénujici se
elektromagnetickym vlnam. Neddvno se zjistilo, ze podobné modulace intenzity
se objevuji i v pripadé rovnikového Sumu. Prezentovaly to pfipadové studie dat
z druzice Themis [91] a nové i z druzic Van Allen probes [92]. Némec a kol. [90]
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nasli tyto modulace i na datech z druzic Cluster a jako prvni zpracovali tento
fenomén statisticky pro obdobi mezi roky 2001 a 2010. Ukazka modulovaného RS
je vidét na obrazku 6.25. Perioda modulace v tomto pripadé je cca 3 min. Celkové
se periody modulace pro vSechny zkoumané emise pohybovaly v fadu nékolika
minut. Na rozdil od QP emisi, kde délka modulace fluktuuje v fadu od nékolika
sekund do nékolika minut. Casovéa QP modulace byla jasné viditelna ve zhruba
5% zkoumanych piipadu. Jejich vyskyt byl lokalizovany predevsim v rannim a
polednim sektoru MLT (histogram. 6.26). Navic se zdd, ze Cetnost vyskytu je
spojena se zvysenou magnetickou aktivitou a rychlosti sluneéniho vétru.
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Obrézek 6.25: Pifklad RS s kvaziperiodickou modulaci vlnové intenzity. Emise byla
naméfena 23. 8. 2003 piistrojem WBD na druzici Cluster 2 v ¢ase od 23:16 do 23:37
UT.
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Obrézek 6.26: Cervend ¢ast histogramu uka(zuj)e pravdépodobnost vyskytu RS s kvazi-
periodickou modulaci intenzity v zavislosti na MLT v prubéhu let 2001 az 2010. Celkova
pravdépodobnost vyskytu RS naméfens na druzicich Cluster za stejné asové obdobi
je znazornéna cernou barvou. Oba histogramy jsou déleny celkovym poctem prichodi

ptes rovnik pro L < 10.
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7. Zaver

Tato prace je zaméfena na vyzkum dat ze 4 druzic projektu Cluster. Kazda
z téchto druzic nese na palubé 11 identickych védeckych ptistroju. Pro analyzu dat
uvedenou v této praci byla vyuzita data ze dvou vlnovych piistroju STAFF-SA a
WBD c¢erpajicich informaci o velikosti elektrického a magnetického pole z ptistroju
EFW a FGM. Doplnkoveé se ke zjisténi polohy plazmopauzy vyuzivala data z pti-
stroje WHISPER. Systematicka studie byla zaméfena na emisi rovnikovy Sum
vyskytujici se ve frekvencénim rozmezi mezi iontovou cyklotronovou a spodni hyb-
ridni frekvenci.

Popis vysledku ziskanych z prvnich 10 let méfeni druzic Cluster — leden 2001 az
prosinec 2010 — je rozdélen na (i) statistickou analyzu dat z piistroje STAFF-SA,
zaméFenou na celkovy vyskyt RS v zdvislosti na parametrech okolniho prostiedi
a (ii) statistickou analyzu dat z piistroje WBD zaméfenou na zpracovani vnitini
struktury RS.

Data z pristroje STAFF-SA poskytuji kontinualni méfeni, ale s nizsim casoveé-
frekvencnim rozlisSenim nez data z pristroje WBD. Tato skute¢nost nam umoznila
zjistit celkovy vyskyt RS v pribéhu zkoumaného obdobi. Prohlédli jsme témér
6000 pruchodu rovnikem, ve kterych jsme rico metodou vyhledali ptitomnost
RS. K identifikaci emise jsme sestavili t¥i vybérova kritéria: (1) prah pro inten-
zitu fluktuaci elektrického a magnetického pole, (2) rozmezi magnetické sitky
Am pro polohu maxima elektrické a magnetické PSD a (3) linedrni polarizaci
magnetického pole. Pouzitim téchto kritérii vznikla rozsahla databaze obsahujici
vice jak 2200 zaznamu. Zména orbity, ktera probéhla v prubéhu zkoumaného ob-
dobi, umoznila zkoumat RS na pomérné velkém rozsahu radidlnich vzdédlenosti
(L =1.1az L = 10). Emise byla pozorovana na vSech zkoumanych vzdalenostech,
ale nejvice se vyskytovalamezi L =3 a L =5,5. ProL < 2,5 a L. > 8,5 byl naopak
jeji vyskyt velmi nizky (< 6%). Vice jak 90% emisi lezelo do 10° od rovniku a
jejich OR byla vyssi béhem porusenych magnetickych podminek.

Studiem zévislosti vyskytu RS na magnetickém lokalnim ¢ase jsme zjistili, ze
v oblasti plazmosféry se tato zavislost projevuje jen velmi slabé. Naopak v plasma
through je OR na MLT zavisld pomérné silné. Maximum (az 40%) je pozorovano
béhem dne kolem 15 h MLT, zatimco minimum nastava kolem pulnoci. Rozdil
mezi maximem a minimem je vice jak 30% (pro porusené magnetické podminky
je rozdil dokonce veétsi jak 50%).

Cést zaméfend na data z pifstroje WBD se zabyvala hlavné studiem vnitini
struktury RS. Celkové bylo na WBD zaznamenéno 342 emisi, piicemz v 266 z nich
byla jasné viditelna vnitini struktura. 177 emisf obsahovalo vice jak 4 SC v jednom
systému a mohlo byt dale analyzovano. Emisi s kombinovanym prubéhem se
nalezlo 92. Celkové bylo SC vidét v 78% pifpadi (v 52% analyzovanych pifpadi).
Identifikace SC probihala vizuélné pro kazdou emisi zvl4st. V nékterych pifpadech
byl pocet identifikovanych SC vyssi jak 20, ale pouze v oblasti plasma through.
SC byly identifikovany na vsech frekvencich od trojngsobku lokalni protonové
cyklotronové frekvence az po spodni hybridni frekvenci. Frekvenéni intervaly mezi
jednotlivymi SC dosahovaly nejéastéji hodnot mezi 4 az 6 Hz, piicemz vysledng
radidln{ vzdélenost se nachézela nejcastéji na L = 4,4. Vzhledem k fce SC, kterd
nebyla mensi nez 3 Hz, nebylo mozno identifikovat zdroj na L > 5, 3.
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Lokalizace zdrojové oblasti na plazmopauze [52] nebyla nasimi vysledky po-
tvrzena, avSak z porovnani vzdalenosti druzice a zdrojové oblasti je zfejmé, ze
emise s vnitini strukturou jsou cCastéji pozorované v blizkosti zdrojové oblasti.
S pribyvajici radidlni vzdalenosti od zdroje se jejich vnitini struktura stava, nej-
spiSe vinou interakci s jinymi ¢ésticemi ¢i vlnami, nerozlisitelnou.
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Abstract. We report results of a statistical analysis of equatorial noise (EN)
emissions based on the data set collected by the four Cluster spacecraft between
January 2001 and December 2010. We have investigated a large range of the Mcll-
wain’s parameter from L ~ 1 to L ~ 11 thanks to the change of orbital parameters
of the Cluster mission. We have processed data from the STAFF-SA instruments
which analyze measurements of electric and magnetic field fluctuations onboard
and provide us with hermitian spectral matrices. We have used linear polarization
of magnetic field fluctuations as a selection criterion. Propagation in the vicinity of
the geomagnetic equator has been used as an additional criterion for recognition of
EN. We have identified about 6000 equatorial passages of all four spacecraft during
the investigated time period and about 2000 passages in which we observed EN
emissions. We demonstrate that EN can occur almost at all the analyzed L shells.
However, the occurrence rate at L shells below 2 and above 8.5 is very low. At
L shells above 10 the occurrence rate is zero. We show that EN is dependent on
the magnetic local time. The occurrence rate is lower on the night side and it is
higher around the noon.

Introduction

It is important to understand the dynamics of relativistic electrons in the outer Van Allen
radiation belt (approximately at L shells from 3 to 7). These electrons can damage satel-
lites [e.g., Baker, 2001] and may penetrate to low altitudes where they affect the chemistry
of the middle atmosphere [e.g., Lastovicka, 1996]. The fluxes of these energetic electrons can
change dramatically due to transport, loss processes and acceleration.

Acceleration of electrons can be caused by wave-particel interaction. KEquatorial noise
(EN) electromagnetic emission represents one of the wave modes which can interact with these
electrons and energizes them. EN can accelerate only electrons with energies above 10 keV
[Horne, 2007]. Magnetic field fluctuations of these waves are linearly polarized and they are
most intense in the frequency range between the ion cyclotron frequency (f.z) and the lower
hybrid resonance (f;;) [Santolik et al., 2004]. EN propagates in the vicinity of the geomagnetic
equator almost perpendicular to the static magnetic field By. The basic properties of EN were
described for the first time by Russell et al. (1970) and in more detail (mainly concerning the
inner structure — spectral lines) by Gurnett (1976), Perraut et al. (1982) and Boardsen et al.
(1992). The generation mechanism of EN emissions has been proposed by Perraut et al. (1982)
using ringlike distribution functions at a pitch angle of 90°.

Analysis of data from the Cluster spacecraft by Santolik et al. (2004) shows the occurrence
rate of EN at magnetic latitudes between —30° and +30° and at radial distances between 3.9
and 5 Earth radii is 60% during the first 2 years of Cluster measurements and the emissions are
mainly located within 10° of the geomagnetic equator. According to Green et al. (2005) EN
occurs most often around the noon to afternoon sector of the magnetic local time.
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equator | events | occurrence | L shells
passages rate [%]
2001 389 199 51 3.9-4.5
2002 509 234 46 4.0-5.0
2003 579 340 59 4.0-4.9
2004 565 295 52 4.0-4.8
2005 572 372 65 3.9-5.3
2006 567 286 50 3.6-4.8
2007 568 229 40 2.7-11.0
2008 603 100 17 2.1-11.0
2009 707 25 4 1.5-11.0
2010 804 86 11 1.2-10.9
total 5863 2166 — —
total 01-06 3181 1726 54 —

Table 1. Summary of the EN emissions detected between January 2001 and December 2010.

Observations

We have used data between January 2001 and December 2010 measured by the STAFF-
SA experiment [Cornilleau-Wehrlin et al., 1997] located on board of the four spacecraft of
the Cluster mission. We visually checked all data in the vicinity of the geomagnetic equator
(A < [30°]|) at distances between L &~ 1 and L ~ 11 for the presence of the events that fulfill
the three selection criteria — lower thresholds for power spectral density (PSD) of electric and
magnetic field fluctuations (FF), position of maximum PSDs of electric and magnetic FFs and
linear polarization of the magnetic FFs (see Hrbdckovd et al. (2011) for more details). The
dipole model of the magnetic field was used for the calculation of L shells.

Since 2006, the Cluster satellites have slowly drifted away from their initial polar orbits.
Meanwhile, the perigees of their orbits have decreased to just a few hundreds of kilometers.
This enabled us to analyze data from a large range of L shells completely covering the outer
radiation belt. The overall statistics for all the investigated years is summarized in Table 1.
Altogether, 5863 equatorial passages were analyzed. These passages were counted separately
for each of the spacecraft. We have identified 2166 EN events in total. The average occurrence
rate between the years 2001 and 2006 is 54%. It falls below 20% when the orbit changed. The
last column shows the L shells in which the spacecraft were measured in our selected data set
for each year separately.

Occurrence of EN

The data corresponding to the equator crossings are used in this study. This study is
restricted to L values < 11. The time resolution of the analyzed data set is 1 minute. We have
systematically searched through the magnetic latitudes in our data set and we have chosen two
points which were the closest ones to the geomagnetic equator for each equatorial crossing - one
with a positive magnetic latitude and one with a negative magnetic latitude. This corresponds
to the location of spacecraft just above and just below the geomagnetic equator. We have used
linear interpolation based on these two points to find the position, the time and the magnetic
local time corresponding to the point where the spacecraft crossed the geomagnetic equator.

The locations of the Cluster spacecraft are shown in Fig. 1 as a function of the L parameter
and the magnetic local time (MLT) for L values < 11. Fig. 1a shows all equatorial passages from
January 2001 to December 2010. Equatorial passages in which EN emissions were observed are
shown in Fig. 1b.

Figure 2 shows the histograms of EN occurrence as a function of the Mcllwain parameter L.
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Figure 1. Polar plots of spacecraft locations at the geomagnetic equator as a function of L
parameter and the magnetic local time. (a) Locations of all four Cluster spacecraft during
the investigated time period. (b) Locations of spacecraft when EN was observed.
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Figure 2. Occurrence of EN as a function of the L parameter. (a) The dashed line shows
a histogram of equatorial passages of all spacecraft during the investigated time period and
the solid line shows a histogram of equatorial passages when EN was observed. (b) Occurrence
rate of EN.

The dashed line represents all equatorial passages and the solid line represents the passages in
which EN was observed in Fig. 2a. The resulting occurrence rate is shown in Fig. 2b. The length
of bins on the x-axis is 0.2. As already visible in Fig. 2, EN is most frequently observed between
L ~ 3 and L ~ 5.5 where the percentage of the occurrence rate is between 30% and 70%. The
occurrence rate falls to low percentages bellow L ~ 2 and above L = 8.5.

To Study the occurrence of EN as a function of MLT, we only considered Cluster equatorial
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Figure 3. Occurrence of EN as a function of magnetic local time. (a) The dashed line corre-
sponds to the equatorial passages during the investigated time period, the solid line corresponds
to the equatorial passages in which EN was observed. (b) Occurrence rate of EN. Data between
L =3 and L = 5.5 have been used in both panels.

crossings in the L range from 3 to 5.5. The results are shown in Fig. 3. Meaning of both
histograms is the same as in Fig. 2. The interval of MLT is divided into 24 subintervals (1 hour
corresponds to 1 bin). EN occurs predominantly around the noon sector with a probability of
60%—-70%, namely from about 10 to 15 hours MLT. The occurrence rate slowly decrease toward
dawn and dusk. The smallest value of the occurrence rate is 30%-40% around the midnight
sector.

Discussion and Conclusion

This study represents a sequel of the analysis by Hrbdckovd et al. (2011). One year of
measurements (2010) is added to this data set as compared to the previous study. A different
method of calculations was also used to obtain results plotted in the presented figures. In this
study data correspond to the location of the geomagnetic equator while the previous study shows
data up to 5° from the geomagnetic equator (in figure 3b). The main difference of obtained
results is evident comparing Fig. 3b — Occurrence rate as a function of MLT and Fig. 3b in
Hrbackovd et al. (2011). Fig. 3b in the present study shows higher value of the occurrence rate
of EN in the night sector which can be explained by either a weaker dependence on MLT or
widening of processed interval of the magnetic latitude. It means that using a wider interval of
MLT the EN events don’t cover the whole interval and therefore the occurrence rate is lower.
We need to focus on the dependence between the magnetic latitude and MLT in the future. It
can explain the different values of the occurrence rate in the figures mentioned above.

We have presented results from a statistical study of the EN emissions observed by the Clus-
ter spacecraft from January 2001 to December 2010. This study is based on the data measured
by the STAFF-SA instruments. Altogether, we have analyzed 5863 equator crossings at dis-
tances lower than L = 11. Among these, we have identified 2166 cases of EN emissions.
The change of the Cluster orbit during the analyzed period allowed us to study the occurrence
of EN over a large range of L shells from about L ~ 1 to L ~ 11. EN emissions were found
to occur almost at all analyzed L shells. However, their occurrence rate at L shells lower than
about 2 and larger than 8.5 is very low. The occurrence rate at L shells above 10 is zero. We
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demonstrate that the occurrence of EN is dependent on MLT. The maximum occurrence rate
of 60%—70% is observed during the daytime, namely around noon (from 10 to 15 hours MLT).
In other sectors the occurrence rate decreases. The lowest occurrence rate (30%-40%) is found
around the midnight (from 23 to 1 hours MLT). The occurrence rate of MLT is calculated for
L shells between 3 and 5.
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Abstract we report results of a systematic analysis of equatorial noise (EN) emissions which are also
known as fast magnetosonic waves. EN occurs in the vicinity of the geomagnetic equator at frequencies
between the local proton cyclotron frequency and the lower hybrid frequency. Our analysis is based on
the data collected by the Spatio-Temporal Analysis of Field Fluctuations-Spectrum Analyzer instruments
on board the four Cluster spacecraft. The data set covers the period from January 2001 to December 2010.
We have developed selection criteria for the visual identification of these emissions, and we have compiled
a list of more than 2000 events identified during the analyzed time period. The evolution of the Cluster
orbit enables us to investigate a large range of Mcllwain’s parameter from about L~1.1 to L~10. We
demonstrate that EN can occur at almost all analyzed L shells. However, the occurrence rate is very low
(<6%) at L shells below L=2.5 and above L=8.5. EN mostly occurs between L=3 and L=5.5, and within
7° of the geomagnetic equator, reaching 40% occurrence rate. This rate further increases to more than
60% under geomagnetically disturbed conditions. Analysis of occurrence rates as a function of magnetic
local time (MLT) shows strong variations outside of the plasmasphere (with a peak around 15 MLT), while
the occurrence rate inside the plasmasphere is almost independent on MLT. This is consistent with the
hypothesis that EN is generated in the afternoon sector of the plasmapause region and propagates both
inward and outward.

1. Introduction

Equatorial noise (EN), also referred to as fast magnetosonic waves, are intense magnetospheric emissions
coupled to the whistler mode branch. These emissions propagate in the extraordinary mode nearly
perpendicular to the static magnetic field in a frequency range from the ion cyclotron frequency to the
lower hybrid frequency. The magnetic field fluctuations of this wave mode are linearly polarized along the
static magnetic field direction. The electric field fluctuations, on the other hand, are elliptically polarized in
the plane perpendicular to the static magnetic field. Russel et al. [1970] first predicted the importance of
these waves for the acceleration mechanism of electrons in the outer radiation belt.

More detailed observations of EN emissions were reported by Gurnett [1976]. He detected a fine structure of
EN which was not previously seen in the data with a lower resolution. The waves that appeared to be noisy
and unstructured in the low-resolution frequency-time spectrograms were found to consist of many spectral
lines with frequency spacings from a few hertz to several tens of hertz. These lines were suggested to result
from an ion-cyclotron harmonic interaction [Gurnett, 1976]. Energetic protons at energies ~10 keV with the
ring-like distribution function at pitch angles close to 90° were observed in association with these waves
[Curtis and Wu, 1979; Perraut et al., 1982; Boardsen et al., 1992]. They are believed to provide the energy
required for the wave generation during the magnetic storms [Horne et al., 2000]. Chen et al. [2010, 2011]
obtained similar results using a simulation of magnetosonic wave instability and observational analysis of
the proton ring distribution. They found that proton ring distribution can provide a source of free energy for
exciting EN waves when the ring velocity is within a factor of 2 above or below the Alfvénic speed.

Horne et al. [2007] found that the EN emissions can efficiently resonate with higher pitch angles electrons.
They are therefore unlikely causing losses in the outer radiation belt by pitch angle diffusion into the loss
cone and precipitation. However, they can cause electron acceleration from a few keV to MeV energies.

It seems that acceleration and pitch angle scattering of electrons are much less efficient during the solar
minimum conditions than during the solar maximum [Shprits et al., 2013], possibly also due to the very
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low intensity of EN. On the other hand, Meredith et al. [2009] found that the losses of relativistic electrons
in the inner slot region are most likely due to the combined effects of hiss and guided whistlers. However,
under active conditions, magnetosonic waves may be as important in this process as guided whistlers.
Additionally, Mourenas et al. [2013] found that the fast magnetosonic waves can influence electron
lifetimes and acceleration both inside and outside the plasmasphere, mainly at the lower end of their
frequency range.

Laakso et al. [1990] and Kasahara et al. [1994] demonstrated that EN emissions can occur at radial distances
from about 2 to 7 R, and at geomagnetic latitudes up to about 10° from the geomagnetic equator. EN

has the most intense magnetic field fluctuations among all natural emissions in the relevant interval of
frequencies and latitudes, with occurrence rates reaching 60% [Santolik et al., 2004]. Most intensity peaks
of a Gaussian model of the power spectral density (PSD) of EN occur within 2° of the dipole magnetic
equator [Némec et al., 2005]. The emissions appear to be the most intense in the noon to afternoon sector
[Green et al., 2005]. However, outside the plasmapause on L shells up to 4.5, intense emissions were reported
at most magnetic local times, and their average intensity further increases with magnetic activity [Meredith
et al., 2008]. Tsurutani et al. [2014] found that the occurrence rates of magnetosonic waves increase with the
geomagnetic activity and that these waves inside the plasmasphere occur at all local times with a slight
preference for the midnight-postmidnight sector. Ma et al. [2013] observed these waves with occurrence
rates of 20%, mainly outside of the plasmapause on the dawnside. They also noticed shifting of the
occurrence pattern toward earlier local time during geomagnetically active periods.

A ray tracing study by Kasahara et al. [1994] showed that EN emissions can propagate azimuthally around
the plasmapause. Radial propagation in the equatorial plane was examined in latter studies by Horne et al.
[2000] and Santolik et al. [2002]. These emissions can also propagate inward and outward, crossing the
plasmapause boundary [Xiao et al., 2012]. Chen and Thorne [2012] investigated exactly perpendicular
propagation in an azimuthally symmetrical magnetosphere. They confirmed azimuthal as well as radial
propagation. Moreover, they identified two classes of EN emissions—trapped and untrapped. Trapped
waves propagate over a broad range of the magnetic local time (MLT) due to the presence of the
plasmapause. A recent study by Némec et al. [2013] has shown that azimuthal angles of the wave
propagation are strongly influenced by the local plasma density. They found that all directions of
propagation are detected inside the plasmasphere while the wave propagation outside the plasmapause
(in the plasmatrough) is predominantly westward or eastward.

We report results of a systematic study of EN emissions observed by the Cluster spacecraft. Using a very
large database of 10 years of measurements, we mainly address questions for which contradictory answers
can be found in the literature: What are the occurrence rates of EN emissions in the plasmasphere and in the
plasmatrough? How the occurrence rates in these two regions depend on MLT and geomagnetic activity?

Unlike most similar studies, we have visually inspected all the relevant data and identified time intervals
when EN emissions were observed. This enables us to study the occurrence of these emissions with
unmatched details. A brief description of the data set, examples of EN observations, and selection criteria
used for the identification of EN are given in section 2. Spatial distribution of the occurrence of EN and its
relation to the geomagnetic activity is presented in section 3. Occurrence of EN in the plasmasphere and
plasmatrough regions is described in section 4.The results are discussed in section 5 and summarized in
section 6.

2. Data Set and Selection Criteria

We have used the data measured by the Electric Fields and Waves (EFW) experiment and by the
Spatio-Temporal Analysis of Field Fluctuations experiment (STAFF) on board the Cluster spacecraft from
January 2001 to December 2010. The EFW experiment utilizes four spherical probes placed on 50 m long
wire booms [Gustafsson et al., 1997] for two-axis measurements of the electric field in the spacecraft spin
plane. The STAFF experiment consists of a three-axis search coil magnetometer at the end of a 5 m long
boom, a waveform unit, and a Spectrum Analyzer (STAFF-SA).

STAFF-SA combines the three magnetic components from the magnetometer and the two electric
components from the EFW instrument to obtain 5 x 5 Hermitian spectral matrices. These are calculated at
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Figure 1. An example of the EN emission observed by Cluster 1 on 23 February 2004 between 02:00 and 02:45 UT.

(a) Sum of the PSD of the three magnetic components, (b) sum of the PSD of the two electric components, (c) ellipticity
E of the magnetic field fluctuations, (d) planarity F of the magnetic field fluctuations, and (e) polar angle theta 6 of the
wave vector direction relative to the ambient magnetic field. Universal time (UT) and position of the spacecraft are
given on the bottom of the figure: radial distance in Earth radii (Rz), geomagnetic dipole latitude in degrees, and MLT
in hours. Maximum possible value of the local lower hybrid frequency (fy,) is overplotted in Figures 1a-1e. The data in
Figures 1c-1e are shown only for the frequency-time intervals with the PSD of the magnetic field fluctuations larger than
107 nT2 Hz~" and the PSD of the electric field fluctuations larger than 1076 mvZ m=2 Hz~'.

27 frequencies distributed logarithmically in the frequency range between 8 Hz and 4 kHz [Cornilleau-
Wehrlin et al., 1997, 2003]. In the most frequent normal measurement mode, the time resolution is 1 s for
power spectral densities (main diagonal elements of the spectral matrices) and 4 s for phases and coherence
(off-diagonal elements of the spectral matrices).

Figure 1 shows an example of a typical EN event. It was observed by Cluster 1 on 23 February 2004 around
02:25 UT when the spacecraft was crossing the equatorial plane close to its perigee on the nightside. The
data were recorded in the low-latitude region within 10° from the geomagnetic equator at a radial distance
of about 4.4 R;. The black solid curves in the panels represent the lower hybrid frequency (f;,) which is the
maximum frequency limit for the EN emissions. Its value is estimated as the geometric average of the proton
and electron cyclotron frequencies assuming a dense hydrogen plasma.
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Figure 2. An example of the EN emission observed by Cluster 3 on 1 August 2009 between 21:50 and 22:50 UT. The
meaning of the individual panels is the same as in Figure 1.

The maximum PSD of the magnetic field fluctuations corresponding to this event is around 2 x 10~
(Figure 1a), and the maximum PSD of the electric field fluctuations is around 7 x 10~* mV?

nT? Hz ™!
m=2Hz™

(Figure 1b). The emission occurs approximately between 30 Hz and 220 Hz, with the maximum frequency
limit at the anticipated value of the lower hybrid frequency.

Figure 1c shows the absolute value of the ellipticity of the magnetic field fluctuations corresponding to this
event. The ellipticity is calculated from the singular value decomposition (SVD) of the magnetic spectral
matrix as the ratio of the two largest axes of the polarization ellipsoid [Santolik et al., 2003, equation (13)].
The zero ellipticity represents the linear polarization. The magnetic field of this emission is linearly polarized,
which is consistent with the wave propagation in the extraordinary mode [Stix, 1992].

Planarity F (Figure 1d) is calculated from the SVD method of the magnetic spectral matrix [Santolik et al.,
2003, equation (12)]. The values close to 1 represent waves polarized nearly in a single plane.

The polar angle 6 shown in Figure 1e denotes a direction of the wave vector with respect to the ambient
magnetic field. The value close to 90° corresponds to the direction perpendicular to the ambient

magnetic field.
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Figure 3. An example of the EN emission observed by Cluster 1 on 16 February 2009 be
The meaning of the individual panels is the same as in Figure 1.

tween 10:00 and 12:20 UT.

Note that results in Figures 1c-1e are calculated only for the frequency-time intervals with the PSD of the
magnetic field fluctuations larger than 107 nT> Hz™' and the PSD of the electric field fluctuations larger

than 1076 mV2m=—2 Hz™".

In order to perform a systematic analysis of the occurrence of EN, we have prepared a list of time intervals

when the emissions were observed (a database of EN events). We have started
equatorial crossings. The STAFF-SA data corresponding to each of the crossings

with a list of all Cluster
have been visually checked

for the presence of the events that fulfill predefined selection criteria based on the systematic analysis of EN
emissions during the first 2 years of the Cluster mission [Santolik et al., 2004; Némec et al., 2005]:

1.EN is an electromagnetic emission. We have used a threshold 107 nT? Hz™" for the PSD of the magnetic
field fluctuations and a threshold 106 mV? m=2 Hz™" for the PSD of the electric field fluctuations. The
intensity of any emission to be considered as EN has to exceed both these thresholds.

2. The PSDs of the electric and magnetic field fluctuations have their respective
the dipole geomagnetic equator.

3. Magnetic field fluctuations corresponding to EN are nearly linearly polarized.
ellipticity of magnetic field fluctuations determined by the SVD method of Sa.
lower than 0.2.

local maxima within 7° from

The absolute value of the
ntolik et al. [2003] must be
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Figure 4. An example of the EN emission observed by Cluster 4 on 20 August 2002 between 02:20 and 03:20 UT. The
meaning of the individual panels is the same as in Figure 1.

We use the data set containing the orbital information which has 1 min time resolution. For each of the
identified EN events and for each of the Cluster spacecraft, we have recorded the initial time and the
final time.

Examples of emissions measured by Cluster 3 on 1 August 2009 and by Cluster 1 on 16 February 2009

at exceptionally large radial distances from 7.5 R; to 10.5 R; are shown in Figures 2 and 3 for the local
morning and afternoon, respectively. The satellites were well outside of the plasmasphere during these
two measurement intervals. The maxima of PSD of the magnetic field fluctuations corresponding to these
two events, respectively, were around 9 x10~7 nT2 Hz™' (Figure 2a) and 2 x 1076 nT? Hz™" (Figure 3a).

The maxima of PSD of the electric field fluctuations corresponding to these two events, respectively, were
around 1073 mV2 m=2 Hz™" (Figure 2b) and 1072 mV2 m~2Hz" (Figure 3b). The maximum frequency is very
low for both these events (around 30 Hz). High-density approximation used for the estimation of the lower
hybrid frequency is not valid at these large radial distances. However, it is still useful as an upper estimate
of f;, and therefore as the upper frequency limit of EN.

The last example shows an emission which does not seem to have the typical EN form (Figure 4). It was
recorded by Cluster 4 on 20 August 2002 in the dayside MLT sector. The maximum PSD of the magnetic
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Table 1. Summary of the EN Emissions Detected Between January 2001 and

December 2010
Equator Occurrence

Crossings Events Rate (%) L Shells
2001 396 202 51 3.8-4.5
2002 521 242 46 4.0-5.0
2003 586 344 59 3.9-49
2004 580 305 53 4.0-4.8
2005 576 375 65 3.9-5.3
2006 575 289 50 3.5-4.9
2007 563 230 41 2.6-4.0
2008 547 105 19 2.1-3.4,8.9-10.0
2009 655 25 4 1.4-2.5,6.1-10.0
2010 786 89 1 1.1-2.0, 3.2-10.0
Total 5785 2229 40 1.1-10.0
Total 01-06 3234 1772 54 3.5-5.3

field fluctuations corresponding to the event is around 2 x 10~¢ nT?2 Hz™' (Figure 4a), and the maximum
PSD of the electric field fluctuations is around 2 x 1072 mV?m=2Hz™" (Figure 4b). The emission occurs
approximately between 100 Hz and 300 Hz.

According to the first two selection criteria, it seems that EN emission occurs over the whole time interval
from 2:39 UT to 3:02 UT marked by a black rectangle in Figure 4a. However, there are two facts which are
worth noticing. First, f;, goes through the emission and divides it into two bands. Second, the ellipticity is
larger than 0.2 for the waves outside the red rectangle in Figure 4c, and the planarity is close to 1 only in the
red rectangle in Figure 4d. Based on the third selection criterion, we have therefore included only the waves
inside the red rectangle to our database of EN events. The waves outside this rectangle also have very high
wave vector angles between 70 and 90° (Figure 4e). They might be hypothetically generated by a similar
mechanism as the EN emissions, but their planarity is only between 0.3 and 0.7 (Figure 4d), indicative of a
mixture of waves with different wave vectors. By strictly using the ellipticity criterion, we exclude similar
unclear cases from our analysis. Note that the planarity and the wave vector angle do not belong to the
selection criteria, but they can be used to verify if the observed wave properties correspond to the wave
properties expected for EN emissions.

3. Occurrence of EN

We have analyzed 5785 satellite crossings of the geomagnetic equator at L shells from L=1.1 to L =10 from
January 2001 to December 2010. The statistics for all the analyzed years is summarized in Table 1. Note that
there are four Cluster spacecraft and each of them was taken as an independent data source, i.e., the overall
results were calculated by using all of them.

The column “equator crossings” includes the crossings of the geomagnetic equator for which the
measurements of magnetic field fluctuations were available from the STAFF instrument. Intervals in the
column “L shells” have been calculated for data from the column equator crossings, and they show ranges
of L shells where the Cluster spacecraft measured EN emissions at the geomagnetic equator during the
corresponding year.

Altogether, 2229 EN events have been identified. Table 1 shows that the percentage of orbits with EN events
remains approximately constant from the beginning of the mission until 2006 (46-65%). Since 2006 it starts
to decrease systematically down to less than 20% during the years 2008-2010. This can be explained by
taking into account the evolution of the spacecraft orbit. Until 2006 the orbits remained approximately
identical (see column L shells), with equatorial crossings close to the perigee at a radial distance of about

4 R;. Since 2007, the orbit changed significantly. Starting 2008, we present two ranges of L shells which show
equatorial crossings close to the perigee (the first range) and also crossings close to the apogee (the second
range). The new perigee radial distance has been typically in the range of about 1.1 to 3 R;. The inclination
of the orbit has become lower, and the distant equator crossings have moved inward to a typical distance
of about 7 to 12 R;.. This allowed us to occasionally detect EN emissions twice during a single orbit. As

we demonstrate later, the occurrence rate of EN is very low at L shells less than 2.5 and larger than 8.5,
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Figure 5. Coverage of Cluster STAFF-SA measurements given in number of hours spent in bins of (a) 0.5 L x 2° 4, and
(b) 0.5 L X 2 h MLT. Occurrence rates of EN and their estimated standard deviations op in the same bins of (c, d) L x 4y,
and (e, f) L x MLT. White areas correspond to a coverage inferior to 3 h of data in a given bin.

which explains the lower occurrence of EN during the later years of the mission. The average percentage of
orbits with EN emissions is 54% during the years 2001-2006.

With this data set, we analyze the occurrence of EN emissions as a function of L shell and geomagnetic
latitude (4,,). Figure 5a shows the coverage of the L-4,, plane (for all MLT) by the STAFF-SA measurements
during the entire analyzed interval; 4,, values are limited to the interval between —20° and 20°, and the
coverage of the Mcllwain’s parameter is analyzed between L = 1.1 and L = 10. Figure 5b shows the orbital
coverage in the L-MLT plane (for 4;, from —20° to 20°). The entire MLT range has been covered, but the
orbit has been mostly limited within L = 4-6 in this interval of 4,,. This is connected to the time interval
before 2006. Later development of the orbit gave much wider coverage, but some regions are still purely
covered. Figure 5c presents occurrence rates (ORs) of EN as a function of L and 4,,. OR is obtained from
the number of minutes spent in a given bin while observing EN emissions using the normalization by
the orbital coverage from Figure 5a. The results show that OR can reach up to 60% in the L shell range
between 4 and 5.5.

HRBACKOVA ET AL.

©2015. American Geophysical Union. All Rights Reserved. 1014



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020268

Note that OR is only calculated when the coverage is larger than 180 min of data, corresponding to 180
measurement points. The same lower limit of data coverage is also used in the following OR calculations.
The standard deviations o, of the obtained occurrence rates P can be estimated from the properties of the

binomial distribution,
P(1-P)
Ny — 1
op X 4/ Ng (1)

where N >180 is the number of measurement points and d is an average fraction of independent points

in our data set. The 1 min data points from a single orbit are measured under similar conditions, but their
level of independence is very difficult to determine. A rough estimate of a typical time scale of EN variations,
as they are scanned by the Cluster orbit, gives us a value of ~4 min (see Figures 1-4).

Another aspect of this problem is linked to the fact that we independently use the data of all four Cluster
spacecraft in our analysis. The spatial separations of the spacecraft differed during different operational
phases of the Cluster mission. These variations resulted in time differences of equatorial passages of the
different spacecraft which range from tens of seconds up to hundreds of minutes. Similarly, differences in
positions in the equatorial plane range from a few kilometers up to thousands of kilometers. As noted by
Némec et al. [2005], some of the data points from the different spacecraft can be considered as independent,
but the independence of data from short separation periods is questionable. A rough estimate gives us an
average number of two independent data points from four spacecraft during the analyzed period.

With these estimates, we effectively obtain 4 x 2 =8 times less independent data points compared to their
original number, and hence, d ~ 1/8. Note that this rough estimate of d is good enough for obtaining rep-
resentative results since o, depends on \/c_l The resulting values of o, for OR from Figure 5c are shown in
Figure 5d. We can see that the maximum values are only several units per cent, demonstrating thus a high
statistical significance of the obtained occurrence rates.

A combined OR as a function of MLT and L shell is shown in Figure 5e, while the standard deviations
estimated according to equation (1) are given in Figure 5f. The occurrence for L > 5 appears significantly
higher during the local day than during the local night, while the distribution in MLT seems to be more
uniform in the interval of L shells below L = 5. Histograms of OR as a function of L shell are shown in
Figures 6a and 6b. Figure 6a shows the data analyzed within the entire interval of magnetic latitudes as it
was used in Figure 5, i.e., within 20° from the geomagnetic equator. Figure 6b corresponds to the interval
of the geomagnetic latitude within 7° from the geomagnetic equator. Three quarters of the time intervals
in which the EN emissions were observed are entirely contained in this narrower interval. There is therefore
a generally lower occurrence rate in Figure 6a than in Figure 6b because it includes a wider interval of
geomagnetic latitudes and hence more records without EN events. The same thresholds for data coverage
as in Figure 5 (3 h of data) have been used, and the results have been plotted for all data (black line), for
geomagnetically calm times (red line), and geomagnetically disturbed times (blue line). Error bars show
standard deviations estimated according to equation (1). EN mostly occurs between L =3 and L =5.5,
reaching 40% occurrence rate within 7° of the geomagnetic equator (Figure 6b). For L just below 5.5, OR
reaches more than 70% during geomagnetically disturbed times. Maximum occurrence rates obtained
during the disturbed times are found at L just below 4 for a wider latitudinal interval (Figure 6a). There is
only a very small overall occurrence rate of EN below L = 1.5. The occurrence rates also gradually decrease at
L shells between 5.5 and 10. During disturbed times, this decrease is more pronounced, with very small OR
at L above 7. The distributions for calm periods are similar to the distributions for the entire data set.

4. Analysis of EN Emissions Inside and Outside the Plasmasphere

With the same data set, we will further analyze the EN emissions occurrence inside and outside the
plasmasphere as a function of geomagnetic latitude (4,,) and MLT. We use three models to determine the
location of the plasmapause. The first one is the CA1992 model of Carpenter and Anderson [1992] which is
dependent on the maximum value of the Kp index in previous 24 h. O’Brien and Moldwin [2003] implement
a different method to account for the dependence on the Earth’s magnetic activity, and they additionally
also use a dependence on MLT (OM2003 model). We also use the PPCH2012 model by Heilig and Liihr [2013,
equation (6)], which includes a quadratic dependence on Kp and a more complex dependence on MLT than
the other two models.
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Figure 6. (a) Occurrence rate of EN as a function of L shell for |4,| < 20° (black line: the entire data set, red line:
subset of data for low geomagnetic activity Kp < 3, and blue line: subset of data for high geomagnetic activity Kp > 3).
(b) Occurrence rate of EN as a function of L shell for |4, < 7° (the same color coding as in Figure 6a). (c) Distribution
of Kp index for all equatorial passages, || <7° (black line: the entire data set, red line: subset of plasmaspheric data
inside the PPCH2012 plasmapause model, and blue line: subset of data in the plasmatrough outside the PPCH2012
plasmapause model). (d) OR of EN as the function of Kp for data within | 4,,| < 7° (the same color coding as in Figure 6c).
Error bars show the estimated standard deviations op.

For a typical example of EN (Figure 1), we can compare the results of the plasmapause location between
these three models and the real measurements from the WHISPER (Waves of High Frequency and Sounder
for Probing of Electron Density by Relaxation experiment) instruments onboard Cluster [Décréau et al., 19971.
The data from WHISPER were not available for Cluster 1, but all spacecraft followed approximately the same
orbit, so we use the available measurements from Cluster 2. When we define the plasmapause boundary
by the electron density exceeding 80 particles/cm3 (corresponding to a plasma frequency ~80 kHz at the
upper frequency limit of the WHISPER instruments), these measurements show that the satellite entered
the plasmasphere at 2:10 at L = 4.6 and left it at 2:44 at L = 4.5. The plasmapause locations calculated
from the models were at L = 4.2 (CA1992 model), L = 4.8 (OM2003 model), and L = 4.4 (PPCH2012 model).
OM2003 and PPCH2012 models are therefore closest to the real plasmapause position and the observed EN
emission from Figure 1 (at L = 4.4) is located close to the plasmapause boundary according to all models.

Figure 6¢ shows a distribution of Kp index for passages within 7° from the geomagnetic equator in the
whole interval of L shells (1.1-10) for data measured both inside and outside of the model plasmapause. The
results are similar for the three plasmapause models (CA1992, OM2003, and PPCH2012), and we therefore
only show results based on the PPCH2012 model. Resulting OR of the EN emissions as the function of Kp

is shown in Figure 6d. The highest occurrence of EN is observed during disturbed magnetic conditions

(for Kp from 3+ to 7). For these conditions, however, the shape of the Cluster orbit implies that we have only
a very limited orbital coverage inside the plasmasphere.

Figure 7 shows the orbital coverage and OR as a function of 4,, and MLT. We include here all the analyzed
values of the Mcllwain’s parameter between L = 1.1 and L = 10, but we separately give the results obtained
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in the plasmasphere (Figures 7a, 7¢, and 7e) and in the plasmatrough (Figures 7b, 7d, and 7f). The
obtained results are again similar for the three above mentioned plasmapause models. We therefore
only show results based on the PPCH2012 model. We can note that we have a good coverage in this case
and that OR of EN is significantly dependent on MLT outside of the plasmasphere, with a peak occurrence
of 50% at the equator in the early afternoon sector and with the lowest equatorial OR of 10% just after
the local midnight. This MLT variation reaches more than 4 standard deviations around the average
value. Inside the plasmasphere we can note fluctuations of a peak OR approximately between 30% and
45-50%. A shallow minimum in the early morning sector can be noticed, but a clear, globally pronounced
dependence on MLT is absent, with variations reaching less than 2 standard deviations around the
average value.

Figure 7. Coverage of Cluster STAFF-SA measurements: number of hours spent in bins of 2 h MLT x 2° 4, (a) inside
the plasmasphere according to PPCH2012 model and (b) outside of the plasmasphere. Occurrence rates of EN and their
estimated standard deviations op, respectively, (c, e) inside the plasmasphere and (d, f) outside of the plasmasphere.

The dependence of the data coverage and OR on MLT is shown in detail in Figure 8 for 4,, within 7° from
the geomagnetic equator. The presented results are again shown for data in the plasmasphere (Figures 8a
and 8c¢) and in the plasmatrough (Figures 8b and 8d) but, in this case, also for two different levels of
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Figure 8. (a) Coverage of Cluster STAFF-SA measurements given in numbers of hours spent in bins of 2 h MLT inside
the plasmasphere according to the PPCH2012 model; (b) the same as in Figure 8a but for the data in the plasmatrough
outside of the plasmasphere; and occurrence rate of the EN emissions as a function of MLT for data (c) inside the
plasmasphere and (d) outside of the plasmasphere. Error bars show the estimated standard deviations cp.

geomagnetic activity. The plasmaspheric results do not show a pronounced variation of OR as a function
of MLT, reaching values between 20% and 35%, with a shallow minimum of the nightside and maximum
on the dayside. A very limited coverage for data inside the plasmasphere can be again noted during
geomagnetically disturbed times.

On the other hand, a strong dependence on MLT is obvious outside the plasmasphere. A higher overall

OR (more than 30%) is obtained between 10 and 18 h, and the maximum OR (nearly 40%) is found around
15 h of MLT. OR around the midnight (below ~15%) is less then one half of its maximum value. This
variation is again very significant with respect to the estimated error bars. OR is generally higher during the
geomagnetically disturbed times compared to the quiet times, reaching over 65% in the afternoon sector,
but a very similar MLT dependence is observed.

5. Discussion

We have used 10 years of observations of EN emissions by the four Cluster spacecraft to compile a large
database of EN events. We use exact quantitative criteria (locations of the maximum PSDs, intensity,
and ellipticity thresholds) for the identification of events, combined with a careful visual inspection of
the spectrograms.

The presented set of the three selection criteria was compiled in agreement with previous results of Santolik
et al. [2004, Figures 2 and 5-7]. We also used the dipole model for the determination of the geomagnetic
latitude. However, the true geomagnetic equator should be defined by the magnetic field minimum along
a particular field line [Némec et al., 2006]. Since the dipole model becomes inaccurate at larger radial
distances where significant deviations from the dipole are present, we extended the range of the second
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criterion from 5° (used by Santolik et al. [2004]) up to 7° of the absolute geomagnetic latitude in order not to
eliminate EN emissions above L = 7.

However, Tsurutani et al. [2014] observed magnetosonic waves as far from the equator as 20° or 60° but with
lower intensities. The selection criterion of having a local maximum of PSD within 7° of the geomagnetic
latitude intentionally removes these magnetosonic waves which are occasionally observed at higher
latitudes from our data set, concentrating thus our analysis only at the frequent phenomenon which
corresponds to earlier observations of equatorial noise. By integration of the occurrence rates of EN as a
function of latitude in Figures 5 or 7, we find that more than 90% of our data points are limited within 10°
from the geomagnetic dipole equator, and more than 60% of our data points occur within 5° from the
geomagnetic equator.

The main advantage of our data set, however, is a combination of polarization and intensity criteria. Only the
data corresponding to EN with low ellipticity of the magnetic field polarization are selected and included in
this study. This was not possible in the previous studies [Green et al., 2005; Meredith et al., 2008; Pokhotelov
et al., 2008] which consider only the PSD in a given interval of frequencies and latitudes.

The percentage of orbits with EN emissions that we have observed during the years 2001-2006 when
Cluster was crossing the equator at radial distances of about 4 R, can be compared to the result of Santolik
et al. [2004]. They visually inspected 781 1-3 h data intervals around the perigee passages. The data within
10° were available for 671 cases, and the resulting occurrence rate of EN was about 60%. OR is lower in
the present paper, it is only 49% during the first 2 years. The reason is that every passage for which data
are available at the geomagnetic equator is counted as “equator passage” in Table 1, without requiring
the data coverage up to 10°. We therefore analyze a higher number of equatorial Cluster passages in the
present study.

We have analyzed data inside and outside the plasmasphere separately. We use three models to obtain
the location of the plasmapause—CA1992, OM2003, and PPCH2012. The results for these models are
similar. We also separate the results for different levels of geomagnetic activity. We are unable to draw any
conclusions from cases inside the plasmasphere for Kp > 3+ where we have only a very limited orbital
coverage (unlike for Time History of Events and Macroscale Interactions during Substorms observations by
Ma et al. [2013]). On the other hand, we have a good orbital coverage in the plasmatrough outside of the
plasmasphere where we observe almost twice higher OR in the plasmatrough outside of the plasmasphere
for these disturbed times, compared to plasmatrough cases with Kp < 3+.

As it is discussed above, the OR of the EN emissions is only very weakly dependent on MLT inside the
plasmasphere (Figure 8c), taking into account our experimental uncertainties. However, outside of the
plasmasphere (Figure 8d), OR is significantly larger on the dayside. These results are roughly consistent
with the surveys by Pokhotelov et al. [2008] and Ma et al. [2013], but they are not consistent with the
overall results on EN intensities by Green et al. [2005] and especially with the results obtained by Meredith
et al. [2008]. All these studies identified EN emissions only on a basis of a predefined frequency interval,
without taking into account the wave polarization properties. They therefore might include also other
emissions than EN (most probably plasmaspheric hiss and/or whistlers) into their statistical results. Green
et al. [2005] analyzed the data from the Dynamics Explorer and IMAGE missions in the frequency range
from 30 to 300 Hz up to L ~4 inside the plasmasphere. Their results show a similar dependence of intensities
on MLT as we found it for OR from Cluster data outside the plasmasphere. Meredith et al. [2008] analyzed
the wave electric intensity in the frequency range 0.5f, < f < f, using data from the CRRES satellite. They
found these waves at most MLTs for data outside of the plasmasphere, but the waves were mainly found in
the afternoon sector in the data set localized inside the plasmasphere. Pokhotelov et al. [2008] processed
data from the Cluster mission in the frequency range 0.0005 < f/f.,, < 0.02 from L ~4 to L ~9. This mostly
corresponds to locations outside the plasmasphere. They found a similar dependence on MLT as in our
study. On the other hand, we were unable to reproduce the shift of peak occurrences toward dawn
indicated by Ma et al. [2013] for higher geomagnetic activity: we do not observe any such effect outside
of the plasmasphere, and the limited Cluster orbital coverage for disturbed conditions prevents us from
reliably verifying it inside the plasmasphere.

Némec et al. [2013] suggest from their analysis that EN emissions are generated close to the plasmapause
density gradient. This hypothesis is consistent with our results taking into account results of the ray
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tracing analysis by Chen and Thorne [2012]. They obtain much lower spread of the MLT values for
observations outside the plasmasphere [Chen and Thorne, 2012, Figure 4] than inside the plasmasphere
where the EN emissions are trapped. This explains our observations of OR of the EN emissions, assuming
that source region is in the afternoon sector.

6. Conclusion

We have presented a systematic study of the EN emissions observed by the Cluster spacecraft between
the local proton cyclotron frequency and the local lower hybrid frequency. This study is based on the data
measured by the STAFF-SA instrument during 10 years of operation (from January 2001 to December 2010).
We have used three selection criteria for the identification of EN: (i) intensity thresholds for both electric
and magnetic field fluctuations, (ii) location of the maxima of the PSDs relative to the geomagnetic equator,

and (iii) linear polarization of the magnetic field fluctuations.

Using these criteria, we have identified EN events that occurred during the analyzed time period. Altogether,
we have analyzed 5785 equator crossings. Among these, we have identified 2229 cases of EN emissions.
The change of the Cluster orbit during the analyzed period allowed us to study the occurrence of EN over

a large range of L shells from about 1.1 to 10. EN emissions were found to occur at all analyzed L shells.
However, the EN emissions are mostly observed at L shells from about 3 to 5.5. On the other hand, the OR at
L shells less than L = 2.5 and larger than L = 8.5 is very low (< 6%). EN is mostly (in more than 90% of cases)
confined within 10° from the geomagnetic dipole equator. EN emissions occur more often during disturbed
geomagnetic conditions between Kp = 3+ and Kp = 7.

We have studied the dependence of OR of EN on MLT separately for data inside and outside the
plasmasphere. We demonstrate that the occurrence depends on MLT outside the plasmasphere. Maximum
OR (30-40% or more than 65% during geomagnetically disturbed times) is observed during the daytime
(from 10 to 18 h MLT), with a peak around 15 h, while the lowest OR is found around the midnight (from 22
to 2 h MLT). Inside the plasmasphere, we find that OR is only very weakly dependent of the MLT.

These results are consistent with a speculative hypothesis that the source of EN is localized close to the
plasmapause [Némec et al., 2013] on the dayside, with a peak occurrence in the early afternoon sector.
According to the ray tracing results of Chen and Thorne [2012], EN waves can propagate in a narrower MLT
interval at high L shells. They can therefore stay more often localized on the dayside. At lower L shells,

EN waves can effectively propagate in the azimuthal direction and their resulting occurrence is therefore
much more equalized with respect to MLT. Further analysis of the source locations is needed to verify
this hypothesis.
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[1] Equatorial noise (EN) emissions are electromagnetic waves at frequencies between
the proton cyclotron frequency and the lower hybrid frequency routinely observed within
a few degrees of the geomagnetic equator at radial distances from about 2 to 6 Rg. They
propagate in the extraordinary (fast magnetosonic) mode nearly perpendicularly to the
ambient magnetic field. We conduct a systematic analysis of azimuthal directions of wave
propagation, using all available Cluster data from 2001 to 2010. Altogether, combined
measurements of the Wide-Band Data and Spectrum Analyzer of the Spatio-Temporal
Analysis of Field Fluctuations instruments allowed us to determine azimuthal angle of
wave propagation for more than 100 EN events. It is found that the observed propagation
pattern is mostly related to the plasmapause location. While principally isotropic
azimuthal directions of EN propagation were detected inside the plasmasphere, wave
propagation in the plasma trough was predominantly found directed to the West or East,
perpendicular to the radial direction. The observed propagation pattern can be explained
using a simple propagation analysis, assuming that the emissions are generated close to

the plasmapause.

Citation: Némec, F., O. Santolik, J. S. Pickett, Z. Hrbackova, and N. Cornilleau-Wehrlin (2013), Azimuthal directions of
equatorial noise propagation determined using 10 years of data from the Cluster spacecraft, J. Geophys. Res. Space Physics, 118,

7160-7169, doi:10.1002/2013JA019373.

1. Introduction

[2] Intense electromagnetic waves observed in the equa-
torial region of the inner magnetosphere were reported for
the first time by Russell et al. [1970], who called them “equa-
torial noise” (EN). OGO 3 magnetic field data revealed that
the emissions were located in the outer plasmasphere at
frequencies between about twice the proton cyclotron fre-
quency (24+) and half the lower hybrid frequency. They
were confined within about 2° of the geomagnetic equator,
with the magnetic field fluctuations nearly linearly polar-
ized along the ambient magnetic field. Taking into account
theoretical properties of electromagnetic waves in cold
plasma [Stix, 1992], this corresponds to the propagation
nearly perpendicular to the ambient magnetic field. In the
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low-frequency domain, the appropriate wave mode is the
fast magnetosonic mode. Thus, EN emissions are often
called “fast magnetosonic waves.” They can be also linked
to the whistler mode at higher frequencies. Observations of
EN recorded by the IMP 6 and the Hawkeye 1 satellites
at radial distances from about 2 to 5 Ry were analyzed by
Gurnett [1976]. He showed that EN consists of a complex
superposition of many harmonically spaced lines, with sev-
eral distinctly different frequency spacings often evident in
the same spectrum. Further observations showed that equa-
torial noise can occur at radial distances between 2 and 7
R and at latitudes within 10° from the geomagnetic equator
[Laakso et al., 1990; Kasahara et al., 1994].

[3] The frequency structure of the EN events appears to
be characteristic of the proton cyclotron frequency in the
source region [Gurnett, 1976; Perraut et al., 1982; Kasahara
et al., 1994]. Energetic protons with ring-like distribution
functions at a pitch angle of 90° observed in association
with the waves [Perraut et al., 1982; Boardsen et al., 1992]
are believed to drive the growth [Perraut et al., 1982;
McClements and Dendy, 1993; McClements et al., 1994;
Horne et al., 2000; Liu et al., 2011]. Horne et al. [2000]
found that the growth is possible at frequencies w > 302 .
for proton ring distribution functions with ring velocities vg
exceeding the Alfvén speed (vz > v4) and at frequencies
o < 30Q2 for proton ring distribution functions with ring
velocities vy > 2v,. The waves were not expected to grow
inside the plasmasphere, but the authors have shown that the
waves generated just outside the plasmapause can propagate
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to L ~ 2 with very little attenuation, suggesting that waves
observed well inside the plasmasphere could originate from
a source region just outside the plasmasphere.

[4] Santolik et al. [2002] reported high-resolution mul-
tipoint observations of equatorial noise performed by the
Spectrum Analyzer of the Spatio-Temporal Analysis of Field
Fluctuations (STAFF-SA) and the Wide-Band Data (WBD)
instruments on board the Cluster spacecraft. They used the-
oretical polarization properties of EN emissions to present
observational evidence that the waves propagate with a
significant radial component. The waves can thus propa-
gate from a distant region located at radial distances where
ion cyclotron frequencies match the observed fine structure
of spectral lines. A systematic analysis of EN emissions
observed by the Cluster spacecraft revealed that the occur-
rence rate at radial distances between 3.9 and 5 Ry is about
60% [Santolik et al., 2004]. These results were further
extended by Nemec et al. [2005, 2006], who demonstrated
that EN events occasionally observed farther out from the
magnetic equator are probably caused by problems with
determining the true magnetic equator. They also showed
that the local plasma number density at the spacecraft loca-
tion can be estimated using the cold plasma theory from
the observed B/E ratio. Equatorial noise was found to be
the most intense natural emission in the given interval of
frequencies and latitudes, indicating that it could play a
nonnegligible role in the dynamics of the inner magneto-
sphere. The effects of EN interaction with radiation belt
electrons have been recently discussed by several authors
[Horne et al., 2007; Shprits et al., 2013; Mourenas et al.,
2013], showing an increased interest in this electromag-
netic emission.

[5] Ray tracing studies of EN emissions were performed
by Kasahara et al. [1994] and Xiao et al. [2012]. It was
shown that the emissions can propagate Westward or East-
ward, perpendicular to the radial direction, especially near
the plasmapause. Moreover, they can propagate inward and
outward, crossing the plasmapause boundary. A simple ana-
lytical ray tracing approximation, based on the assumption
of exactly perpendicular propagation, and the equatorial
medium symmetrical about the Earth’s magnetic dipole axis,
was recently presented by Chen and Thorne [2012].

[6] We present an analysis of azimuthal angles of EN
propagation observed by the Cluster spacecraft at radial
distances of about 4Ry, i.e., close to the plasmapause. All
available Cluster data from 2001 to 2010 are used, and the
obtained results are discussed in terms of the propagation
pattern inside/outside the plasmasphere. The obtained results
have important implications for the possible location of the
source region. Section 2 describes the data set used in the
study. Section 3 introduces the data processing. The obtained
results are presented in section 4 and discussed in section 5.
Finally, section 6 contains a brief summary.

2. Data Set

[7] Electromagnetic wave data measured by the Cluster
spacecraft during the first 10 years of operations (2001—
2010) have been used. There are four Cluster satellites
which move in a close formation along an elliptical orbit.
The apogee was about 119,000 km, and the perigee was
about 24,000 km during the first years of the mission (the

spacecraft orbit slightly changed over the duration of the
mission). The spacecraft are spinning at one rotation every
4 s, with the rotation axis about perpendicular to the eclip-
tic. Two different wave instruments were used, as they well
complement each other for the purpose of this study.

[8] The Wide-Band Data (WBD) Plasma Wave investi-
gation instruments provide high-resolution waveform mea-
surements of AC electric and magnetic fields [Gurnett et al.,
1997]. In the continuous baseband measurement mode rel-
evant for our study, the data are band-pass filtered in the
frequency range of about 70 Hz—9.5 kHz and measured with
the sampling frequency of 27,443 Hz. The WBD instru-
ments cycle between obtaining waveforms of one electric
field component measured in the spin plane of the space-
craft for approximately 42 s and waveforms of one magnetic
field component for approximately 10 s. However, as we will
show later on, only the WBD electric field measurements are
relevant for our study. This means that each interval of about
42 s of continuous data is effectively followed by about a
10 s long data gap. An additional complication is that due to
the high telemetry rate and the need for ground stations to
receive the WBD data directly from the spacecraft, the WBD
instruments are active only during specifically selected time
intervals (approximately 4% of the orbit).

[o] Lower resolution multicomponent measurements are
performed continuously by the Spectrum Analyzer of the
Spatio-Temporal Analysis of Field Fluctuations (STAFF)
experiments, STAFF-SA [Cornilleau-Wehrlin et al., 1997,
2003]. STAFF-SA instruments use three orthogonal mag-
netic field components and two electric field components in
the spin plane of the spacecraft to calculate the elements of
the 5 x 5 complex spectral matrices. The analysis is per-
formed on board, and it is limited to 27 logarithmically
spaced frequency channels between 8 Hz and 4 kHz. One
spectral matrix per frequency channel and time interval is
obtained. This permits to retrieve information about power
spectral densities, mutual phases, and coherence, which can
be used to determine detailed wave polarization and prop-
agation properties [see, e.g., Santolik et al., 2003, and the
references therein].

[10] The present study uses a list of EN events manually
identified in the STAFF-SA data obtained during all Clus-
ter equatorial passes from 2001 to 2010 [Hrbdckova et al.,
2012]. Altogether, the list contains 2465 EN events. How-
ever, due to the specificity of the equatorial noise wave
mode, the WBD electric field measurements are needed for
the intended analysis of azimuthal directions of wave propa-
gation. Only the EN events measured during the times when
the WBD instruments were active are thus used. This limits
the number of analyzed events to 226.

3. Data Processing

[11] An example of an EN event measured by the STAFF-
SA instrument on board Cluster 4 on 23 April 2002 is shown
in Figure 1. The plotted data were acquired during a 15 min
long time interval between 0230:00 UT and 0245:00 UT.
The first panel shows the frequency-time spectrogram of
power spectral density of magnetic field fluctuations. The
second, third, and fourth panels show frequency-time plots
of wave properties determined using the singular value
decomposition (SVD) method [Santolik et al., 2003]. These
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Figure 1. Example of an EN event, along with a detailed wave analysis using the SVD method (see
text). The data were measured on 23 April 2002 by the STAFF-SA instrument on Cluster 4. The individ-
ual panels correspond to (from the top) frequency-time spectrogram of power spectral density of magnetic
field fluctuations, frequency-time plot of the planarity of magnetic field fluctuations, frequency-time plot
of the ellipticity of magnetic field fluctuations, and frequency-time plot of the polar angle of the wave vec-
tor direction. The last panel is the same as the first panel (i.e., it shows the frequency-time spectrogram of
power spectral density of magnetic field fluctuations), but this time only the frequency-time subintervals
that fulfill the conditions set for EN emissions (planarity > 0.8, ellipticity < 0.2, 6, > 85°) are plotted.

are (from the top) planarity of magnetic field fluctuations,
ellipticity of magnetic field fluctuations, and polar angle of
the wave vector direction with respect to the ambient mag-
netic field. In the first part of the data processing, these
propagation parameters are used to select the frequency-time
subintervals which contain the EN emissions.

[12] The planarity of magnetic field fluctuations may
range from 0 to 1. It is used to express how well an assump-
tion of a single plane wave is fulfilled, i.e., how well the
magnetic field fluctuations are confined to a single plane.
The values of planarity close to 1 correspond to a situa-
tion when the polarization ellipsoid degenerates into a single
plane. The values of planarity close to 0 correspond to a
situation when the polarization ellipsoid degenerates into a
sphere, i.e., no preferred direction exists. Magnetic field fluc-
tuations corresponding to EN emissions are expected to be
nearly linearly polarized along the ambient magnetic field.
The corresponding values of planarity are thus expected to
be close to 1. A histogram of experimentally determined val-
ues of planarity corresponding to EN emissions has been
shown by Santolik et al. [2004]. According to their results
(see their Figure 3b), a reasonable minimum threshold value
of planarity for an emission to qualify as EN is about
0.8. We have adopted this value for the purpose of the
present paper.

[13] The values of ellipticity of magnetic field fluctua-
tions, which is defined as a ratio of the minor to the major
polarization axes, may range from O to 1. The values of

ellipticity equal to 0 correspond to a linear polarization.
The values of ellipticity equal to 1 correspond to a circu-
lar polarization. Magnetic field fluctuations corresponding to
EN emissions are nearly linearly polarized. A histogram of
experimentally determined values of ellipticity correspond-
ing to EN emissions has been shown by Santolik et al.
[2004]. According to their results (see their Figure 2b), a
reasonable upper bound value of ellipticity required for an
emission to qualify as EN is about 0.2 or less. We have
adopted this value as a maximum threshold for the purpose
of the present paper.

[14] EN emissions propagate nearly perpendicularly to
the ambient magnetic field, so that the polar angle of the
wave vector direction with respect to the ambient magnetic
field should be close to 90°. For the purpose of the present
paper, we adopt a threshold value for the polar angle of the
wave vector direction of 85°. Note, however, that the three
analyzed wave parameters (planarity, ellipticity, and wave
normal angle) are not independent; they rather are quite
tightly related. Namely, according to the theory of electro-
magnetic waves in cold plasmas, a wave propagating at wave
normal angles close to 90° in the extraordinary mode has
magnetic field fluctuations nearly linearly polarized along
the ambient magnetic field. This means that the ellipticity
of magnetic field fluctuations is close to 0. It also implies
that the planarity of magnetic field fluctuations should be
large, even if several EN emissions propagating at the
same time in different (azimuthal) directions are assumed.
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Nevertheless, as the natural measured data contain some
amount of noise, it is still useful to set several (albeit not
independent) conditions, all of which must be fulfilled for an
emission to qualify as EN.

[15] We have employed the following three conditions to
identify frequency-time subintervals corresponding to the
EN emissions: (i) the planarity larger than 0.8, (ii) the ellip-
ticity lower than 0.2, and (iii) wave normal angle larger than
85°. As the values of these parameters are evaluated in each
frequency-time subinterval of the STAFF-SA data depicted
in Figure 1, we obtain binary information of whether a given
frequency-time subinterval can be considered as EN or not.
The result of this simple threshold identification is shown
in the last panel of Figure 1. It shows the same values as
the first panel, i.e., the power spectral densities of magnetic
field fluctuations, but only for the frequency-time subinter-
vals that fulfill all the three conditions. It can be seen that
the procedure works reasonably well. Although some of
the frequency-time intervals at the edges of the event were
excluded, the core of the event remained.

[16] However, in order to analyze the azimuthal directions
of wave propagation, it is not desirable to identify the indi-
vidual frequency-time subintervals fulfilling the EN criteria.
We rather have to identify the whole time intervals corre-
sponding to EN events, i.e., to determine, for each frequency
band of the STAFF-SA instrument, the times when a given
EN event starts and ends. Principally, the aim is—after the
thresholds for the planarity, the ellipticity, and the wave nor-
mal angle are applied—to find the longest continuous data
interval. This is separately done for each of the eight fre-
quency bands of the STAFF-SA instrument between 70 Hz
(lowest frequency detectable by the WBD electric field mea-
surements) and 400 Hz (upper estimate of the lower hybrid
frequency at the spacecraft location). The results of the pro-
cedure applied to the example event from Figure 1 are shown
in Figure 2. The individual panels correspond to the indi-
vidual frequency bands of the STAFF-SA instrument where
EN was observed. As there may be some minor gaps in EN
frequency-time subintervals determined using the threshold
identification procedure (as it can be seen in the bottom panel
of Figure 1), we allow for gaps of up 20 s long (i.e., five con-
secutive frequency-time subintervals, taking into account the
4 s time resolution of the spectral matrices). This value was
determined as an optimal value using a test set of events. It
enables to fill in the sometimes occurring gaps but prevents
us from false identifications. The result of this procedure
applied to the example event is shown in Figure 2 by the
blue vertical dashed lines. It can be seen that the identifica-
tion works reasonably well in the sense that the identified
boundaries are rather close to what a human would naturally
mark as the beginning and the end of the event. We note
that it would be wrong to use simply the first and last valid
frequency-time subinterval, as this would in some cases
lead to an identification of unreasonably long time intervals
of EN.

[17] Applying the above described procedure for identifi-
cation of EN time intervals to all 226 EN events for which
the WBD data are at least partially available results in a total
of 123 EN events at frequencies larger than 70 Hz that ful-
filled the selection criteria. This corresponds to a total of
361 frequency-time intervals of EN. Note that the number
of EN frequency-time intervals is a factor of about 3 larger
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Figure 2. Power spectral density of magnetic field fluc-
tuations as a function of time. The plotted time interval is
exactly the same as in Figure 1. The individual panels cor-
respond to the individual frequency bands of the STAFF-SA
instrument where EN was observed. The appropriate fre-
quency bounds are given on the left side of the panels. The
time intervals corresponding to EN emissions identified by
the automatic procedure (see text) are marked by the blue
vertical dashed lines.

than the number of EN events. The reason is that the time
intervals are identified separately for each frequency band of
the STAFF-SA instrument, and an EN event can span over
several frequency bands.

[18] Having identified the frequency-time intervals of EN
with the WBD data coverage, we can proceed to perform
the intended analysis of the azimuthal directions of the wave
propagation. A conventional wave normal analysis cannot
be straightforwardly applied to EN due to the linear polar-
ization of magnetic field fluctuations of EN emissions: it
is based on the fact that magnetic field fluctuations are,
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Figure 3. Polar plots of the median wave power measured by the WBD instruments during the time
intervals of EN occurrence shown in Figure 2. Each of the four plots corresponds to a different frequency
range (the same as in Figure 2). The red curves show the best-fit ellipses, which are used as an approxi-
mation of the observed angular dependence of the detected wave power. The directions of the major axes
(i.e., the wave vector directions) are shown by the blue dashed lines. The appropriate azimuthal angles,
along with the ratios of major to minor axes, are given in the individual plots.

in general, polarized perpendicularly to the wave vector
direction, so that determining the wave vector direction is
in fact equivalent to determining the polarization plane.
The direction normal to the polarization plane is then the
direction of the wave vector. Unfortunately, as the mag-
netic field fluctuations corresponding to EN are linearly
polarized, the polarization plane degenerates into a line (par-
allel to the ambient magnetic field). The infinite number of
perpendicular directions then does not allow for the deter-
mination of a wave normal. The magnetic field fluctuations
are therefore insufficient for the determination of the wave
vector direction, and the electric field measurements have to
be used.

[19] The idea is the same as it was successfully applied by
Santolik et al. [2002] in a case study of EN propagation. We
use the fact that the electric field fluctuations corresponding
to EN emissions are elliptically polarized in the equatorial
plane, with the major polarization axis oriented in the direc-
tion of the wave vector. Moreover, the Cluster spacecraft
rotate with the frequency of about 0.25 Hz, i.e., with the
frequency significantly lower than the period of EN emis-
sions. At the times when the Cluster spacecraft cross the
geomagnetic equator, the electric field antenna is oriented

approximately in the polarization plane of EN electric field
fluctuations. The electric field intensity observed by a single
antenna on board Cluster should therefore exhibit a modu-
lation of the wave intensity with a period of about 4 s. The
orientation of the antenna at the times when the maximum
intensity is detected then corresponds to the direction of the
wave vector (with an ambiguity of +180°). We correct for a
small deviation of the antenna direction from the equatorial
plane (i.e., the theoretical polarization plane of the electric
field fluctuations) by dividing the waveform values by the
cosine of this angular deviation, which is known from the
spacecraft attitude data.

[20] The analysis is done—for a given EN event—in sev-
eral frequency bands, which are defined to correspond to
the frequency bands of the STAFF-SA instruments. The
electric field waveform measured by the WBD instrument
is digitally band-pass filtered in the required frequency
band. The square of the filtered electric field waveform
then corresponds to the wave power observed by the elec-
tric field antenna in a given frequency range. This wave
power exhibits two principal modulations. There is the
aforementioned modulation due to the spacecraft rotation.
Moreover, there is a modulation corresponding to the wave
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Figure 4. Azimuthal angles of the wave propagation as
a function of the local plasma number density determined
from the B/E ratio. Central frequencies of the appropri-
ate frequency bands of the STAFF-SA instrument are color
coded using the scale on the right. Low-density region
(plasma trough) and high-density region (plasmasphere)
with qualitatively different propagation patterns are marked.

oscillation, i.e., a modulation with a period corresponding
to the wave frequency. In order to remove the latter mod-
ulation, we calculate moving averages of the wave power
over a time duration corresponding to the wave period. In
this way, the wave power as a function of the antenna ori-
entation is obtained. Note that this calculation benefits from
the fact that the wave period is generally much lower than
the period of the Cluster spacecraft rotation. Also note that
the time intervals used for the calculation of the moving
averages are—due to computational requirements—shifted
by the number of waveform samples corresponding to one
half of the wave period. This has principally no negative
effect on the obtained results (except of lower azimuthal res-
olution of mean wave power) but significantly speeds up
the calculation.

[21] As a single EN event lasts usually rather long com-
pared to the Cluster rotation period, there are typically many
Cluster rotations during a single EN event. This results in
many values of detected wave power in a given azimuthal
direction. Azimuthal bins 5° wide have been used for the
purpose. This value represents a good compromise between
the requirement of a fine azimuthal resolution and a reason-
able number of data points falling in a given bin. A median
value of the wave power in a given direction is therefore
used for further analysis, which allows for a convenient fil-
tering out of extremely large/low values of the wave power.
Moreover, as there is an ambiguity of +180°, the geometry
is symmetric and only azimuthal angle values from —90° to
+90° are considered.

[22] An example of the dependencies obtained for the four
frequency ranges of the STAFF-SA instrument where the EN
event occurred in the example case from Figure 1 is shown
in Figure 3. Each of the four plots corresponds to a different
frequency range. These are the same as in Figure 2. Polar
plots of the median electric field spectral power measured by
the WBD instrument during the time intervals correspond-
ing to the EN occurrence shown in Figure 2 are plotted by
the black points. Although the calculation itself is performed
only for azimuthal angles from —90° to +90°, the median

wave power is plotted for azimuthal angles from —180° to
+180°, using the fact that the wave power at an angle « is
equal to the wave power at an angle « + 180°.

[23] The red curves in Figure 3 show best-fit ellipses,
which are used as an approximation of the observed angu-
lar dependence of the wave power. Most importantly, the
directions of their major axes are shown by the blue dashed
lines. The azimuthal angles of major polarization axes, along
with the ratio of major to minor polarization axes, are given
in the individual panels. These are the principal results cor-
responding to the wave propagation in a given frequency
range. Namely, the azimuthal angles of the major axes corre-
spond to the wave vector directions, and the ratios of major
to minor axes provide information about how well the pre-
ferred directions of the wave propagation are determined.
These results are used in the remainder of the paper.

[24] The ambiguity of +180° in the azimuthal angle of
wave propagation cannot be solved by using the WBD data,
as the phase relations between electric and magnetic field
fluctuations are needed. These are provided by the STAFF-
SA instrument. The STAFF-SA measurements could be
therefore used to determine the directions of EN propagation
on their own. However, EN emissions have rather special
polarization properties. Moreover, the emissions propagate
in many directions simultaneously, and a unique wave prop-
agation direction generally does not exist. Consequently, the
determination of the azimuthal angle of wave propagation
using exclusively STAFF-SA data was found to be very
imprecise, if not impossible. The WBD data and the anal-
ysis described above are therefore used to determine the
azimuthal angle of wave propagation, and the STAFF-SA
data are used only to resolve the ambiguity problem. This
is done by assuming the two possible propagation direc-
tions determined from the WBD data and evaluating which
of them is more consistent with the B/E phase relations
measured by the STAFF-SA instrument. Namely, we use
the fact that—assuming a single plane wave propagating
exactly perpendicular to the ambient magnetic field—the
phase of magnetic field fluctuations (B., linearly polarized
along the ambient magnetic field) is 90° behind the phase
of the electric field fluctuations in the direction of the wave
vector. This allows us to solve the ambiguity problem by
comparing the sign of the imaginary component of the spec-
tral matrix element calculated from B, and one electric
field component with the sign theoretically calculated for
a given antenna orientation. Only the electric field antenna
more aligned with the wave vector direction was used for
the calculation.

4. Results

[25] We have determined the azimuthal directions of
EN propagation for all available EN events. The obtained
results are presented in Figure 4, which shows the cal-
culated azimuthal angles as a function of the plasma
number density at the spacecraft location. The plasma
number density has been determined from the measured
ratio of magnetic to electric power spectral densities using
the cold plasma theory dispersion relation [Némec et al.,
2006]. The plasma number densities obtained in this way
are in an overall agreement with plasma number densi-
ties determined from the spacecraft potential [see Némec
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Figure 5. Histograms of the calculated values of the azimuthal angles of the wave propagation in the (a)
plasma trough and (b) plasmasphere. Azimuthal angles of +90° corresponding to the propagation in the
eastward/westward direction are shown by the dashed vertical lines.

et al.,, 2006, Figures 6 and 7], and they can be readily
derived directly from EN observations. Among the possi-
ble parameters that we have analyzed, most importantly the
radial distance of the spacecraft, it was the plasma num-
ber density at the spacecraft location that best organized
the data.

[26] Two regions with different propagation properties
can be identified in Figure 4. In the left-hand side of the
figure, i.e., in the low-density region called, for the pur-
pose of this paper, (and approximately corresponding to) the
plasma trough, the azimuthal angles of the wave propaga-
tion are found to be mostly close to +90°. This corresponds
to propagation in a direction perpendicular to the radial
direction. The value of the azimuthal angle equal to 90°
means an eastward propagation, and the value of azimuthal
angle equal to —90° means a westward propagation. In con-
trast, in the right-hand side of the figure, i.e., in the high
density region called, for the purpose of this paper, (and
approximately corresponding to) the plasmasphere, the wave
propagation can be principally in any direction, with none of
them being significantly preferred. The two density regions
are marked at the top of the figure. Note that there is a
transition region with medium plasma number densities,
classified neither as the plasma trough nor as the plasmas-
phere, where the observed azimuthal angles are somewhere
in between the two above described patterns. The cen-
tral frequencies of the appropriate frequency bands of the
STAFF-SA instruments are color coded using the scale on
the right. Note that the low number of events occurring in the
plasmasphere is due to the fact that the EN events observed
in the plasmasphere have on average lower frequencies
than the EN events observed in the plasma trough, so that
many of them occur at frequencies below 70 Hz. A pos-
sible explanation of this phenomenon will be discussed in
section 5.

[27] Histograms of the calculated values of the azimuthal
angles of the wave vector directions in the plasma trough
and in the plasmasphere are shown in Figures 5a and Sb,
respectively. The overall impression from Figure 4 con-
cerning the preferred directions of wave propagation is
confirmed. Moreover, some more subtle details can be seen.
Absolute values of the azimuthal angles of the wave prop-
agation in the plasma trough are close to 90°, but in most
cases slightly lower. This corresponds to a situation of nearly
azimuthal propagation, but with a small radial component

oriented away from the Earth. All azimuthal angles of wave
propagation have been observed in the plasmasphere. Note,
however, that the accuracy of the azimuthal distribution in
Figure 5b is somewhat limited by the low number of events
occurring in the plasmasphere.

[28] The ratios of major to minor axes of the best-fit
ellipses as a function of the estimated local plasma num-
ber density are shown in Figure 6. Following the format
of Figure 4, the central frequencies of the appropriate fre-
quency bands of the STAFF-SA instruments are color coded
using the scale on the right. The two density regions,
plasma trough and plasmasphere, are also distinguished.
Moreover, the median values of the major to minor axes
ratios in these density regions are marked by the thick
horizontal lines. It can be seen that the ratios are gener-
ally larger in the plasma trough than in the plasmasphere.
This indicates that the directions of propagation in the
plasma trough are typically well defined. However, the
wave propagation in the plasmasphere can be rather com-
plicated, with waves propagating in several directions at the
same time.

Plasma Trough Plasmasphere
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Figure 6. Ratios of major to minor axes of the best-fit as
a function of the local plasma number density. Following
Figure 4, the central frequencies of the appropriate fre-
quency bands of the STAFF-SA instruments are color coded,
and the plasma trough and the plasmasphere regions are
marked. Median values in these two density regions are
shown by the thick horizontal lines.
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5. Discussion

[29] The assumption of a single plane wave is generally
invalid in the case of EN [Santolik et al., 2002]; i.e., there are
several waves at a given frequency propagating in different
directions. However, our procedure based on the modulation
of the detected wave power caused by the Cluster rotation
works well even in this situation of a more complicated
propagation. It still enables us to determine the preferred
direction of the wave propagation, and moreover, it allows
us to at least roughly estimate the beaming pattern.

[30] The crucial parameter related to the amount of the
wave energy propagating in the preferred direction of the
wave propagation is the ratio of major to minor axes of
the best-fit ellipse. Assuming that the ellipticity of electric
field fluctuations corresponding to EN emissions is close to
0 [Santolik et al., 2002], the azimuthal dependence of the
observed wave power corresponding to a single propagat-
ing plane wave should be W(vy) = [E(o)cos(¥ — ¥o)]%,
where W({) is the wave power detected in the azimuthal
direction v, V¥ is the direction of the wave propagation, and
E(y) is the wave power in this direction. This means that
there should be no wave power detected in the direction per-
pendicular to the wave propagation in this idealized case.
Nevertheless, in the real situation, this is not the case, and
a significant amount of the wave power is detected in the
direction perpendicular to the preferred propagation direc-
tion. Empirically, the azimuthal dependence of the observed
wave power approximately follows an ellipse. The ratio of
the major to minor axes of this ellipse expresses how well the
wave power is beamed in the preferred direction of propaga-
tion. The larger the ratio is, the more wave power is directed
in the preferred direction of propagation, i.c., the closer the
situation is to a single plane wave. In the extreme case of no
preferred direction of propagation, the ratio is equal to 1, and
the wave power propagates equally in all directions.

[31] The obtained results concerning the wave prop-
agation show that EN emissions propagate principally
in all directions inside the plasmasphere (although west-
ward/eastward propagation seems to be slightly preferred).
The ratios of major to minor axes of best-fit ellipses are gen-
erally rather low, indicating again a complicated propagation
pattern with waves propagating in many different directions.
The propagation outside the plasmasphere is rather different.
The vast majority of EN events in the plasma trough prop-
agates either in the westward or in the eastward direction
(none of them appears to be preferred). Moreover, the ratios
of major to minor axes of best-fit ellipses are larger than
those in the plasmasphere, in agreement with the situation of
better determined directions of preferred wave propagation.
The plasmapause boundary seems to have a crucial impor-
tance for the propagation of EN emissions. Hereinafter, we
shall discuss why this should be the case, and what are
the implications of the observed propagation pattern for the
source region of EN emissions.

[32] The ray tracing of individual propagating EN waves
is needed to understand the overall propagation scheme.
However, due to the symmetry of the situation, it is not nec-
essary to employ the full numerical ray tracing code, but
a simplified description of the ray paths is possible [Chen
and Thorne, 2012]. Assuming the propagation exactly per-
pendicular to the ambient magnetic field, and an idealized

situation axially symmetric about the axis of the Earth’s
magnetic dipole, it can be shown that O = nLsiny is con-
served along the ray path, where 7 is the refractive index, L
is the Mcllwain L-parameter, and ¢ is the azimuthal angle
of the wave propagation. Note that in this idealized situa-
tion, the group velocity and the phase wave velocity have the
same direction, and the propagating wave stays in the equa-
torial plane. The refractive index of the extraordinary mode
wave, which can be conveniently calculated using the Stix
parameters [Stix, 1992], is approximately proportional to the
ratio between the electron plasma frequency and the elec-
tron cyclotron frequency. This suggests that the plasmapause
boundary should have a significant impact on the propaga-
tion of EN emissions, as it is the boundary where a rapid
decrease of the refractive index is expected. Cluster perigee
equatorial passes are especially interesting in this point of
view. They take place at radial distances of about4 Ry, i.e., at
about the mean plasmapause distance, occurring sometimes
in the plasmasphere and sometimes in the plasma trough.

[33] Chen and Thorne [2012] performed an extensive
theoretical analysis of EN propagation using the aforemen-
tioned simplifying assumptions. We use their method of
calculation, with only minor modifications in the representa-
tion of the results, in order to demonstrate more clearly the
point that we want to make. The principal aim is to analyze
the propagation of EN emissions through the plasmapause.
A model plasma density profile used in the calculations
is shown in Figure 7a. The plasmapause location was set
to L = 4, and the model plasma number density depen-
dence of Denton et al. [2004] has been used both in the
plasmasphere and in the plasma trough. Electron densities
in the narrow region around the plasmapause were cal-
culated in order to provide a smooth transition between
the plasmasphere and the plasma trough. However, the
propagation of EN emissions through the plamapause is—at
least qualitatively—nearly independent of the exact shape of
the plasma number density profile used. The main point is
that while the plasma number density decreases only slowly
with radial distance in the plasmasphere and in the plasma
trough, it suddenly drops at the plasmapause.

[34] This sudden drop causes, in turn, a sudden drop of the
refractive index. This is demonstrated in Figure 7b, which
shows the color-coded value of the refractive index as a
function of the frequency and the radial distance. The val-
ues of the refractive index were calculated using the cold
plasma theory, assuming a dipole magnetic field model, the
plasma number density profile from Figure 7a, and the prop-
agation exactly perpendicular to the ambient magnetic field.
Moreover, we have assumed a pure hydrogen plasma, with
no heavier ions present. Helium and oxygen ions which are
expected to be present during the disturbed periods would
increase the values of the refractive index by a factor approx-
imately equal to the square root of the ratio of average ion
to proton masses. We note in this regard that 15 out of the
123 analyzed events occurred during Kp > 4 periods. How-
ever, the qualitative result of the refractive index drop at the
plasmapause remains unchanged.

[35] The white area in Figure 7b corresponds to the
frequency-radial distance interval where the electromag-
netic emissions in the extraordinary mode cannot propagate,
i.e., to the frequencies larger than the lower hybrid fre-
quency. The lower hybrid frequency is shown by the upper
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Figure 7. (a) Model plasma number density profile used for refractive index calculations. The dashed
vertical line at L = 4 shows the position of the plasmapause. (b) Refractive index calculated using the cold
plasma theory for the propagation exactly perpendicular to the ambient magnetic field as a function of
the L-shell and the frequency. A dipole magnetic field model and the plasma number density profile from
Figure 7a were assumed. The lower hybrid frequency is shown by the upper dashed white-black line. The
lower dashed white-black line shows the proton cyclotron frequency. The white area corresponds to the
part of the plot where the electromagnetic emissions in the extraordinary mode cannot propagate.

dashed white-black line. The lower dashed white-black line
shows the proton cyclotron frequency. It can be seen that
going from the Earth toward larger radial distances (larger
L values), the refractive index gradually increases until the
plasmapause is reached. At the plasmapause, there is a sud-
den jump-like decrease of the refractive index. In the plasma
trough, a slow gradual increase of the refractive index is
expected. As for the frequency dependence of the refractive
index, it can be seen that qualitatively the same behavior
of the refractive index at the plasmapause is observed over
a large range of frequencies. However, it is noticeable that
at high frequencies close to the lower hybrid frequency, the
sudden decrease of the refractive index at the plasmapause
gets smaller and eventually disappears.

[36] Having obtained the radial dependence of the refrac-
tive index, we can evaluate how the azimuthal angle of EN
propagation would evolve. Let us assume an emission inside
the plasmasphere propagating perpendicularly to the ambi-
ent magnetic field at an azimuthal angle v and reaching the
plasmapause. Since Q = nLsiny is conserved during the
propagation, and there is a sudden decrease of the refractive
index 7 at the plasmapause, the sine of the azimuthal angle of
the wave propagation must increase accordingly. As the sine
of an angle cannot get larger than 1, two principally different
situations can occur.

[37] For the original azimuthal angle of the wave propa-
gation larger than some critical value . (¢ > ), the wave
gets reflected by the plasmapause, and it propagates back to
lower radial distances. As demonstrated by Chen and Thorne
[2012], such a wave may reflect at lower radial distances
due to gradually decreasing values of the refractive index
(see Figure 7b at L < 4) and become effectively trapped.
The waves with original azimuthal angles ¥ < ¥, do not
get reflected at the plasmapause, and they are merely bent
when propagating through it. As the quantity Q must be con-
served during the process, the azimuthal angle of the wave
propagation increases. The relation can be further simpli-
fied by assuming that the L-value does not change across the
boundary. In such a case, a simple Snell’s law is obtained;
i.e., the sine of the azimuthal angle of the wave propaga-
tion increases by a factor equal to the ratio of refractive
indices inside and outside the boundary. We believe that

this bending/reflection of EN emissions at the plasmapause
provides an explanation of the observed directions of the
wave propagation.

[38] Taking into account a source that radiates isotropi-
cally in all azimuthal angles, this necessarily assumes the
wave generation inside the plasmasphere, rather close to
the plasmapause. This is further supported by the fact that
the directions of propagation of EN emissions observed in
the plasma trough often have a small radial component ori-
ented away from the Earth. The location of the generation
region of EN emissions close to the outer boundary of the
plasmasphere might seem to be in agreement with theoret-
ical calculations by Horne et al. [2000], who showed that
the growth of the emissions is possible when the proton
ring distribution with the ring velocity exceeding the Alfvén
speed is present. This would suggest that the regions with
low Alfvén speed might be preferred source regions of EN
emissions, and the radial profile of the Alfvén speed has a
local minimum at the outer boundary of the plasmasphere.
However, Horne et al. [2000] predicted principally no wave
growth inside the plasmasphere, because of the Bessel func-
tion weighting term in their equation (2) and the ring velocity
VR >> Vy.

[39] Ifthe wave generation took place outside the plasma-
sphere, the waves would have to be generated preferentially
at azimuthal angles close to ¢ = £90°. We do not see
any reason why the growth rate of the waves should be
larger at these azimuthal angles. However, it is possible to
imagine that a radially limited source region with a signifi-
cant azimuthal extent could result in a longer amplification
path in the azimuthal direction and therefore waves being
generated preferentially in ¢y = £90° direction. Assum-
ing that the generation would take place just outside the
plasmasphere, this alternative scenario would also explain
why the directions of propagation of EN emissions observed
in the plasma trough typically have a small radial com-
ponent oriented away from the Earth. We are unable to
unambiguously distinguish which of the suggested scenar-
ios is correct, i.e., if the generation region is located just
inside or just outside the plasmasphere. Nevertheless, the
generation region is located close to the plasmapause in
both cases.
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[40] EN emissions observed in the plasmasphere have
often frequencies lower than 70 Hz, while higher-frequency
EN emissions are observed primarily in the plasma trough.
We believe that this is consistent with the generation region
located close to the plasmapause. Assuming the same har-
monic numbers of the generated emissions, EN emissions
with higher frequencies are generated when the magnetic
field magnitude at the generation region is larger than nor-
mal, i.e., at the times when the generation region moves
closer to the Earth. This, in turn, corresponds to the peri-
ods when the plasmapause is at radial distances lower than
usual. Taking into account that the Cluster perigee equato-
rial passes in the analyzed time interval mostly take place at
radial distances of about 4R, i.e., at about the mean location
of the plasmapause, the situation of the compressed plasma-
sphere results in the Cluster equatorial passes in the plasma
trough. The higher frequencies of EN emissions observed
in the plasma trough are therefore likely to be a sampling
effect. Alternatively, a source not necessarily moving closer
to the Earth along with the plasmapause during disturbed
periods, but generating emissions at higher harmonic num-
bers, could also explain why higher-frequency EN emissions
are observed in the plasma trough.

6. Conclusions

[41] Azimuthal directions of propagation of EN emis-
sions have been analyzed using all available Cluster data
from 2001 to 2010. Altogether, combined WBD and STAFF-
SA measurements allowed us to determine the azimuthal
angle of the wave propagation in more than 100 EN events.
We have shown that the propagation pattern is well orga-
nized according to the local plasma number density at the
spacecraft location, being principally different in the low
density region (plasma trough) than in the high density
region (plasmasphere). While effectively all directions of
EN propagation are detected inside the plasmasphere (with
only a weak preference for westward/eastward propagation),
the wave propagation in the plasma trough is found to be
in either westward or eastward direction (with neither of
them significantly preferred). These results demonstrate that
the plasmapause has crucial implications for the propaga-
tion of EN emissions. The observed propagation pattern can
be explained using a simple propagation analysis, assuming
that EN emissions are generated close to the plasmapause.
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Abstract Equatorial noise (EN) emissions are electromagnetic waves observed in the equatorial region
of the inner magnetosphere at frequencies between the proton cyclotron frequency and the lower hybrid
frequency. We present the analysis of 2229 EN events identified in the Spatio-Temporal Analysis of Field
Fluctuations (STAFF) experiment data of the Cluster spacecraft during the years 2001-2010. EN emissions
are distinguished using the polarization analysis, and their intensity is determined based on the evaluation
of the Poynting flux rather than on the evaluation of only the electric/magnetic field intensity. The intensity
of EN events is analyzed as a function of the frequency, the position of the spacecraft inside/outside the
plasmasphere, magnetic local time, and the geomagnetic activity. The emissions have higher frequencies
and are more intense in the plasma trough than in the plasmasphere. EN events observed in the plasma
trough are most intense close to the local noon, while EN events observed in the plasmasphere are nearly
independent on magnetic local time (MLT). The intensity of EN events is enhanced during disturbed periods,
both inside the plasmasphere and in the plasma trough. Observations of the same events by several Cluster
spacecraft allow us to estimate their spatiotemporal variability. EN emissions observed in the plasmasphere
do not change on the analyzed spatial scales (AMLT < 0.2 h, Ar < 0.2 R;), but they change significantly on
time scales of about an hour. The same appears to be the case also for EN events observed in the plasma
trough, although the plasma trough dependencies are less clear.

1. Introduction

Equatorial noise (EN) emissions are electromagnetic waves at frequencies between the proton cyclotron
frequency and the lower hybrid frequency observed in the inner magnetosphere at radial distances
between about 2 and 7 R, and latitudes within about 10° from the geomagnetic equator [Laakso et al., 1990;
Kasahara et al., 1994]. They were reported for the first time by Russell et al. [1970], who called them “noise”
because of their apparent lack of inner structure in the low-resolution OGO 3 data. They were shown to have
the magnetic field fluctuations nearly linearly polarized along the ambient magnetic field, corresponding to
the propagation in the extraordinary mode nearly perpendicular to the ambient magnetic field [Stix, 1992].
In the low-frequency approximation this corresponds to the fast magnetosonic mode, and EN emissions are
thus sometimes called “magnetosonic waves.”

Higher-resolution measurements of EN by the IMP 6 and the Hawkeye 1 satellites revealed that EN consists
of a complex superposition of many harmonically spaced lines [Gurnett, 1976]. The frequency structure is
assumed to be linked to the proton cyclotron frequency in the source region. EN emissions are believed to
be generated by energetic protons with ring-like distribution functions [Curtis and Wu, 1979; Perraut et al.,
1982; McClements and Dendy, 1993; McClements et al., 1994; Horne et al., 2000; Liu et al., 2011; Chen et al.,
2011] observed in association with the waves [Perraut et al., 1982; Boardsen et al., 1992; Xiao et al., 2013;

Ma et al., 2014]. Meredith et al. [2008] statistically analyzed the relationship between the distribution of the
wave electric field intensity and the ion ring distributions using the data obtained by the Combined Release
and Radiation Effects Satellite (CRRES). They found a close match between the magnetic local time (MLT)
distribution of low-energy proton rings (< 30 keV) exceeding the instability threshold and the distribution of
the wave intensity on the dusk side, while the situation on the dawn side was far less clear. Chen et al. [2010]
simulated the global distribution of EN using modeled proton ring distributions. They showed that low
harmonic waves tend to be excited in the high-density nightside plasmasphere, whereas higher-frequency
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waves are excited over a broad spatial region of low density outside the morningside plasmasphere. The
relationship between the plasma number density in the source region and the generated harmonics was
further confirmed by Ma et al. [2014].

High-resolution measurements of EN emissions by the Wide-Band Data (WBD) instruments on board the
Cluster spacecraft along with the spacecraft rotation and theoretical polarization properties of the emissions
were used by Santolik et al. [2002] to determine the azimuthal direction of propagation of the observed
emissions. The same approach was used by Némec et al. [2013] to determine the directions of propagation
of all EN events observed by the Cluster spacecraft during the first 10 years of operation for which the
WBD data were available. They found that while principally isotropic distribution of wave vector directions
in the equatorial plane is detected inside the plasmasphere, wave propagation in the plasma trough is
predominantly directed to the west or to the east. They concluded that the observed propagation pattern
is in agreement with the propagation analysis of Chen and Thorne [2012], assuming that the emissions are
generated close to the plasmapause. Raytracing studies of EN emissions further show that EN emissions can
propagate over a broad region of MLTs, particularly inside the plasmasphere, and cross the plasmapause
boundary [Kasahara et al., 1994; Xiao et al., 2012].

EN is the most intense natural electromagnetic emission at latitudes within about 10° from the geomagnetic
equator and frequencies between the proton cyclotron frequency and the lower hybrid frequency. It

could thus play a nonnegligible role in the dynamics of the inner magnetosphere [Santolik et al., 2004]. EN
interaction with radiation belt electrons has been recently discussed by several authors [Horne et al., 2007;
Bortnik and Thorne, 2010; Shprits et al., 2013; Mourenas et al., 2013; Li et al., 2014], which documents their
potential significance for electron acceleration and loss. Additionally, systematic surveys of EN occurrence
and intensities have been presented [Ma et al., 2013; Tsurutani et al., 2014; Hrbdckovd et al., 2015], indicating
an increased interest in this electromagnetic emission.

The present study uses a set of 2229 EN events identified in the first 10 years of the Cluster Spatio-Temporal
Analysis of Field Fluctuations spectrum analyzer (STAFF-SA) data [Hrbdckovd et al., 2015] to analyze their
intensity as a function of relevant parameters. Exact frequency-time intervals of EN emissions are identified
using fuzzy logic based on wave propagation parameters, rather than only on the electric/magnetic field
intensity and the frequency range. Moreover, the plasmasphere and the plasma trough regions are classified
using the estimated plasma number densities at the observation points. We also analyze the spatiotemporal
variability of the emissions using multipoint observations. Section 2 describes the data set used in the
study. The obtained results are described in section 3 and discussed in section 4. Finally, section 5 contains a
brief summary.

2. Data Set

Multicomponent electromagnetic wave data measured by the four Cluster spacecraft have been used.
The Cluster spacecraft have nearly identical elliptical orbits. The orbital parameters have changed over
the duration of the mission, but during the first years of operation the apogee was at an altitude of about
119,000 km and the perigee was about 24,000 km. Multicomponent measurements of electromagnetic
waves are performed by the STAFF-SA instrument. Three orthogonal magnetic field components and
two electric field components in the spin plane of the spacecraft are used for onboard calculation of

5 x 5 complex spectral matrices. The analysis is limited to 27 logarithmically spaced frequency channels
between 8 Hz and 4 kHz. One spectral matrix per frequency channel and time interval is obtained,
which can be used to determine not only the intensity of observed electromagnetic waves but also their
polarization and propagation properties. A detailed description of the instrumentation can be found in
Cornilleau-Webhrlin et al. [1997, 2003].

We have used the list of 2229 EN events compiled by Hrbdckovd et al. [2015] based on the data measured
by the Cluster spacecraft during the first 10 years of the operation (2001-2010). The list provides us with the
beginning and ending times of EN events that are used for further analysis.

Examples of EN emissions observed by the Cluster spacecraft are shown in Figures 1 and 2. They correspond
to the same EN event, but they were observed by two different Cluster spacecraft with a small time

and spatial separation. The data plotted in Figure 1 were measured by Cluster 1 on 24 November 2004
between 0900:00 and 0948:00 UT. The data plotted in Figure 2 were measured by Cluster 2 on the same
day between 0904:00 and 0945:00 UT. Both figures have the same format. The first and second panels show
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Figure 1. Example of an equatorial noise event observed by Cluster 1, along with the related wave analysis. The data
were measured on 24 November 2004 between 0900:00 and 0948:00 UT: (a) frequency-time spectrogram of power
spectral density of magnetic field fluctuations, (b) frequency-time spectrogram of power spectral density of electric
field fluctuations, (c) frequency-time plot of planarity of magnetic field fluctuations, (d) frequency-time plot of ellipticity
of magnetic field fluctuations, (e) frequency-time plot of wave normal angle, (f) frequency-time plot of EN coefficient
(see text), and (g) frequency-time plot of estimated EN Poynting flux spectral density (see text).

the frequency-time spectrograms of power spectral density of magnetic and electric field fluctuations,
respectively. EN are the intense emissions with the maximum intensity in the middle of the plotted time
interval in Figure 1 and toward the end of the plotted time interval in Figure 2.

Figures 1c and 2c show the frequency-time plots of the planarity of magnetic field fluctuations calculated
using the singular value decomposition (SVD) method [Santolik et al., 2003]. Only frequency-time intervals
with the values of planarity larger than 0.6 are plotted. The planarity of EN emissions is typically above 0.8
[Santolik et al., 2004], and following Némec et al. [2013], we will use this planarity threshold for identification
of EN frequency-time intervals. Figures 1d and 2d show the frequency-time plots of the ellipticity of
magnetic field fluctuations calculated using the SVD method of Santolik et al. [2003]. Only frequency-time
intervals with the values of ellipticity lower than 0.4 are plotted. EN emissions are nearly linearly polarized,
and following Santolik et al. [2004], Némec et al. [2013], and Hrbdckovd et al. [2015], we will use an ellipticity
threshold of 0.2 for identification of EN frequency-time intervals. Figures 1e and 2e show the frequency-time
plots of the wave normal angles determined using the SVD method of Santolik et al. [2003] from the
magnetic parts of the spectral matrices. Only frequency-time intervals with the values of wave normal
angles larger than 80° are plotted. EN emissions have wave normal angles close to 90°; i.e., the wave vectors
are oriented nearly perpendicular to the ambient magnetic field. Following Némec et al. [2013], we will use a
threshold of 85° for wave normal angle.

It should be noted that these thresholds are not independent, but in principle they are strictly related by
the polarization and propagation properties of electromagnetic waves in the plasma environment [Stix,
1992]. However, as the real data always contain some amount of noise, which enters differently in the
calculation of various parameters, it proves to be efficient to use the three thresholds simultaneously
[Némec et al., 2013]. Moreover, as the point of the present analysis is to obtain the intensity of EN emissions
in a given frequency-time interval, a binary logic (“EN is observed or EN is not observed in a given
frequency-time interval”) turns out to be far from optimal. A better approach might be to use a simple fuzzy
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Figure 2. Same as Figure 1 but for the observations performed by Cluster 2 between 0904:00 and 0945:00 UT.

logic, which allows us to say that EN is observed in a given frequency-time interval with a certain probability
(EN coefficient), i.e., a real number between 0 and 1. The EN coefficient equal to 0 would correspond to the
situation of EN being completely absent, and the EN coefficient equal to 1 would correspond to the situation
of EN being 100% present.

Taking into account the aforementioned thresholds for EN polarization and propagation parameters, we
can define three partial EN coefficients. The first coefficient is related to the planarity of magnetic field
fluctuations. If the planarity is larger than 0.8, the planarity coefficient is equal to 1. If the planarity is lower
than 0.6, the planarity coefficient is equal to 0. If the planarity is between 0.6 and 0.8, a linear transition
function is used. The same approach is used for the remaining two coefficients. Namely, the second
coefficient is related to the ellipticity of magnetic field fluctuations. If the ellipticity is lower than 0.2, the
ellipticity coefficient is equal to 1. If the ellipticity is larger than 0.4, the ellipticity coefficient is equal to 0. If
the ellipticity is between 0.2 and 0.4, a linear transition function is used. The third coefficient is related to
the wave normal angle. If the wave normal angle is larger than 85°, the wave normal coefficient is equal to
1. If the wave normal angle is lower than 80°, the wave normal coefficient is equal to 0. If the wave normal
angle is between 80 and 85°, a linear transition function is used. The resulting EN coefficient is calculated as
the product of the three partial coefficients. This final EN coefficient is presented in Figures 1f and 2f. Only
frequency-time intervals with nonzero values of EN coefficients are plotted. It can be seen that the resulting
frequency-time intervals with nonzero EN coefficients correspond well to the frequency-time intervals of EN
noise emissions, which can be intuitively identified according to the data plotted in the preceding panels.
We note that possible frequency-time intervals which contain electrostatic emissions but no EN are also
excluded by this data processing, as they are not accompanied by a magnetic signal, and they thus do not
have the required polarization properties of magnetic field fluctuations.

Figures 1g and 2g show the frequency-time plots of estimated EN Poynting flux spectral density. Although
the multicomponent measurements performed by the Cluster spacecraft allow us in most cases to evaluate
the Poynting flux as the time-averaged vector product of the electric and magnetic field, its calculation is in
this case subject to large experimental uncertainties due to the peculiarities of EN polarization properties
[Némec et al., 2013]. The Poynting flux spectral density was therefore calculated from the measured power
spectral densities of magnetic and electric field fluctuations and from the magnitude of the ambient
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magnetic field using the theory of electromagnetic waves in the cold plasma approximation [Stix, 1992].
Wave vector directions exactly perpendicular to the ambient magnetic field are assumed in the calculation.
According to the theory of electromagnetic waves in the cold plasma approximation, this corresponds

to the magnetic field fluctuations linearly polarized along the ambient magnetic field, and the electric
field fluctuations elliptically polarized in the plane perpendicular to the ambient magnetic field, with the
main polarization axis oriented along the wave vector direction. This knowledge of theoretical polarization
properties allows us to properly evaluate the Poynting flux using the two available electric field com-
ponents, with no need for the third electric field component to be measured. We determine the plasma
number density at the observation point and the ellipticity of electric field fluctuations from the condition
that the theoretically calculated B-to-E ratio corresponds to the measured B-to-E ratio. This was successfully
used by Némec et al. [2006], who demonstrated that the calculated plasma number densities are in
agreement with plasma number densities determined from the spacecraft potential, with most probable
relative error being around 30%. Having determined the polarization properties of the observed emissions,
the Poynting flux spectral density can be evaluated directly from the square root of the product of power
spectral densities of electric and magnetic field fluctuations, accounting for a factor due to the wave polar-
ization. As we are interested in the Poynting flux spectral density of exclusively EN emissions, the calculated
Poynting flux spectral density estimates are multiplied by the EN coefficients from Figures 1f and 2f.

We note that if EN emissions occurred in the same frequency-time intervals with electrostatic emissions,
these intervals would be included in the analysis, and the procedure would result in an underestimation

of the plasma number density. However, taking into account that the obtained plasma number densities
agree reasonably well with the observations [Némec et al., 2006], this is likely an exceptional case and it is
not important for the performed statistical study. We also note that due to successive failures of different
Electric Field and Wave (EFW) probes, the power spectral density of electric field fluctuations can be under-
estimated by a factor of up to 2 [Cornilleau-Webhrlin et al., 2014]. This necessarily influences both the obtained
values of Poynting flux and the calculated plasma number densities. However, the impacts of the failures
of EFW probes are greatly reduced by the large statistical study, and they thus do not affect the obtained
overall results.

Having evaluated the EN Poynting flux spectral density in all relevant frequency-time intervals, we can
determine the intensity of a given EN event at any given frequency as the EN Poynting flux spectral density
integrated over the geomagnetic latitude. For each EN event, this integration is performed within the
latitudinal range corresponding to the beginning and ending time of the event according to the list of
Hrbdckovd et al. [2015]. We can further determine the total intensity of a given EN event as the EN Poynting
flux spectral density integrated over the geomagnetic latitude and the frequency (up to 500 Hz, which is
the upper estimate of the lower hybrid frequency throughout the data set). The resulting total intensity of
the EN event from Figure 1 is 11.3 nW deg/m?. The resulting total intensity of the EN event from Figure 2 is
3.8 nW deg/m?.

3. Results

Figure 3a shows the median Poynting flux spectral density of EN events as a function of frequency. The
results obtained for EN events observed in the plasmasphere are shown in blue, whereas the results
obtained for EN observed in the plasma trough are shown in red. These regions were classified according to
the approach used by Némec et al. [2013], i.e., the regions with the estimated plasma number density larger
than 100 cm~3 were classified as the plasmasphere (1047 EN events), and the regions with the estimated
plasma number density lower than 30 cm~3 were classified as the plasma trough (638 EN events). Note
that the regions with plasma number densities between 30 and 100 cm~3 are classified neither as the
plasmasphere nor as the plasma trough, and the corresponding EN events are not included in the analysis
when this region classification is used. It can be seen that the median Poynting flux spectral density of

EN events observed in the plasma trough is approximately the same as the median Poynting flux spectral
density of EN events observed in the plasmasphere. Moreover, EN events observed in the plasma trough
generally occur at higher frequencies and have larger frequency bandwidths. This might be partly explained
by the sampling bias. Namely, the Cluster spacecraft are located in the plasma trough preferentially dur-
ing the times of the compressed plasmasphere. Assuming that the generation region is located close to the
plasmapause [Némec et al., 2013], this would imply higher cyclotron frequencies in the source region, i.e.,
the same harmonic numbers would correspond to higher frequencies.
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Figure 3. (a) Median Poynting flux spectral density of EN events as a function of frequency. (b) Median Poynting flux
spectral density of EN events as a function of frequency normalized by the proton cyclotron frequency at the model
plasmapause location. The results obtained for EN observed in the plasmasphere are shown in blue, whereas the results
obtained for EN observed in the plasma trough are shown in red.

We therefore attempt to normalize the frequencies by the proton cyclotron frequency at the plasmapause
location. The results obtained using the model plasmapause location [Moldwin et al., 2002] are shown in
Figure 3b. It can be seen that the normalized frequencies of EN events observed in the plasmasphere and
in the plasma trough are closer to each other than the frequencies before the normalization. However, the
normalized frequencies of EN events observed in the plasma trough are still significantly higher than the
normalized frequencies of EN events observed in the plasmasphere. We note that only the frequency bins
with at least 25% data coverage are plotted in Figure 3b. We also note that qualitatively the same results
are obtained when EN frequencies are normalized by the proton cyclotron frequencies at observation
points rather than by the proton cyclotron frequencies at the model plasmapause locations. However, the
frequencies of EN events observed in the plasmasphere and in the plasma trough normalized by the proton
cyclotron frequencies at observation points differ more substantially than with the used normalization,
resembling more the non-normalized distribution in Figure 3a (not shown). This indicates that the used
normalization by the proton cyclotron frequencies at the plasmapause locations is more valid than the
normalization by the proton cyclotron frequencies at observation points, consistently with the preferred
source region located close to the plasmapause [Némec et al., 2013], and a significant radial distance

that the waves can propagate from the generation region to the observation point [Horne et al., 2000;
Santolik et al., 2002].

Figures 4a and 4b show the total intensities of individual EN events as a function of magnetic local time
(MLT) in the plasmasphere and in the plasma trough regions, respectively. The overplotted thick solid lines
correspond to median values, and the thinner solid lines correspond to 0.25 and 0.75 quartiles. The MLT
dependencies inside the plasmasphere and in the plasma trough are slightly different. The median total
intensity of EN events observed in the plasmasphere is nearly independent on MLT. The intensities might be
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Figure 4. Total intensity of individual EN events as a function of magnetic local time. Thick solid lines correspond to
the median dependencies, and thinner solid lines correspond to 0.25 and 0.75 quartiles. (a) EN events observed in the
plasmasphere. (b) EN events observed in the plasma trough.
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Figure 5. (a) Total intensity of individual EN events as a function of Dst index at the time of the measurement. (b) Total
intensity of individual EN events as a function of Kp index at the time of the measurement. Solid lines correspond to
median values over a given interval. The results obtained for EN events observed in the plasmasphere are shown in blue,
whereas the results obtained for EN events observed in the plasma trough are shown in red.

possibly somewhat larger in the dusk sector than in the dawn sector, but taking into account the scatter of
the data points, this trend is not very significant. On the other hand, the median total intensity of EN events
observed in the plasma trough has a broad maximum in the noon sector.

The total intensity of EN events as a function of Dst and Kp geomagnetic indices is analyzed in Figures 5a
and 5b, respectively. The results obtained for EN events inside the plasmasphere and in the plasma trough
are plotted by blue and red colors, respectively. In order to better visualize the overall trend, the median
values calculated over given intervals of Dst and Kp with at least 10 data points are overplotted by the solid
lines. Although the scatter of the data point is rather large, it can be seen that the total intensity of EN events
observed in the plasma trough is on average slightly larger than the total intensity of EN events observed
in the plasmasphere. Moreover, the intensity of EN events both inside the plasmasphere and in the plasma
trough increases with the geomagnetic activity.

Since Cluster is a multispacecraft mission, we can use the observations of the same EN event by several
different Cluster spacecraft to evaluate the spatiotemporal variability of EN emissions [Némec et al., 2005].
The temporal variability provides important information about time scales on which the conditions in the
generation region vary. On the other hand, the interpretation of the spatial variability of EN emissions is
more difficult, as it combines the information about the source size with the wave propagation, which likely
plays a dominant role. The approach that we have used is based on comparing the data measured by each
pair of Cluster spacecraft. Note that with four Cluster spacecraft we have six pairs for a given time. The
intensity of EN emissions is controlled primarily by the geomagnetic latitude [Némec et al., 2005]. We will
therefore compare latitudinal dependencies rather than time dependencies. Following the approach used
for determining total intensities of EN events, we do not impose any explicit latitudinal limits on the ana-
lyzed events. Instead, for each EN event, we use the latitudinal range corresponding to the beginning and
ending time of the event according to the list of Hrbdckovd et al. [2015].

Figure 6a shows the latitudinal dependencies corresponding to the EN event from Figures 1 and 2. The

red curve shows the data for Cluster 1; i.e., it corresponds to Figure 1. The blue curve shows the data for
Cluster 2; i.e., it corresponds to Figure 2. Latitudinal dependence of EN Poynting flux spectral densities is
evaluated in frequency channels up to 500 Hz (the upper estimate of the lower hybrid frequency throughout
the data set), i.e., in the 18 lowest frequency channels of the instrument. However, for the purpose of
representing the data in a single plot in Figure 6a we have used the Poynting flux spectral densities
integrated over the 18 frequency channels. The resulting latitudinal dependence is plotted in the first panel.
The second panel shows the latitudinal dependence of the time in minutes after 0900:00 UT. The third panel
of Figure 6a shows the latitudinal dependence of the radial distance of the Cluster spacecraft, and the fourth
panel shows the latitudinal dependence of the spacecraft MLT.

The latitudinal dependencies of the sum of Poynting flux spectral densities measured by Cluster 1 and
Cluster 2 shown in Figure 6a are rather similar. However, Cluster 1 observes slightly larger intensities,
reached at somewhat larger geomagnetic latitudes. This latitudinal shift might be possibly due to the
nondipole geometry of the real magnetic field configuration. Namely, Némec et al. [2006] used more realistic
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Figure 6. Latitudinal variation of selected EN parameters corresponding to the example EN event from Figures 1 and

2. Red curve shows the data for Cluster 1; i.e,, it corresponds to Figure 1. Blue curve shows the data for Cluster 2; i.e,, it
corresponds to Figure 2. Latitudinal dependence of the sum of Poynting flux spectral densities over individual frequency
channels of the STAFF-SA instrument is shown in the first panels. Latitudinal dependence of the time in minutes after
0900:00 UT is shown in the second panels. The third panels show the latitudinal dependence of the radial distance

of the Cluster spacecraft. The fourth panels show the latitudinal dependence of the MLT of the Cluster spacecraft.

(a) Latitudinal dependencies of actually measured data. (b) Latitudinal dependencies shifted to the position of the
maximum correlation.

magnetic field models to determine the true (min-B) magnetic equator, and they reported that most
intensity peaks of EN occur exactly at the min-B magnetic equator. We therefore shift the latitudinal
dependencies from Figure 6a in order to obtain the maximum correlation between the Poynting flux
spectral densities. The correlations are evaluated using the data from all 18 frequency channels separately.
Only the frequency-latitude intervals where at least one of the spacecraft observed a nonzero EN Poynting
flux spectral density were used for the calculation of the correlation.

The optimal latitudinal shift corresponding to Figure 6a was found to be about 0.52°, and the resulting
value of the correlation coefficient is equal to about 0.85. The shifted latitudinal dependencies are shown in
Figure 6b. The red curves are the same as in Figure 6a, while the blue curves were shifted to higher latitudes
by 0.52°. The time delay and the spatial separation between the EN observations by Cluster 1 and Cluster 2
can be determined directly from the second, third, and fourth panels. The orbits of the Cluster spacecraft are
very similar; i.e, the latitudinal dependencies of time, radial distance, and MLT for a pair of Cluster spacecraft
are generally nearly parallel. The time delay between EN observations is then determined as the mean time
difference of the curves in the second panel of Figure 6b calculated over the event duration. Similarly, the
radial distance separation of EN observations is determined as the mean difference of the curves in third
panel of Figure 6b, and the MLT separation is determined as the mean difference of the curves in the fourth
panel of Figure 6b. In the analyzed example event observed by Cluster 1 and Cluster 2 the time difference is
about 8.7 min, the radial distance separation is about 0.1 R, and the MLT separation is about 0.03 h.

We have used this procedure for all EN events observed by at least two Cluster spacecraft. If an event was
observed by more than two Cluster spacecraft, all possible spacecraft pairs were considered separately.
Altogether, 2122 relevant pair events were identified in the analyzed data set. For each of them we have
evaluated the value of the correlation coefficient, ratio of the event intensities, time delay, radial distance
separation, and MLT separation. The aim is to determine how the correlation coefficients vary as a function
of the time delay and the spatial separation between the spacecraft. Unfortunately, as the sampled time
delays and the spatial separations are given by the spacecraft orbits, only data obtained in a limited interval
of radial distances and MLT separations are typically available. This is the principal limitation of the analyzed
data set which cannot be overcome.

The spatial variability of EN emissions is analyzed in Figure 7. In order to minimize the influence of the
temporal variability of the emissions, we have limited the analysis only to the observations with a time delay
lower than 0.1 h. Figure 7a shows the correlation coefficient between a pair of EN observations as a function
of their MLT separation. Figure 7b shows the correlation coefficient between a pair of EN observations as a
function of their radial distance separation. An additional condition was imposed in each plot to ensure that
the analyzed parameter should be the main controlling quantity in a given plot. Namely, only the events
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Figure 7. (a) Correlation coefficient between a pair of EN observations as a function of their magnetic local time
separation. (b) Correlation coefficient between a pair of EN events as a function of their radial distance separation. The
results obtained for EN event pairs observed in the plasmasphere are shown in blue, whereas the results obtained for EN
event pairs observed in the plasma trough are shown in red. Solid horizontal lines correspond to median values over a
given interval.

with the radial distance separation less than 0.1 R were considered in Figure 7a, and only the events with
the MLT separation less than 0.1 h were considered in Figure 7b. The results obtained for EN pairs observed
in the plasmasphere are shown in blue, whereas the results obtained for EN pairs observed in the plasma
trough are shown in red. The solid horizontal lines correspond to median values calculated over given
intervals. It can be seen that the correlation coefficients do not significantly change over the analyzed MLT
and radial distance separations. This is true also for the ratios of total intensities of EN events, which do not
seem to depend on the spatial separation of the spacecraft (not shown). However, we note once again that
the sampled range of spatial separations is extremely limited due to the similar spacecraft orbits. Namely,
principally no data are available for MLT separations larger than about 0.2 h and radial distance separations
larger than about 0.2 R;. It is also noticeable that the median correlation coefficients obtained for event
pairs in the plasma trough are typically lower than the correlation coefficients obtained for event pairs in
the plasmasphere.

The temporal variability of EN emissions is analyzed in Figure 8a. The format of the figure is the same as
the format used in Figure 7. In order to minimize the influence of the spatial variability of the emissions,
we have limited the analysis to the event pairs closely separated in space (AMLT <0.1 h, Ar<0.1 R). The
values of the correlation coefficients obtained for event pairs in the plasmasphere are rather high for time
delays lower than about 0.1 h. At larger time delays their median values systematically decrease, and there
is principally no correlation for time delays on the order of hours. The values of correlation coefficients

(a) (b)
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Figure 8. (a) Correlation coefficient between a pair of EN observations as a function of their time difference. The used
format is the same as in Figure 7. (b) Logarithm of ratios of intensities of EN events as a function of their time difference.
The ratios of intensities larger than 1 correspond to EN intensities at later times being larger, whereas the ratios of
intensities lower than 1 correspond to EN intensities at later times being lower. Horizontal lines correspond to median
values calculated over given intervals from values of intensity ratios lower/larger than 1 separately.
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obtained for event pairs in the plasma trough are generally lower, and the trend of decreasing correlation
with increasing time delay is less clear. The temporal variability of the ratio of total EN intensities is shown
in Figure 8b. The results obtained for EN pairs observed in the plasmasphere are shown in blue, whereas the
results obtained for EN pairs observed in the plasma trough are shown in red. The ratios of intensities larger
than 1 correspond to EN intensities at later times being larger, whereas the ratios of intensities lower than

1 correspond to EN intensities at later times being lower. The horizontal lines correspond to median values
calculated over given intervals from values of intensity ratios lower/larger than 1 separately. While most of
the intensity ratios are close to 1 at low time delays, the scatter becomes rather high at time delays on the
order of an hour.

4. Discussion

The exact frequency-time intervals of EN emissions were determined using the analysis of wave propagation
parameters, rather than using only the electric/magnetic field intensity and the frequency range. This
approach was shown to be very efficient in distinguishing EN events from other natural emissions [Santolik
et al., 2004; Némec et al., 2005, 2006, 2013; Hrbdckovd et al., 2015]. Moreover, its extension using the fuzzy
classification of the EN presence is readily applicable for determining the overall intensity of EN emissions.
There is, however, an additional important point which was often not properly considered in previous EN
studies (and studies of wave intensity, in general). Namely, the wave intensity in the proper sense is equal
to the Poynting flux of the emissions, not exclusively to the magnetic field intensity and neither exclusively
to the electric field intensity. As B-to-E ratio depends on the refractive index, evaluating the intensity of

the emissions using only the magnetic or only on the electric field data can lead to systematic errors.
Unfortunately, due to the peculiar polarization properties of EN emissions, it is not possible to evaluate their
Poynting flux directly using the available data [Némec et al., 2013].

However, the used calculation based on the theory of electromagnetic waves in cold plasma approximation
allowed us to evaluate the Poynting flux properly from the measured magnetic and electric spectral
densities and the magnitude of the ambient magnetic field. The usage of the Poynting flux as a character-
ization of the wave intensity instead of exclusively the electric or exclusively the magnetic field intensity
represents major advantage as compared to most former studies. The main reason is that although it may
slightly complicate the usage in diffusion codes (which require wave magnetic field intensities), it allows us
to efficiently compare wave intensities in different density regions, which would be otherwise impossible.
The calculation further allowed us to determine local plasma number densities from EN observations
[Némec et al., 2006]. Following the density threshold criteria used by Némec et al. [2013], the calculated
plasma number densities were used to determine whether a given EN event was observed inside the
plasmasphere or in the plasma trough. This is important, because the plasmapause boundary plays a crucial
role for EN emissions, as was demonstrated by the analysis of their propagation directions [Chen and Thorne,
2012; Némec et al., 2013] and the analysis of their occurrence rate [Hrbdckovd et al., 2015].

When analyzing EN properties in the plasmasphere and in the plasma trough, one should keep in mind

the sampling bias that stems directly from the used data coverage. Namely, the Cluster spacecraft sample
the equatorial plane usually at approximately the same radial distance of 4 R, i.e., close to the mean
plasmapause location. EN events observed by the Cluster spacecraft in the plasma trough occurred
therefore preferentially at times when the plasmapause was at lower radial distances. Since the plasmapause
moves inward during geomagnetically disturbed periods, this corresponds to the periods of enhanced
geomagnetic activity. We note that although this was the case for most of the analyzed period, the change
of the Cluster orbits since 2008 resulted in sampling the equatorial plane at both lower and larger radial
distances. This was, coincidentally, also the period of solar minimum. Then it is not possible in our data set
to unambiguously separate the effect of different radial distances and different solar activity. Nevertheless,
the EN occurrence rates reported at these lower and larger radial distances were generally much lower than
the occurrence rates reported at radial distances of about 4 R, [Hrbdckovd et al., 2015]. However, one should
keep in mind that there is a relation between the sampled radial distances and the level of the geomagnetic
activity, which likely acts to strengthen the dependencies obtained in Figure 5, namely, that the intensity
increases with the geomagnetic activity.

Our analysis shows that the total intensities of EN events observed in the plasma trough are on average
slightly higher than the total intensities of EN events observed in the plasmasphere. This could be related
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to the aforementioned sampling bias. Since the plasma trough events are observed preferentially during
periods of enhanced geomagnetic activity, which favors larger intensities of EN events [Meredith et al., 2008;
Ma et al., 2013], larger intensities of EN events observed in the plasma trough than in the plasmasphere
might be expected. However, the results from Figure 5 show that the median EN intensity in the plasma
trough is higher than the median EN intensity in the plasmasphere for all analyzed levels of the
geomagnetic activity. Nevertheless, it should be noted that the MLT dependence of the plasmapause
location leads to another sampling bias of the used data set. As pointed out by Moldwin et al. [2002], the
average plasmapause on the dayside is by up to 1 R, closer to the Earth than on the nightside. Consequently,
EN events in the plasma trough are observed preferentially in the noon sector, where their intensity is

the largest.

The largest intensity of plasma trough EN events in the noon sector is in agrement with the results of the
EN occurrence rate analysis performed by Hrbdckovd et al. [2015]. These results strongly suggest that EN in
the plasma trough is generated preferentially at these MLTs. However, the MLT dependence of the intensity
of EN events observed in the plasmasphere is rather different. There seems to be only a weak dependence
on MLT. This is likely in agreement with the occurrence rate results presented by Hrbdckovd et al. [2015] in
their Figure 8¢, where the occurrence rate can be identified as almost independent on MLT. Following the
discussion of Hrbdckovd et al. [2015] and the raytracing results of Chen and Thorne [2012], we believe that
the reason that the MLT dependence of EN intensity inside the plasmasphere is only very weak is the
effective trapping of the emissions inside the plasmasphere and their ability to travel over a broad range
of MLTs.

EN events observed in the plasma trough have higher frequencies than EN events observed in the plasma-
sphere. This might be partly explained by the aforementioned sampling bias, assuming that the generation
region is located close to the plasmapause [Némec et al., 2013]. Nevertheless, even after the normalization
of the observed EN frequencies by the proton cyclotron frequencies at the model plasmapause locations,
the normalized frequencies of EN events observed in the plasma trough are higher than the normalized
frequencies of EN events observed in the plasmasphere. Specifically, while the harmonic numbers of EN
events observed inside the plasmasphere typically range from about 3 to 10, the harmonic numbers of EN
events observed in the plasma trough typically range from about 5 to 13. This indicates that the frequency
difference is a real effect. We believe that it might be consistent with the simulation results by Chen et al.
[2010] and Ma et al. [2014], who reported that lower frequency waves are generated in higher-density
regions, while higher-frequency waves are generated in lower density regions. However, the theoretically
predicted difference in the harmonic numbers of EN events excited inside the plasmasphere and in the
plasma trough [Chen et al., 2010] is larger than the one we observe. Nevertheless, one should consider that
EN can travel a significant radial distance between the source region and the observation point [Horne

et al., 2000; Santolik et al., 2002]; i.e., the classification based on the region where the waves were observed
likely mixes waves generated in different regions together, smoothing out the differences between the two
distributions. It is also noteworthy that the size of the spatial region inside the plasmasphere where the
waves can be trapped decreases with increasing wave frequency [Chen and Thorne, 2012], which is an
additional mechanism for preferential observation of lower frequency EN events in the plasmasphere.
Finally, we note that according to Ma et al. [2014], no wave excitation inside the plasmasphere is possible,
and the waves observed in there are likely to propagate from a source just outside the plasmasphere.

Multipoint measurements performed by the Cluster spacecraft allow us to analyze the spatiotemporal
variability of EN emissions. Unfortunately, the spatial separations of the Cluster spacecraft in the equatorial
region (AMLT < 0.2 h, Ar < 0.2 R;) are generally lower than typical spatial scales of the EN variability, which
does not allow their proper analysis. This is in agreement with the results obtained by Némec et al. [2005],
who evaluated the ratios of the peak amplitudes of EN emissions as a function of their separation in the
equatorial plane. Némec et al. [2005] also reported that the variations of the ratios of EN peak amplitudes
increase with a time delay between the measurements in an interval from tenths to hundreds of minutes.
Our more detailed analysis of EN temporal variability based on the correlation analysis is in agreement with
these former results, at least for EN events observed in the plasmasphere. For EN events observed in the
plasma trough the situation is less clear. The values of correlation coefficients are generally lower than in the
plasmasphere, which is likely in agreement with the absence of EN trapping in the plasma trough region
[Chen and Thorne, 2012]. The absence of EN trapping might also possibly explain the unclear trend of the
correlation coefficient dependence. Assuming that EN is generated simultaneously at several locations, it
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would be seen as one homogenous EN event in the plasmasphere, while the situation in the plasma trough
would be necessarily significantly more variable. Nevertheless, on time scales of about an hour the situation
inside the plasmasphere and in the plasma trough becomes comparable, indicating that this is the typical
time scale corresponding to the change of the source properties.

5. Conclusions

More than 2000 EN events identified in the Cluster spacecraft data during the years 2001-2010 were
analyzed. Frequency-time intervals containing EN emissions were identified using fuzzy logic based on wave
propagation parameters, which allows us to distinguish EN events from other emissions. The analysis of
B-to-E ratios of the observed emissions allowed us to evaluate the plasma number density at the spacecraft
location, which was used to classify the measurements according to whether they were obtained inside or
outside the plasmasphere. The agreement between the obtained plasma number densities and the plasma
number densities determined from the spacecraft potential [Némec et al., 2006] further shows that the
number of frequency-time intervals containing both a significant level of electrostatic emissions and EN
(and thus passing our selection criteria) is small and not important for the performed statistical study. The
total intensity of individual EN events was determined based on the evaluation of the Poynting flux rather
than on the evaluation of only the electric/magnetic field intensity.

It is found that EN emissions have higher frequencies and on average larger total intensities in the plasma
trough than in the plasmasphere. EN events observed in the plasma trough are most intense close to the
local noon, while EN events observed in the plasmasphere are nearly independent on MLT. The intensity of
EN events is enhanced during disturbed periods, both inside the plasmasphere and in the plasma trough.
Our results are consistent with the wave generation in the plasma trough, but a possibility of a part of the
waves being generated in the plasmasphere cannot be excluded. Observations of the same EN events by
several Cluster spacecraft allowed us to estimate their spatiotemporal variability. EN emissions observed in
the plasmasphere do not change on the analyzed spatial scales (AMLT < 0.2 h, Ar < 0.2 R;), but they change
significantly on time scales of about an hour. The same appears to be the case also for EN events observed
in the plasma trough, although the plasma trough dependencies are less clear.
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Abstract Equatorial noise (EN) emissions are electromagnetic wave events at frequencies between the
proton cyclotron frequency and the lower hybrid frequency observed in the equatorial region of the inner
magnetosphere. They propagate nearly perpendicular to the ambient magnetic field, and they exhibit a
harmonic line structure characteristic of the proton cyclotron frequency in the source region. However, they
were generally believed to be continuous in time. We investigate more than 2000 EN events observed by the
Spatio-Temporal Analysis of Field Fluctuations and Wide-Band Data Plasma Wave investigation instruments
on board the Cluster spacecraft, and we show that this is not always the case. A clear quasiperiodic (QP) time
modulation of the wave intensity is present in more than 5% of events. We perform a systematic analysis of
these EN events with QP modulation of the wave intensity. Such events occur usually in the noon-to-dawn
magnetic local time sector. Their occurrence seems to be related to the increased geomagnetic activity, and
it is associated with the time intervals of enhanced solar wind flow speeds. The modulation period of these
events is on the order of minutes. Compressional ULF magnetic field pulsations with periods about double
the modulation periods of EN wave intensity and magnitudes on the order of a few tenths of nanotesla were
identified in about 46% of events. We suggest that these compressional magnetic field pulsations might

be responsible for the observed QP modulation of EN wave intensity, in analogy to formerly reported VLF
whistler mode QP events.

1. Introduction

Equatorial noise (EN) are electromagnetic wave events at frequencies between the proton cyclotron fre-
quency and the lower hybrid frequency, which are routinely observed in the equatorial region of the inner
magnetosphere. They typically occur at radial distances between about 2 and 7 R; and at latitudes within
about 10° from the geomagnetic equator [Laakso et al., 1990; Kasahara et al., 1994; Némec et al., 2005], but in
some exceptional cases they may extend well beyond these limits both in the radial distance and in latitude
[Hrbdckovd et al., 2015]. The emissions have magnetic field fluctuations nearly linearly polarized along the
ambient magnetic field [Santolik et al., 2004], which corresponds to the wave propagation in the extraordi-
nary mode almost perpendicular to the ambient magnetic field. This is also the reason EN events are limited
to frequencies below the lower hybrid frequency, as it is the upper frequency limit for the appropriate wave
mode [Stix, 1992]. In the low-frequency limit the extraordinary mode corresponds to the fast magnetosonic
mode, and EN emissions are thus sometimes called “magnetosonic waves.’

Although EN emissions appeared as unstructured noise when originally identified in low-resolution data
[Russell et al., 1970], later high-resolution measurements revealed that they consist of a complex superpo-
sition of many harmonically spaced lines [Gurnett, 1976]. The fine frequency structure is likely linked to the
proton cyclotron frequency in the source region, and the EN emissions are believed to be generated by
energetic protons with ring-like distribution functions [Curtis and Wu, 1979; Perraut et al., 1982; McClements
and Dendy, 1993; McClements et al., 1994; Horne et al., 2000; Liu et al., 2011; Chen et al., 2011], which were
observed together with the waves [Perraut et al., 1982; Boardsen et al., 1992; Xiao et al., 2013; Ma et al., 2014].

Ray tracing studies show that EN emissions can cross the plasmapause boundary and propagate over a
broad region of magnetic local times (MLTs). This is particularly true inside the plasmasphere, where the
emissions can be effectively trapped by sharp gradients of the refractive index [Chen and Thorne, 2012;
Kasahara et al., 1994; Xiao et al., 2012]. Results of experimental analyses of azimuthal directions of wave
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propagation [Némec et al., 2013a], EN occurrence rate [Hrbdckovd et al., 2015], and EN wave intensities
[Némec et al., 2015] are consistent with these theoretical predictions, and they demonstrate the importance
of the plasmapause boundary for the distribution of EN waves.

Although EN emissions were generally believed to be continuous in time, recent results suggest that some
EN events may exhibit a quasiperiodic (QP) time modulation of the wave intensity; i.e., they may effectively
consist of nearly periodically occurring wave elements [Fu et al., 2014; Boardsen et al., 2014]. Such QP mod-
ulation of wave intensity is known to occur in some VLF whistler mode wave events, and the appropriate
waves are usually called “quasiperiodic emissions” (see, e.g., a review by Sazhin and Hayakawa [1994]). These
emissions, however, typically have frequencies of a few kilohertz, and they are right handed nearly circularly
polarized [Némec et al., 2013b, 2013c]. Their modulation periods can range from some 10 s up to a couple
of minutes [Carson et al., 1965; Smith et al., 1998], and they occur primarily on the dayside [Morrison et al.,
1994; Engebretson et al., 2004; Hayosh et al., 2014]. The generation mechanism of these emissions is still not
entirely understood. However, it seems that the QP modulation of the wave intensity could be caused by
periodic modulations of resonant conditions in the wave generation region governed by compressional ULF
magnetic field pulsations [Chen, 1974; Kimura, 1974; Sato and Fukunishi, 1981; Sazhin, 1987]. In situ measure-
ments of such compressional ULF pulsations associated with VLF whistler mode QP emissions were reported
for the first time by Tixier and Cornilleau-Wehrlin [1986]. More recently, the compressional ULF pulsations
were observed along with VLF whistler mode QP emissions close to the geomagnetic equator [Némec et al.,
2013c, 2014], where the generation region is believed to be located [Sato and Kokubun, 1980; Morrison,
1990]. Boardsen et al. [2014] suggested that ULF magnetic field pulsations might, in analogy to the case of
VLF whistler mode QP emissions, periodically modulate the resonant conditions in the wave generation
region and be thus responsible for the QP modulation of EN events. However, this mechanism seems to
require the ULF pulsations to be strong enough to create sufficiently large periodic variations of the Alfvén
speed to turn-on and turnoff the instability, which the authors considered unlikely.

In the present study we investigate a set of more than 2000 EN events identified in the first 10 years of the
Cluster spacecraft data [Hrbdckovd et al., 2015] for the presence of QP intensity modulation. The identified
events with QP modulation of the wave intensity are systematically analyzed, and the most favorable
conditions for their occurrence, along with a possible generation mechanism, are discussed. The data

set used in the study is described in section 2. The obtained results are presented in section 3. Section 4
contains discussion, and the main results are briefly summarized in section 5.

2. Data Set

Electromagnetic wave data measured by the Cluster spacecraft have been used. The Cluster spacecraft are
moving in a formation along elliptical orbits. They were launched in 2000, and they are still operating after
more than 14 years. The orbital parameters have changed over the duration of the mission. The equatorial
region of the inner magnetosphere, which is of interest for the present study, is typically sampled at radial
distances of a few Earth radii. The spectrum analyzer of the Spatio-Temporal Analysis of Field Fluctuations
(STAFF-SA) instrument placed on board performs multicomponent measurements of electromagnetic waves
in 27 logarithmically spaced channels between 8 Hz and 4 kHz. Spectral matrices are calculated on board
using the three orthogonal magnetic field components and two electric field components in the spin plane
of the spacecraft. The time resolution of the spectral matrices is 4 s (power spectral densities are determined
with a better time resolution of 1 s). The spectral matrices can be used to determine not only the intensity
of observed electromagnetic waves but also their polarization and propagation properties. A detailed
description of the STAFF-SA instrument was given by Cornilleau-Wehrlin et al. [1997, 2003].

Apart from the low-resolution multicomponent STAFF-SA data, high-resolution single-component mea-
surements are performed, during selected time intervals, by the Wide-Band Data (WBD) Plasma Wave
investigation instruments. In the continuous baseband measurement mode relevant for our study, these
provide us with a waveform band-pass filtered in the frequency range of about 70 Hz-9.5 kHz and sampled
with the sampling frequency of 27,443 Hz. The WBD instruments measure a single electromagnetic field
component at a given time. WBD electric field measurements are used in the present study. For these
waveforms, intervals of about 42 s of continuous data are most of the time followed by about 10 s long data
gaps when the magnetic field measurements are being made. A detailed description of the WBD instrument
was given by Gurnett et al. [1997].
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Figure 1. Example of an equatorial noise event with a quasiperiodic modulation of the wave intensity observed by
Cluster 1 on 17 October 2005 between 01:46 UT and 02:40 UT. (a) Frequency-time spectrogram of power spectral density
of magnetic field fluctuations. (b) Frequency-time spectrogram of power spectral density of electric field fluctuations.
(c) Frequency-time plot of the ellipticity of magnetic field fluctuations. (d) Frequency-time plot of the wave normal angle.
The overplotted black curves correspond to the upper estimate of the lower hybrid frequency.

In addition to the STAFF-SA and WBD wave measurements, low-frequency variations of the ambient
magnetic field are measured on board by the fluxgate magnetometers (FGMs). These provide us with the
measurements of the three orthogonal components of the magnetic field [Balogh et al., 1997, 2001]. The
time resolution depends on the mode of the instrument, and it is equal to about 4 s (spin resolution) for
the FGM data used in the present study.

We have used the list of 2229 EN events identified in the first 10 years of Cluster measurements (2001-2010)
by Hrbdckovd et al. [2015]. This list was compiled after a visual inspection of STAFF-SA data from all Cluster
equatorial passages, and it therefore contains all EN events observed by Cluster during the given period of
time. We have plotted frequency-time spectrograms of power spectral densities of magnetic and electric
field fluctuations corresponding to individual EN events from the list. These have been complemented by
frequency-time plots of ellipticity of magnetic field fluctuations and frequency-time plots of wave normal
angles, as these propagation parameters are known to clearly distinguish EN emissions [Santolik et al.,
2004]. The resulting plots were then visually inspected for a possible presence of EN emissions with a QP
modulation of the wave intensity. Altogether, 118 EN events with QP modulation of the wave intensity have
been found. This means that the QP modulation of the wave intensity was identified in about 5% of the
analyzed EN events.

Examples of EN events with QP modulation of the wave intensity are shown in Figures 1 and 2. The event
depicted in Figure 1 was measured by Cluster 1 on 17 October 2005 between 01:46 UT and 02:40 UT.
The event depicted in Figure 2 was measured by Cluster 2 on 27 November 2003 between 02:24 UT and
03:16 UT. The format of both figures is the same. Figures 1a and 2a show frequency-time spectrograms
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Figure 2. Example of an equatorial noise event with quasiperiodic modulation of wave intensity observed by Cluster 2
on 27 November 2003 between 02:24 UT and 03:16 UT. The used format is the same as in Figure 1.

of power spectral density of magnetic field fluctuations. Figures 1b and 2b show frequency-time spectro-
grams of power spectral density of electric field fluctuations. Figures 1c and 2c show frequency-time plots
of ellipticity of magnetic field fluctuations. The values of ellipticity may range from 0 (linear polarization) to
1 (circular polarization). The values of ellipticity expected for EN events are close to 0, corresponding to a
nearly linear polarization of magnetic field fluctuations [e.g., Santolik et al., 2004]. Figures 1d and 2d show
frequency-time plots of wave normal angles calculated using the singular value decomposition of the mag-
netic part of spectral matrices [Santolik et al., 2003]. Wave normal angles may range from 0° (wave vector
oriented along the ambient magnetic field) to 90° (wave vector oriented perpendicular to the ambient mag-
netic field). Wave normal angles expected for EN events are close to 90°, corresponding to the propagation
in the equatorial plane nearly perpendicular to the ambient magnetic field. We note that the ellipticity and
wave normal angles were determined only for frequency-time intervals with the power spectral density of
magnetic field fluctuations larger than 1076 nT? Hz~'.

Taking into account that EN emissions propagate in the extraordinary mode nearly perpendicular to the
ambient magnetic field, they should be limited to frequencies below the lower hybrid frequency [Stix,
1992]. This characteristic frequency depends both on the magnetic field magnitude and the plasma number
density. However, its upper estimate (high-density limit, which is approximately valid for our case) can be
obtained using exclusively the magnetic field magnitude as the geometric average of proton and electron
cyclotron frequencies. These upper estimates of the lower hybrid frequencies are overplotted by the black
curves in individual panels of Figures 1 and 2.

Two different types of waves with large intensities and propagation parameters corresponding to those
expected for EN can be seen in Figures 1 and 2. First, there are waves at lower frequencies, which are
continuous in time and correspond to normal EN events. Second, there are periodically repeating elements
at higher frequencies, corresponding to EN with QP modulation of the wave intensity. These are the events
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Figure 3. (a) Locations of equatorial noise events with a quasiperiodic modulation of the wave intensity projected on
the geomagnetic equatorial plane are shown by the black square symbols. The X and Y axes are in solar magnetic
coordinates. The thick solid circle in the middle corresponds to the Earth's surface. Thinner concentric circles correspond
to L shells of 2, 4, and 6. (b) Occurrence rate of equatorial noise events with a quasiperiodic modulation of the wave
intensity is shown by the red line as a function of magnetic local time. Total occurrence rate of equatorial noise events
identified in the Cluster data by Hrbdckovd et al. [2015] is shown by the black line as a function of magnetic local time.
Note that the occurrence rates were calculated from the number of events in each magnetic local time bin using the
normalization by the total number of equatorial passages of the Cluster spacecraft at L < 10 in a given magnetic local
time bin.

which we focus on in the present paper. We note that the occurrence of the EN emissions with QP mod-
ulation of the wave intensity at frequencies slightly higher than those of normal continuous EN is a pure
coincidence. Out of the total 118 EN events with QP modulation of the wave intensity, 44 events are
observed without any continuous EN counterpart, 39 events are observed at frequencies higher than the
simultaneously observed continuous EN, 23 events are observed at frequencies lower than the simulta-
neously observed continuous EN, and in 12 events there are continuous EN emissions both at higher and
lower frequencies. It is also noteworthy that while the QP elements occur during all the analyzed time inter-
val in Figure 1 with approximately the same intensity, their intensity is visibly lower in the equatorial region
in Figure 2.

3. Results

Locations of identified EN events with QP modulation of the wave intensity projected on the geomagnetic
equatorial plane are shown in Figure 3a by black square symbols. The thick solid circle in the middle cor-
responds to the Earth's surface. The thinner concentric circles correspond to L shells of 2, 4, and 6, inner to
outer, respectively. The positive values on the x axis (toward the left) correspond to the orientation toward
the Sun. The negative values on the y axis (top) correspond to dawn, and the positive values on the y axis
(down) correspond to dusk. It can be seen that EN events with QP modulation of the wave intensity occur
predominantly in the noon sector and extend toward the dawn rather than toward the dusk. This is con-
firmed in Figure 3b, where the occurrence rate of EN events with QP modulation of the wave intensity is
shown by the red line as a function of MLT. In order to verify how this distribution differs from the MLT dis-
tribution expected for normal EN events, the MLT distribution of all EN events identified in the Cluster data
by Hrbdckovd et al. [2015] is overplotted by the black line. Although the occurrence of normal EN emis-
sions itself exhibits a maximum close to the local noon, it is clear that the noon maximum corresponding
to EN events with QP modulation of the wave intensity is much sharper, with the noontime occurrence rate
being about 4 times higher than the nighttime occurrence rate. Note that the occurrence rates in Figure 3b
were calculated from the number of events in each MLT bin using the normalization by the total number of
equatorial passages of the Cluster spacecraft at L < 10 in a given MLT bin of 2 h.

Having investigated the MLT distribution of EN events with QP modulation of the wave intensity, we focus
on determining the most favorable conditions for them to occur. For this purpose, we have used the
superposed epoch analysis; i.e., we have investigated mean/median dependencies of selected controlling
parameters as a function of time relative to the central times of the events. Figure 4a shows the median
value of the Kp index as a function of time relative to the times of EN events with QP modulation of the
wave intensity in red. The increase of the median value of the Kp index about 2 days before the times of the
events, which lasts until the event occurrence, indicates that the event occurrence is related to the periods
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Figure 4. (a) Median value of Kp index as a function of time relative to time of the events. The results obtained for
equatorial noise events with a quasiperiodic modulation of the wave intensity are shown in red. The results obtained for
all equatorial noise events identified in the Cluster data by Hrbdckovd et al. [2015] are shown in black. (b) The same as in
Figure 4a but for the median value of solar wind flow speed.

of increased geomagnetic activity. In order to demonstrate that this is not the case for EN events, in general,
the same results obtained for all EN events from the list of Hrbdckovd et al. [2015] are plotted in black.

No particular dependence of the geomagnetic activity on the time relative to the times of EN events can
be seen in this case. On the other hand, the EN occurrence rate increases with the geomagnetic activity
[Hrbdckovd et al., 2015]. This increase, however, appears to be related to the long-term evolution of the geo-
magnetic activity (solar maximum versus solar minimum) rather than to the short-term variations expressed
by instantaneous values of Kp index analyzed in Figure 4a. The same conclusion is confirmed when using
other geomagnetic activity indices, such as Dst or AE, and mean values in place of medians (not shown).

Apart from the analysis of the role of the geomagnetic activity indices, we have used the superposed epoch
analysis to identify most favorable solar wind parameters for the events to occur. Solar wind OMNI data have
been used (http://omniweb.gsfc.nasa.gov). Out of the investigated solar wind parameters (plasma number
density, flow speed, dynamic pressure, interplanetary magnetic field B, component), by far the strongest
relation was found between the event occurrence and the solar wind flow speed. The obtained results are
shown in Figure 4b using the same format as in Figure 4a. It can be seen that the occurrence of EN events
with QP modulation of the wave intensity is statistically related to faster solar wind flows. The median flow
speeds shortly before the times of event occurrence reach more than 500 km/s. Similar to Figure 4a, no such
dependence is observed for normal EN events. This indicates that the effect is related exclusively to the
events with QP modulation of the wave intensity.

Following the analysis performed by Némec et al. [2013c] for VLF whistler mode QP emissions at frequencies

of a few kilohertz, we manually identified beginning and ending frequencies and times of each of the

elements forming EN events with QP modulation of the wave intensity. This has been used to determine
the modulation period of the events,

50F T T T T T which is defined as the median time
separation between consecutive QP
40f 3 elements [Némec et al.,, 2013c]. A
% : E histogram of obtained modulation
% 305_ _ periods is shown in Figure 5. We
S 3 note that the modulation periods
g 20k 3 were evaluated for all Cluster obser-
E E vations separately; i.e., the same
= 10 _ _ event observed by several Cluster
: E spacecraft was considered as several
0 : | ) ) E independent events. However, con-
0 1 2 3 4 5 sistent with the results obtained by
Modulation Period (min) Némec et al. [2013b, 2013¢], it is found
Figure 5. Histogram of modulation periods of equatorial noise events that if a single event is observed
with a quasiperiodic modulation of the wave intensity. by several Cluster spacecraft, the
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Figure 6. (a) The same as Figure 1a. (b) Deviation of the magnetic field magnitude from the background value (see text).

modulation periods and the overall appearance of the events observed by individual spacecraft are
approximately the same (not shown). Figure 5 shows that the modulation periods of the identified events
are generally on the order of minutes, with most of the events having modulation periods between 1 and

2 min. It is, however, possible that the lack of events with shorter modulation periods is a result of the visual
identification of events. Taking into account that whole EN events were plotted during the identification,
which corresponds to time intervals of a few tens of minutes, a very fine modulation of the wave intensity at
periods lower than 30 s would not be identified.

Theories that attempt to explain the origin of VLF whistler mode QP emissions are often based on compres-
sional ULF pulsations of magnetic field, which periodically change the resonant conditions in the source
region [Coroniti and Kennel, 1970; Kimura, 1974; Sazhin, 1987]. Such compressional ULF pulsations were
recently observed along with VLF whistler mode QP emissions close to the equatorial plane [Némec et al.,
2013c, 2014], and it was shown that their period corresponds to the modulation period of QP emissions
within a factor of 2. It is thus of interest to verify whether similar compressional ULF pulsations occur also at
the times of EN events with QP modulation of the wave intensity. As discussed by Néemec et al. [2014], the
magnetic field varies significantly over the analyzed time periods due to the spacecraft movement, and the
mean variation of the magnetic field magnitude thus needs to be subtracted in order to reveal a possible
presence of rather weak compressional ULF pulsations. We have adopted the approach used by Némec et al.
[2014]; i.e., we have subtracted the mean trend determined using the Savitzky-Golay smoothing filter of the
second order with the length of 128 points (i.e., about 8.5 min).

The resulting deviations of the magnetic field magnitude from the background value were investigated for
all 118 EN events with QP modulation of the wave intensity. Compressional ULF pulsations were identified
in 54 events, i.e., in about 46%. An example of ULF pulsations which occurred at the time of the example
event from Figure 1 is shown in Figure 6. Figure 6a is the same as Figure 1; i.e., it shows the frequency-time
spectrogram of power spectral density of magnetic field fluctuations measured by the STAFF-SA instru-
ment. The compressional ULF magnetic field pulsations observed during the given time interval are shown
in Figure 6b. Magnitudes of the pulsations are on the order of a few tenths of nanotesla, consistent with
the magnitudes of compressional ULF pulsations detected at the times of VLF whistler mode QP emissions
[Némec et al., 2013c, 2014]. It can be seen that the period of these pulsations is larger than the modulation
period of the EN event in this particular case. However, as the nature of these pulsations is not strictly har-
monic, their period cannot be calculated directly by applying the Fourier transform. Instead, we determine
their period as the median time separation of peaks in the magnetic field magnitude [Némec et al., 2013c]. It
is found that for this particular event the period of compressional ULF pulsations is about 6.6 min, while the
modulation period of EN intensity is about 3.4 min.

We note that the observations of compressional ULF magnetic field pulsations along with EN events with
QP modulation of the wave intensity do not necessarily imply that the two phenomena are related. It is
especially noteworthy that while the modulations of EN wave intensities show, in general, very regular
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Figure 7. Modulation period of equatorial noise events with
quasiperiodic modulation of the wave intensity as a function
of the period of ULF magnetic field pulsations observed
during the same time intervals. The solid diagonal line
corresponds to the situation of the wave intensity modula-
tion period being the same as the period of ULF magnetic
field pulsations. The dashed lines above and below the solid
black line correspond to the situation of the wave intensity
modulation period being equal to twice the period of ULF
magnetic field pulsations and to half the period of ULF
magnetic field pulsations, respectively.

periodicities, the waveforms of compressional

ULF pulsations are typically rather irregular. There
is thus no one-to-one correlation between the
individual elements of EN emissions and the
peaks/valleys of the ULF pulsations. This could
indicate that the two phenomena are not related,
and their frequent simultaneous observations

are a pure coincidence. The disagreement in the
observed periodicities might be, however, possibly
explained by the spacecraft movement during the
observation. Namely, even if the compressional
ULF pulsations were perfectly harmonic, a moving
spacecraft would see pulsations with varying
period, depending on its position on the magnetic
field line (see, e.g., Takahashi et al. [1987], Korotova
et al. [2013], and a more detailed discussion in
section 4).

It is thus of interest to verify the relation between
the modulation periods of EN events and the
periods of simultaneously observed compressional
ULF magnetic field pulsations in a systematic
manner. The obtained results are presented in
Figure 7, which shows the modulation period of EN
events with QP modulation of the wave intensity

as a function of the period of ULF magnetic field
pulsations observed during the appropriate time intervals. The solid diagonal line corresponds to the
situation of the EN modulation period being the same as the period of the ULF magnetic field pulsations.
The dashed lines above and below the solid black line correspond to the situation of the EN modulation
period being equal to twice the period of the ULF magnetic field pulsations and to half the period of the
ULF magnetic field pulsations, respectively. It can be seen that although the scatter of the data points is
rather large, the two periods appear to be correlated. The value of the Spearman rank correlation coefficient
is equal to about 0.35, and the correlation is 99% significant. However, the two periods are generally not
equal, but the period of ULF magnetic field pulsations appears to be on average about twice larger than the
modulation period of EN wave intensity. We will discuss this relation more in detail in section 4.

Although called “noise,” EN events are known to exhibit a fine harmonic structure, which is likely related
to the proton cyclotron frequency in the source region. This fine frequency structure cannot be seen in
the low-resolution STAFF-SA data, but it can be identified in the high-resolution WBD data [Santolik et al.,
2002]. It is crucial to verify whether EN emissions with QP modulation of the wave intensity also exhibit
such harmonic structure. This would directly point to the same generation mechanism, i.e., the instability
of ring-like proton distribution functions in the source region [Xiao et al., 2013; Ma et al., 2014]. The
high-resolution WBD data are available for 17 out of 118 EN events with QP modulation of the wave
intensity. Detailed frequency-time spectrograms of power spectral density of electric field fluctuations
measured by the WBD instrument were analyzed for all these events, and the presence of a harmonic line
structure was confirmed in all of them. An example of such a high-resolution frequency-time spectrogram
of power spectral density of electric field fluctuations is shown in Figure 8a. The data were measured by
Cluster 2 on 23 August 2003 between 23:16 UT and 23:37 UT. We note that cyclic 42 s data intervals of
the electric field measurements have been dilated across 10 s data intervals where the magnetic field had
been measured instead. Several QP elements with clearly distinguishable harmonic line structure can be
seen. Figure 8b shows the frequency-time plot of the ellipticity of magnetic field fluctuations measured by
the STAFF-SA instrument during the same time interval, demonstrating that the waves are indeed linearly
polarized. Following the approach used in Figures 1 and 2, the values of ellipticity were evaluated only

in the frequency-time intervals with power spectral density of magnetic field fluctuations larger than
1076 nT2 Hz~'. We note that this event represents an example of purely QP modulated EN, with no contin-
uous counterpart. We also note that the individual elements forming the event have a form of rising-tone
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Figure 8. Example of an equatorial noise event with a quasiperiodic modulation of the wave intensity observed by
Cluster 2 on 23 August 2003 between 23:16 UT and 23:37 UT, when the high-resolution WBD data were available.

(a) Frequency-time spectrogram of power spectral density of electric field fluctuations. (b) Frequency-time plot of the
ellipticity of magnetic field fluctuations.

structures (positive sweep rates). This seems to be a common feature of both EN events with QP modulation
of the wave intensity (see also case studies by Fu et al. [2014] and Boardsen et al. [2014]) and VLF whistler
mode QP emissions [see, e.g., Hayosh et al., 2014], and it will be discussed more in detail in section 4.

4. Discussion

It has been found that about 5% of EN events observed by the Cluster spacecraft exhibit QP modulation of
the wave intensity. This means that the events of this type are surprisingly common, especially when one
considers the high occurrence rate of EN events, which is about 60% of Cluster equatorial perigee passages
[Santolik et al., 2004].

EN events with QP modulation of the wave intensity were visually identified in the list of all EN events
observed by the Cluster spacecraft during the first 10 years of operation [Hrbdckovd et al., 2015]. As the
frequency-time spectrograms of the entire individual EN events were analyzed during the identification
process, i.e., the time interval of a few tens of minutes was plotted at a single time, we would have likely
missed any events with modulation periods less than about 30 s. We believe that this imperfect event
identification might be possibly responsible for the lack of events with shorter modulation periods in
Figure 5. The identified modulation periods on the order of minutes are thus comparable with modulation
periods of VLF whistler mode QP emissions observed by the Cluster spacecraft [Némec et al., 2013c]. It is also
noteworthy that the two EN events with QP modulation of the wave intensity reported by Fu et al. [2014]
using Time History of Events and Macroscale Interactions during Substorms data and the event reported by
Boardsen et al. [2014] using Van Allen Probes data have periods consistent with this range.

EN events with QP modulation of the wave intensity are often observed along with normal continuous EN
events. They may have frequencies below or above, with no pattern clearly identifiable in our data set. We
believe that these simultaneous observations might be at least in some cases explained by the emissions
being generated independently at different locations and only arriving at the spacecraft at the same time.
Another curious observation is that the wave propagation parameters of EN events with QP modulation of
the wave intensity are sometimes not strictly those expected for EN. Namely, it appears that they do not
propagate always strictly perpendicular to the ambient magnetic field, having a nonnegligible parallel
component of the wave vector. This might possibly explain the lower intensity of QP modulated EN waves
in the equatorial region observed in Figure 2. Specifically, the waves, although probably generated at

the equator, might deviate from it during the propagation from the generation region to the observing
spacecraft. This can be contrasted with normal continuous EN events, which typically have intensity maxima
exactly at the magnetic equator [Némec et al., 2006].
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The events are found to occur primarily in the noon-to-dawn MLT sector. This MLT distribution is consistent
with the primarily dayside occurrence of VLF whistler mode QP emissions [Morrison et al., 1994; Engebretson
et al., 2004] and with the occurrence of harmonic field line oscillations in the Pc3-Pc4 frequency range
[Takahashi and McPherron, 1982], which we suggest might be responsible for the QP modulation of the
wave intensity. The observations of ULF compressional magnetic field pulsations at the times of 54 events
seem to support this hypothesis. The absence of the observations of compressional ULF magnetic field
pulsations in the remaining 64 EN events with QP modulation of the wave intensity can be explained by
the propagation of EN emissions. Taking into account that they may propagate from distant source regions
[Santolik et al., 2002], it is well possible that the compressional pulsations were present in the regions of
their generation, while being absent at the observation points. We note that these experimental results
do not exclude the possibility that the ULF magnetic field pulsations and EN events with QP modulation
of the wave intensity are two unrelated phenomena, and their frequent simultaneous observations are a
pure coincidence. However, the hypothesis of the ULF pulsations being responsible for the QP modulation
of EN is tempting. It would explain both the primarily daytime occurrence of the events, and their relation
to the increased solar wind speeds, as these can serve as external source of harmonic field line oscillations
[e.g., Takahashi et al., 1984].

As for the relation between the periods of compressional ULF magnetic field pulsations and the periods of
QP modaulation of EN wave intensity, periods of compressional ULF magnetic field pulsations appear to be
systematically larger, on average, by a factor of about 2. This relation is similar to one of the VLF whistler
mode QP events reported by Némec et al. [2014], and it may be possibly explained in the same way. The
basic idea is the one used in the model by Takahashi et al. [1987] to explain nonsinusoidal waveforms of
compressional ULF magnetic pulsations observed by spacecraft in the equatorial region of the magneto-
sphere [Higuchi et al., 1986], which was shown to be in excellent agreement with observations. They started
with an antisymmetric standing wave model for a compressional wave (node at the magnetic equator). Then
they extended this model by assuming that the equatorial node is not stationary, but its position harmon-
ically varies with the period equal to the period of the compressional wave. Such a simple extension of the
model results in the magnetic field waveform being significantly dependent on the position of the observer
[see Takahashi et al., 1987], Figure 2), which can possibly explain irregular waveforms of the ULF pulsations
observed by the Cluster spacecraft at the times of EN events with QP modulation of the wave intensity.

It is important to note that according to the model of Takahashi et al. [1987], an observer located exactly

at the geomagnetic equator would see two compressions per cycle. This directly stems from the equations
given by Takahashi et al. [1987], but it can be also understood intuitively using a schematic picture provided
by Korotova et al. [2013] (see their Figure 6). Specifically, imagine the node located in the north at a time in
the wave cycle when the region south of it is compressed. If the node moves southward in phase with the
wave, an observer at the geomagnetic equator would see another compression when the field north of the
node is compressed. Assuming that the generation region of EN is located exactly at the magnetic equator
[Némec et al., 2006], the generation region would thus effectively “see” the compressions with half the real
period of ULF pulsations. The exact shape of the ULF magnetic waveform observed by the spacecraft then
depends on its movement with respect to the node.

The obtained results show that EN emissions with QP modulation of the wave intensity are in many aspects
remarkably similar to VLF whistler mode QP emissions. This suggests that the modulation mechanism
might be analogous for both types of emissions but acting at different frequencies and in different wave
modes. However, a theoretical model which would confirm this hypothesis is still to be developed. Most
importantly, the observed amplitudes of compressional ULF magnetic field pulsations are rather small, and
it remains to be verified whether they may or they may not efficiently modulate the resonant conditions in
the source region. A crude estimate based exclusively on the modulation of the Alfvén speed would suggest
that they may not [Boardsen et al., 2014], but a more refined theory is clearly needed to investigate this
possibility properly.

Another possible generation mechanism of EN events with QP modulation of the wave intensity suggested
by Boardsen et al. [2014] is an analogy with the electron cyclotron maser [Trakhtengerts, 1995; Pasmanik

et al., 2004a, 2004b]. The mechanism is based on the periodic evolution of the particle distribution in the
source region due to the interplay between the wave instability and external particle sources. Importantly,
it does not require the presence of magnetic field pulsations to operate, and it can therefore be used to
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explain the observations of VLF whistler mode QP emissions of the so-called type 2, i.e., the emissions for
which no corresponding magnetic field pulsations were observed [Sato et al., 1974; Sato and Kokubun,
1980, 1981; Sato and Fukunishi, 1981]. Nevertheless, type 1 (with magnetic field pulsations) and type 2
(without magnetic field pulsations) VLF whistler mode QP emissions were classified using ground-based
observations. However, Tixier and Cornilleau-Wehrlin [1986] analyzed simultaneous observations on board
a satellite and on the ground, and they proposed that QP emissions of type 1 and of type 2 may actually be
the same phenomenon. The point is that the ULF magnetic pulsations may be always present in the source
region, but they make it to the ground only if their period corresponds to the eigenfrequency of a given
field line. In any case, the electron cyclotron maser analogy suggested by Boardsen et al. [2014] seems to be
a plausible mechanism for the generation of EN events with QP modulation of the wave intensity. A more
elaborated theory of this analogy is, however, again needed.

The third possible mechanism of the generation of EN events with QP modulation of the wave intensity was
suggested by Fu et al. [2014]. They used an analogy with the nonlinear wave-particle interactions involved
in the generation of wave elements of both chorus [Omura and Summers, 2006] and electromagnetic ion
cyclotron [Omura et al., 2006] waves, and they suggested that a similar nonlinear mechanism might be
responsible for the generation of individual EN elements. However, in our understanding this generation
mechanism would probably not be consistent with the fine harmonic structure of EN emissions, which
persists even in the QP modulation.

The last point that we would like to comment concerns the observed rising-tone structures (positive sweep
rates) of individual QP elements forming the modulated EN events. Interestingly enough, this feature
seems to be consistent with most VLF whistler mode QP emissions [Hayosh et al., 2014]. As pointed out by
Boardsen et al. [2014], this is at least partially due to the dispersion. Specifically, the group velocity of EN
emissions decreases with increasing frequency, and it reaches zero at the lower hybrid frequency. Assuming
that the waves are not observed exactly at their source region, this results in lower frequency parts of QP
elements arriving to the observer sooner than the higher-frequency parts of QP elements, forming thus
rising-tone structures [see Boardsen et al., 2014, Figure 1]. However, the authors concluded that this effect
is likely not sufficient to explain the observed time delays of the event they analyzed; i.e., the rising-tone
structure is probably generated already in the source region. This would be the case both for the nonlinear
wave-particle interaction mechanism suggested by Fu et al. [2014] and for the electron cyclotron maser
analogy suggested by Boardsen et al. [2014]. The modulation mechanism based on compressional ULF
magnetic field pulsations was argued by Boardsen et al. [2014] to produce rising-tone structures only for
unrealistically large ULF wave amplitudes. However, we again note that a more refined theory is needed to
investigate this condition properly.

Since the generation of EN emissions has been recently extensively studied [Chen et al., 2010; Liu et al.,
2011; Xiao et al., 2013; Ma et al., 2014], we believe that a full theoretical explanation of the origin of the QP
modulation might be found in the near future.

5. Conclusions

Although EN events were generally believed to be continuous in time, we have shown that about 5% of
more than 2000 EN events detected by Cluster between 2001 an 2010 exhibit a QP modulation of the wave
intensity. We have performed a systematic analysis of EN events with this QP modulation. The events were
found to occur usually in the noon-to-dawn MLT sector. Moreover, we have shown that the events occur
predominantly in relation to the enhanced geomagnetic activity and particularly during the time intervals
of increased solar wind flow speed. These occurrence characteristics are similar to the ones of harmonic
field line oscillations in the Pc3-Pc4 frequency range. Modulation periods of the events were generally on
the order of minutes. Compressional ULF magnetic field pulsations were identified at the times of about
46% of the events. Their periods were typically about double the modulation periods of EN events, and their
magnitudes were on the order of a few tenths of nanotesla. We have suggested that these compressional
magnetic field pulsations might be responsible for the observed QP modulation of EN intensity, in analogy
to the VLF whistler mode QP events at frequencies of a few kilohertz. However, we note that it is only a
hypothesis, and a full theoretical explanation of the origin of these events is still missing. Most importantly,
the suggested generation mechanisms based on nonlinear wave-particle interactions [Fu et al., 2014] and
an analogy with the electron cyclotron maser [Boardsen et al., 2014] should not be ruled out but carefully
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verified. The analysis of 17 events for which high-resolution WBD data were available revealed that EN
emissions with QP modulation of the wave intensity exhibit a harmonic line structure similar to normal
continuous EN events. This clearly suggests that the generation mechanism of QP modulated EN is tightly
related to the generation mechanism of normal continuous EN, i.e., the instability of ring-like proton
distribution functions. Finally, the individual QP elements forming the events have rising-tone structures
(positive sweep rates), which is an additional characteristic that should be considered when developing a
theoretical model for these emissions. Although it is far beyond the scope of the presented observational
paper, we optimistically believe that such a model might be developed by the scientific community in the
near future.
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B Seznam pouzitych zkratek

DSN (Deep Space Network) — mezindrodn{ sit pozemnich stanic agentury NASA
prijimajicich data z druzic

EFW (Electric Field and Wave) — pfistroj umistény na druzici Cluster méfici
elektrické pole

ELF (Extra Low Frequency) — udava frekvenéni rozsah vin od nékolik Hz po
nekolik stovek Hz

ESA (European Space Agency) — evropské kosmickd agentura

FGM (FluxGate Magnetometer) — ptistroj umistény na druzici Cluster pouzivany
pro méreni okolniho magnetického pole

GSE (Geocentric Solar Ecliptic) — soutadnd soustava (osa z sméfuje ke Slun-
ci a osa z je kolmd k roviné ekliptiky)

MLT (Magnetic Local Time) — magneticky lokalni cas

NASA (National Aeronautics and Space Administration) — americkd kosmicka
agentura

OR (occurrence rate) — pravdépodobnost vyskytu

PSD (Power Spectral Density) — vykonova spektralni hustota

QP (quasiperiodic) — kvaziperiodicka emise

RS - rovnikovy sum (elektromagneticks vina)

STAFF(-SA) (Spatio-Temporal Analysis of Field Fluctuation(-Spectral Ana-
lyzer)) — pristroj umistény na druzici Cluster poskytujici data s vykonovou spek-
tralni hustotou magnetického a elektrického pole

SVD (Singular Value Decomposition) - singularni rozklad matice [87]

UT (Universal Time) - svétovy ¢as

VLF (Very Low Frequency) — uddva frekvencni rozsah vin od nékolik stovek
Hz po nékolik kHz

WBD (Wide-band Data) — ptistroj umistény na druzici Cluster poskytujici data
s vysokym frekvencnim a ¢asovym rozliSenim

WHISPER (Waves of HIgh frequency and Sounder for Probing of Electron
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density by Relaxation) — ptistroj umistény na druzici Cluster poskytujici infor-
mace o hustoté okolniho plazmatu
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