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š́ı̌rek

Katedra fyziky povrch̊u a plazmatu
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Abstrakt: Předkládaná disertačńı práce je založena na analýze elektromagne-
tických emiśı rovńıkového šumu (RŠ). Tyto vlny se pohybuj́ı v bĺızkosti geomagne-
tického rovńıku na frekvenćıch mezi protonovou cyklotronovou a spodńı hybridńı
frekvenćı. Použitá data byla naměřena na 4 družićıch Cluster v obdob́ı od ledna
2001 do prosince 2010. Pro celkovou statistickou analýzu emise jsme využili dat
z př́ıstroje STAFF-SA, který poskytoval nepřetržité měřeńı. Pro vizuálńı identifi-
kaci RŠ jsme sestavili 3 výběrová kritéria, pomoćı kterých jsme vytvořili databázi
v́ıce jak 2000 emiśı. Ukázali jsme, že RŠ se vyskytoval téměř v celém rozsahu
zkoumaných vzdálenost́ı (L ∼ 1 až L ∼ 10, kde L znač́ı McIlwain̊uv parame-
tr) s maximem mezi L = 3 a L = 5,5. Pr̊uběh pravděpodobnosti výskytu RŠ
v závislosti na magnetickém lokálńım čase vykázal v oblasti mimo plazmosféru
významné zvýšeńı v odpoledńım sektoru. V plazmosféře byla naopak zazna-
menána jen slabá závislost. Dále jsme se zaměřili na vnitřńı strukturu RŠ, pro
kterou jsme využili dat s lepš́ım časovým i frekvenčńım rozlǐseńım z př́ıstroje
WBD. V datech jsme nalezli 342 emiśı, kde pouze 177 z nich splňovalo podmı́nku
viditelnosti v́ıce jak 4 spektrálńıch čar a mohlo být dále vizuálně analyzováno.
Z frekvenčńı vzdálenosti jednotlivých spektrálńıch čar byla vypočtena radiálńı
vzdálenost zdroje, která pro většinu emiśı ležela kolem L ∼ 4,4.
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Title: Spacecraft observations of waves in low-latitude magnetospheric plasma

Author: Zuzana Sochorová
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Abstract: The present doctoral thesis is based on the analysis of the electromagne-
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2.1.2 Plazmosféra . . . . . . . . . . . . . . . . . . . . . . . . . . 8
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2.2.1.3 Mimořádný mód . . . . . . . . . . . . . . . . . . 13
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1. Úvod

Výzkum a využit́ı elektromagnetických vln jsou nezanedbatelnou součást́ı fyziky.
Jejich existenci ve 30. letech 19. stolet́ı poprvé předpověděl významný anglický
fyzik Michael Faraday a o několik deśıtek let později teoreticky popsal jeho krajan
James Clerk Maxwell, který shrnul zákonitosti elektromagnetického pole do čtyř,
na jeho počest pojmenovaných, Maxwellových rovnic. Z těchto základńıch rovnic
vycháźı teoretické výpočty a modely týkaj́ıćıch se š́ı̌reńı elektromagnetických vln.
Velmi zaj́ımavý speciálńı př́ıpad pak tvoř́ı vlny š́ı̌ŕıćı se v plazmatu.

Plazma, někdy nazývané čtvrté skupenstv́ı hmoty, je ionizovaný plyn, který
vykazuje kolektivńı chováńı a kvazineutralitu. Plazma v zemské magnetosféře, ve
kterém se nadále budeme pohybovat, má naprosto odlǐsnou hustotu od plazmatu,
se kterým se setkáváme v laboratoř́ıch či ve hvězdách. Nav́ıc i ta se v r̊uzných
oblastech velmi lǐśı, např. elektronová hustota může v některých částech magne-
tosféry dosahovat hodnot 106 částic v cm3 a nebo naopak klesnout až na méně jak
jednu částici v cm3. Vlny jsou v plazmatu velmi d̊uležité, nebot’ přenáš́ı energii
mezi dvěma mı́sty. Mohou ji dokonce vynést ven a nebo naopak celkovou energii
plazmatu zvýšit. Jelikož plazma je tvořeno minimálně dvousložkovou tekutinou,
může se v něm š́ı̌rit mnoho typ̊u vln v mnoha módech.

Obrázek 1.1: Ilustračńı obrázek dvou Van Allenových radiačńıch pás̊u s př́ıkladem
družic a satelit̊u, které se vyskytuj́ı v jejich bĺızkosti. Převzato z www.nasa.gov a
následně upraveno.

Kolem Země nyńı krouž́ı v́ıce jak 1000 aktivńıch satelit̊u, které maj́ı široké
spektrum zaměřeńı – zajǐst’uj́ı navigaci, telefonńı či televizńı signály, monito-
ruj́ı úrodu či suché oblasti, pomáhaj́ı v předpovědi počaśı, v národńı obraně a
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v neposledńı řadě slouž́ı k vědeckým účel̊um. Mnohé z těchto družic se pohybuj́ı
v oblastech, které mohou být velmi ovlivňovány nebo naopak samy ovlivňuj́ı cel-
kovou dynamiku magnetosféry. Velmi dynamickou část tvoř́ı např. Van Allenovy
radiačńı pásy, které jsou zobrazeny na obrázku 1.1 i s př́ıklady družic s r̊uzným
zaměřeńım pohybuj́ıćıch se v jejich bĺızkosti.

V této práci se zabýváme výzkumem jednoho typu elektromagnetických vln,
které se vyskytuj́ı v oblasti Van Allenových radiačńıch pás̊u a které jsou oz-
načované jako rovńıkový šum. Jejich teoretický popis, včetně jeho významu pro
dynamiku výše zmı́něných pás̊u, je rozebrán v kapitole 3. V předchoźı kapito-
le 2 jsou kvantitativně rozebrány r̊uzné části magnetosféry i s jejich př́ıpadným
vlivem na jej́ı dynamiku. Dále se v této kapitole věnujeme teoretickému popisu
elektromagnetických vln, jejich š́ı̌reńı, vzniku a útlumu. V kapitole 4 je představen
projekt Cluster a dále jsou zde popsány některé př́ıstroje, jejichž data jsme použili
při analýze. Ćıle jsou přehledně vyjádřeny v kapitole 5 a v posledńıch kapitolách
6 a 7 jsou uvedeny a shrnuty výsledky, ke kterým jsme v pr̊uběhu analýzy došli.

Ještě než se budeme plně věnovat daľśımu textu, řekněme si d̊uležité informace
k použitým zkratkám a některým pojmům. V následuj́ıćım textu jsou ve většině
př́ıpad̊u použity zkratky a některé pojmy odpov́ıdaj́ıćı anglickým originál̊um, ne-
bot’ většina pojmů je do češtiny překládána intuitivně a někdy zcela neodpov́ıdá
skutečnosti a nebo pro ně překlad ani neexistuje. Plná jména sice pro lepš́ı jednot-
nost textu budeme uvádět v češtině, avšak odpov́ıdaj́ıćı zkratky jsou použ́ıvány
anglické. Pro čtenáře tak bude i jednodušš́ı se zorientovat v př́ıslušné anglické
literatuře. Jednou z výjimek je zkratka pro emisi rovńıkový šum a to hlavně z to-
ho d̊uvodu, že vědecká obec použ́ıvá pro tuto emisi v r̊uzných článćıch několik
r̊uzných označeńı.
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2. Magnetosféra Země

Prvńım náznakem existence zemského magnetického pole byla možnost určováńı
směru pomoćı kompasu, jehož vlastnost ukazovat jih nebo sever je datovaná již
do starověké Č́ıny 11. stolet́ı. V daľśıch stalet́ıch postupně přibývaly daľśı d̊ukazy
a znalosti o jeho existenci [1]. Pozemńı pozorováńı geomagnetického pole doplnil
v 50. letech 20. stol. výzkum magnetosféry pomoćı raket. V 60. letech přǐsel ob-
rovský rozmach družicového měřeńı, který pokračuje dodnes a s ńım i detailněǰśı
znalosti o magnetosférických oblastech a v nich prob́ıhaj́ıćıch jevech.

Zemské magnetické pole lze v prvńım přibĺıžeńı považovat za dipólové. Otáz-
kou je, co se stane, pokud toto dipólové pole ve vakuu najednou vystav́ıme ply-
nulému toku nabitých částic pocházej́ıćıch ze Slunce. Tato zdánlivě jednoduchá
otázka se ve výsledném měř́ıtku stává mnohem komplexněǰśı, než se na prvńı po-
hled zdálo. Ani s dnešńı poč́ıtačovou technikou nejsme schopni vypoč́ıtat pohyb
přibližně 1032 částic přicházej́ıćıch ve slunečńım větru a interaguj́ıćıch se zem-
ským magnetickým polem. Namı́sto toho se ke slunečńımu větru přistupuje jako
k tekutině a vzniklé rovnice se řeš́ı v oboru nazvaném magnetohydrodynamika
(MHD) [2], kterému se zde však dále věnovat nebudeme.

Obrázek 2.1: Dvojrozměrný pohled na oblasti zemské magnetosféry. Převzato
z http://space.rice.edu/IMAGE/ a následně upraveno.

2.1 Uspořádáńı zemské magnetosféry

Přibližný nástin tvaru a polohy oblast́ı magnetosféry, o kterých se budeme v této
kapitole zmiňovat, je zhruba vyobrazen na obrázku 2.1. Meziplanetárńı magne-
tické pole, které je od Slunce unášeno slunečńım větrem, může při splněńı určitých
podmı́nek interagovat se zemským magnetickým polem. Tento jev je znám jako
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přepojováńı magnetických siločar a zp̊usobuje mnohé částicové, energetické či jiné
změny v magnetosféře.

Hranice mezi slunečńım větrem a magnetosférou Země je tvořena magneto-
pauzou (Magnetopause), poprvé detailně prozkoumanou sondou Explorer 12 [1].
Tato hranice určuje mı́sto, kde se vzájemně vyrušuj́ı vlivy dynamického tlaku
slunečńıho větru a tlaku magnetického pole Země. Mnoho družic směřuj́ıćıch do
oblasti slunečńıho větru zaznamenalo, že slunečńı v́ıtr prodělá prudkou změnu
než dosáhne magnetopauzy. Změna, zp̊usobená přechodem z nadzvukové rychlos-
ti slunečńıho větru na podzvukovou, vytvář́ı před Zemı́ rázovou vlnu (Bow shock),
která zp̊usobuje zahřát́ı a odkloněńı směru toku částic slunečńıho větru. Poloha
čela rázové vlny se pohybuje kolem 14 zemských poloměr̊u (RE) a lež́ı několik RE

před magnetosférou. Jej́ı přesná pozice vzhledem k Zemi se však může výrazně
měnit v závislosti na tlaku slunečńıho větru. Oblast podzvukového slunečńıho
větru za rázovou vlnou se nazývá magnetoobálka (Magnetosheath). Ta obklopuje
celou zemskou magnetosféru a na nočńı straně v oblasti chvostu (několik stovek
RE za Zemı́) postupně splývá s meziplanetárńım magnetickým polem. Magneto-
pauza je uzavřená, tzn. že žádné magnetické siločáry nemohou skrz tuto hranici
proj́ıt. Výjimkou v prostupnosti magnetopauzy na denńı straně jsou dvě oblas-
ti tzv. kasp̊u (Cusp), trychtýřovitých oblast́ı nacházej́ıćıch se v mı́stě, kde se
střetávaj́ı geomagnetické siločáry, jdoućı směrem ke/od Slunce a směrem do/od
chvostu. Z d̊uvodu absence silného geomagnetického pole může skrz tyto dvě
oblasti pronikat do magnetosféry slunečńı plazma.

Ve srovnáńı s magnetosférou na denńı straně stlačenou slunečńım větrem se
magnetosféra na nočńı straně protahuje do dlouhého magnetosférického chvostu
(Magnetic tail). Tvoř́ı ji několik oblast́ı, na jejichž definice nemá vědecká obec
jednotný názor. My se zde budeme držet děleńı uvedeného Eastmanem a kol. [3].
Velmi ńızkou hustotou plazmatu (méně jak 0,1 cm−3) jsou charakteristické laloky
(Tail lobe) s ńızkoenergetickými částicemi lež́ıćımi na otevřených magnetických si-
ločarách. O něco větš́ı koncentrace částic jsou v plazmové hraničńı vrstvě (Plasma
sheet boundary layer) a hlavně v plazmové vrstvě (Plasma sheet). Hraničńı vrstva
tvoř́ı přechodovou oblast mezi téměř prázdnými laloky a horkou (teplota iont̊u je
zhruba 7x vyšš́ı než elektron̊u [4]) plazmovou oblast́ı lež́ıćı převážně na uzavřených
siločarách.

2.1.1 Radiačńı pásy a prstencový proud

Energetické částice zp̊usobuj́ıćı výkyvy v zemském magnetickém poli jsou zachy-
ceny v oblastech radiačńıch pás̊u. Jejich objev uskutečněný sondou Explorer 3
před zhruba p̊ul stolet́ım byl jedńım z d̊uležitých mezńık̊u kosmického výzkumu
v okoĺı Země [5]. Radiačńı pásy, někdy nazývané po svém objeviteli Van Alle-
novi, jsou tvořeny 2 oblastmi obklopuj́ıćımi Zemi (obr. 1.1) na vzdálenostech od
∼ 1000 km do ∼ 7 RE. Všechny empirické modely se vyznačuj́ı zjevným propadem
v rovńıkovém toku elektron̊u nad 1 MeV. Tento propad, nazývaný

”
slot region“,

může však během zvýšené magnetické aktivity prakticky vymizet a zaplnit se
energetickými elektrony. Tato mezera děĺıćı radiačńı pásy se nacháźı v přibližné
vzdálenosti mezi L = 2 a L = 41. Oblast s nižš́ım L se nazývá vnitřńı pás a je

1Parametr L, tzv. McIlwain̊uv parametr, udává na jaké se nacháźıme magnetické siločáře.
Jeho velikost je definována na geomagnetickém rovńıku hodnotou RE, jinými slovy pro dipólový
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složena převážně z energetických proton̊u (> 10 MeV). Vnitřńı pás je velmi sta-
bilńı, měńıćı se na časových škálách slunečńıho cyklu. Oblast s vyšš́ım L, složená
z elektron̊u i proton̊u s energiemi od stovek keV po mnoho MeV, se nazývá vněǰśı
pás. Ten je na rozd́ıl od vnitřńıho velmi nestálý a formuje se nebo miźı v závislosti
na vlnově-částicových interakćıch na časových škálách několika dn̊u.

V nedávné době byl družicemi Van Allen probes zkoumaj́ıćımi oblast ra-
diačńıch pás̊u učiněn nečekaný objev. Za určitých podmı́nek mohou některé částice
s vysokými energiemi vytvořit třet́ı, nejvzdáleněǰśı radiačńı pás [6]. Princip je-
ho vytvořeńı a celkové dynamiky radiačńıch pás̊u neńı stále zcela jednoznačně
objasněn, ale je ned́ılnou součást́ı vysvětleńı a v budoucnu snad i předpověd́ı
kosmického počaśı.

Obrázek 2.2: Ilustrace tř́ı periodických pohyb̊u nabitých částic zachycených v zemském
magnetickém poli. Převzato z [9] a následně upraveno.

Nabité částice v nehomogenńım magnetickém poli vykonávaj́ı vlivem Loren-
tzovy śıly 3 základńı pohyby [7, 8]: cyklotronńı (gyračńı) pohyb, bounce drift2

v gradientu magnetického pole a drift zakřiveńı (obrázek 2.2). Pokud tyto 3 po-
hyby aplikujeme na geomagneticky zachycené částice, pak výsledným efektem
je celkový azimutálńı drift. Jeho směr je opačný pro elektrony jdoućı východně
a ionty jdoućı západně [9]. Tento drift vytvář́ı přenos náboje a proud spojený
s t́ımto přenosem plynoućı západńım směrem toroidálně kolem Země se nazývá
prstencový proud (ring current). Nacháźı se v oblasti geomagnetického rovńıku3

na vzdálenostech přibližně mezi 2 až 9 RE. Prstencový proud je formován ionty
pocházej́ıćımi ze slunečńıho větru (protony a alfa částicemi) a z ionosféry (O+ ion-
ty). Během intenzivńıch geomagnetických bouř́ı se dramaticky zvyšuje množstv́ı
O+, což má za následek rychlé ześıleńı prstencového proudu a dominanci iont̊u

model je hodnota parametru L na rovńıku shodná s radiálńı vzdálenost́ı od Země udávanou
v jednotkách RE.

2Bounce pohyb je založený na odrazu nabitých částic ve sb́ıhaj́ıćım se magnetickém poli
postaveném na zachováńı magnetického momentu, který je prvńım ze tř́ı adiabatických inva-
riant̊u. Existuj́ı ještě daľśı dva adiabatické invarianty spojené z gyračńım pohybem částic a
azimutálńım driftem (všechny tyto tři periodické pohyby jsou zobrazeny v obrázku 2.2).

3Rovina geomagnetického rovńıku se neshoduje s rovinou rovńıku geografického. Je to
zp̊usobeno t́ım, že magnetický pól je od geografického vzdálen přibližně o ±11◦.

7



O+ během maxima geomagnetické bouře. Tyto změny ve složeńı vedou k roz-
padu prstencového proudu skrz druhově a energeticky závislé výměny náboje a
vlnově-částicové ztráty zp̊usobené rozptylem. Neutrálńı atomy vzniklé výměnou
náboje slouž́ı jako zdroj informaćı vedoućı k celkové představě o prstencovém
proudu a jsou tud́ıž nejslibněǰśım nástrojem pro výzkum jeho vývoje.

Předěl mezi zachycenými vysokoenergetickými částicemi radiačńıho pásu a
částicemi prstencového proudu neńı zcela jednoznačný [1]. Naopak je tu velký
překryv v názvoslov́ı, většina prstencového proudu je tvořena zachycenými čás-
ticemi a všechny zachycené částice přisṕıvaj́ı k prstencovému proudu. Nicméně
pojem prstencový proud vyzdvihuje ty části částicové distribuce, které významně
přisṕıvaj́ı k celkové proudové hustotě. Změny v proudu jsou zodpovědné za pokle-
sy povrchového magnetického pole známé jako geomagnetické bouře. Intenzivńı
bouře zp̊usobuj́ı r̊uzné efekty na technologických systémech, jako rušeńı nebo
dokonce trvalé poškozeńı telekomunikačńıch či navigačńıch satelit̊u, telekomuni-
kačńıch kabel̊u či rozvodné elektrické śıtě. Pojem

”
zachycené částice“ v radiačńıch

pásech naopak představuje částice pronikaj́ıćı hluboko do hmoty a zp̊usobuj́ıćı
tak poškozeńı radiaćı př́ıstroj̊um umı́stěným na družici [10] nebo dokonce lidem.
Těmito vysoce radiačńımi částicemi jsou kromě energetických iont̊u také urych-
lené elektrony, které do prstencového proudu přisṕıvaj́ı naopak poměrně slabě.
Během geomagnetických bouř́ı se může velikostně měnit tok relativistických elek-
tron̊u až o pět řád̊u [11], nav́ıc mohou elektrony procházet do atmosféry a zp̊u-
sobovat zeslabeńı ozónové vrstvy [12].

2.1.2 Plazmosféra

Obrat’me se nyńı k popisu hustého (∼ 103 cm−3), studeného (∼1 eV) plazma-
tu, nazývaného plazmosféra, rozprost́ıraj́ıćıho se v podobné oblasti magnetosféry
jako radiačńı pásy (obr. 2.1) do vzdálenosti několika zemských poloměr̊u. Na
vzdálenostech kolem 3–5 RE je plazmosféra obvykle ukončena ostrou hranićı zva-
nou plazmopauza, na které docháźı k hustotńımu skoku o velikosti několika řád̊u.
Za touto hranićı se nacháźı oblast zvaná plasma through, charakteristická velmi
ńızkou hustotou částic studeného plazmatu (∼ 1 cm−3). Na obrázku 2.3 je vidět
přibližný tvar plazmosféry v rovńıkové rovině, na kterém je možno na večerńı
straně vidět jasné vybouleńı. Tato téměř stále př́ıtomná oblast se nazývá bulge a
v závislosti na geomagnetických podmı́nkách může v lokálńım čase částečně měnit
svou polohu [1]. Vnitřńı část plazmosféry je na geomagnetických podmı́nkách
téměř nezávislá, avšak poloha plazmopauzy se může se zvyšuj́ıćı se geomagnetic-
kou aktivitou přibĺıžit k Zemi až o několik RE. Pro mnoho analýz zabývaj́ıćıch
se š́ı̌reńım, vznikem, útlumem, vlnově-částicovou interakćı či celkovou charakte-
ristikou elektromagnetických vln je potřeba znát polohu plazmopauzy, proto si
v následuj́ıćı podkapitole uvedeme několik model̊u pro jej́ı výpočet.

2.1.3 Modely pro výpočet polohy plazmopauzy

Plazmopauza je hranice, která odděluje dvě velmi rozd́ılné oblasti, které se pře-
devš́ım lǐśı ve složeńı a hustotě (viz text výše). Pozice plazmopauzy je stano-
vena jako posledńı uzavřená ekvipotenciála kolem Země. Ekvipotenciály se vy-
tvářej́ı v d̊usledku kombinaćı konvekce a korotace elektrických poĺı. Souběžně
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Obrázek 2.3: Obecný tvar plazmosféry v rovńıkové rovině během klidných a mı́rných
magnetickým podmı́nek. Obrázek je nakreslen na základě dat naměřených Carpenterem
[13].

s teoretickými modely se hledaly i empirické modely, tedy modely vznikaj́ıćı na
základě závislosti nalezené v datech. V nich poloha plazmopauzy odpov́ıdá nej-
vnitřněǰśımu mı́stu, ve kterém docháźı k ostrému hustotńımu skoku. Mnoho au-
tor̊u studovalo polohu plazmopauzy v závislosti na několika faktorech. K těm
nejd̊uležitěǰśım patř́ı mı́ra geomagnetické aktivity, s jej́ımž poklesem vzdálenost
plazmopauzy pomalu roste.

Pravděpodobně nejobecněji vytvořený použitelný model vznikl na základě dat
z 208 pr̊uchod̊u družice ISEE 1 a jeho autory jsou Carpenter a Anderson [14].
Poloha plazmopauzy (Lpp) je pak v čase mezi 00:00–15:00 MLT (magnetický
lokálńı čas) popsána vztahem:

Lpp = 5, 6− 0, 46Kpmax, (2.1)

kde Kpmax je maximálńı hodnota Kp indexu v předchoźıch 24 hodinách. Během
večerńıch i nočńıch hodin se často pozorovalo husté plazma i za očekávanou hranićı
plazmosféry, a proto nebyl večerńı sektor 15:00–00:00 do rovnice (2.1) zahrnut.

Na základě předchoźıch studíı Carpentera a Andersena [14] a Moldwina a
kol. [15] vytvořili O’Brien a Moldwin [16] komplexněǰśı model (OM2003), ve
kterém je zahrnuta i závislost na lokálńım čase. Model byl vyvinut na základě
v́ıce jak 900 pr̊uchod̊u plazmopauzou satelitu CRRES během let 1990–1991. Au-
toři sledovali závislost na r̊uzných geomagnetických indexech, nebot’ každý z nich
ukazuje trochu jiné vlastnosti magnetické aktivity. Kp index udává hodnotu mag-
netických disturbanćı v tř́ıhodinových intervalech. AE index se zaměřuje na mag-
netickou aktivitu aurorálńı oblasti, zp̊usobenou ionosférickými proudy tekoućımi
pod a v aurorálńım oválu. Jinými slovy AE index představuje celkovou výchylku
horizontálńıho magnetického pole od pr̊uměrné hodnoty měřené během magnetic-
ky klidného dne. Dst index odráž́ı śılu symetrických a asymetrických složek prs-
tencového proudu, opět vzhledem k hodnotě měřené během magneticky klidného
dne. Tvar rovnice pro polohu plazmopauzy je pro model OM2003 následuj́ıćı:

Lpp = a1[1 + amlt cos(ϕ− aϕ)]Q+ b1[1 + bmlt cos(ϕ− bϕ)] , (2.2)

ϕ = 2π(MLT/24) .
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Tento vztah již zahrnuje existenci bulge, ale zároveň reflektuje i to, že ne ve
všech předchoźıch pozorováńıch byla tato oblast zaznamenána. Fyzikálńı význam
parametr̊u v rovnici (2.2) je následuj́ıćı: amlt a bmlt poskytuj́ı informaci o možné
relativńı výchylce vzhledem k lokálńımu času, zat́ımco daľśı dva parametry aϕ a bϕ
udávaj́ı polohu bulge. Hodnoty parametr̊u se lǐśı dle použitého geomagnetického
indexu. V tabulce 2.1 jsou uvedeny hodnoty parametr̊u pouze pro Kp index, který
jsme v naš́ı práci použ́ıvali pro vyhodnoceńı magnetické aktivity. Hodnoty pro
ostatńı indexy jsou k nahlédnut́ı v publikaci O’Briena a Moldwina [16]. Hodnota
koeficientu Q udává maximálńı hodnotu Kp indexu v posledńıch 36 hodinách,
vyjma posledńıch 2 hodin před zkoumaným časem.

Tabulka 2.1: Hodnoty parametr̊u pro model OM2003 zahrnuj́ıćı závislost na Kp indexu.

a1 amlt (24/2ϕ)aϕ b1 bmlt (24/2ϕ)bϕ
-0,39 ± 0,02 -0,34 ± 0,05 16,6 ± 0,2 5,6 ± 0,1 0,12 ± 0,17 3 ± 1

V roce 2013 uveřejnili Heilig a Lühr [17] sv̊uj nový model LPPCH-2012 za-
ložený na pozorováńı změn v proudech podél pole v ionosféře pro data z družice
CHAMP. Výsledný model je podobný modelu OM2003, i když se k němu došlo
poněkud rozd́ılným zp̊usobem. Hlavńım rozd́ılem je závislost Kp indexu, která je
v novém modelu kvadratická. Důvodem je zjǐstěná silná závislost polohy plazmo-
pauzy na Kp:

Lpp = b (1 + bmlt cos(ϕ− bϕ)) + (a1 ·Kp + a2 ·Kp2) ·
·(1 + amlt cos(ϕ− aϕ)) , (2.3)

ϕ = 2π(MLT/24) .

Hodnoty parametr̊u v rovnici (2.3) jsou uvedeny v tabulce 2.2.

Tabulka 2.2: Hodnoty parametr̊u pro model v rovnici LPPCH-2012.

a1 a2 amlt aϕ b bmlt bϕ
-0,657 0,0331 0,1113 1,040 5,911 0,0469 2,439

Všechny tři uvedené modely patř́ı mezi základńı modely, u nichž by chyba určeńı
plazmopauzy neměla přesahovat jeden zemský poloměr.

2.2 Elektromagnetické vlny

Š́ı̌reńı elektromagnetických vln ve všech fyzikálně známých prostřed́ıch pro všech-
ny frekvenčńı rozsahy od nulové frekvence po gama paprsky se ř́ıd́ı Maxwellovými
rovnicemi [18]. My se však zaj́ımáme předevš́ım o š́ı̌reńı vln v plazmatu, které se
většinou chová nepatrně jinak než dielektrická média. V této části poskytneme
teoretické pozad́ı nutné k experimentálńımu pozorováńı vln a jejich interpretaci.
Popisu š́ı̌reńı vln v plazmatu s magnetickým polem se rozsáhle věnuje mnoho
publikaćı (např. [2, 8, 19–21]). Avšak generačńı mechanismus a zánik některých
vlnových mód̊u neńı stále dostatečně znám a pochopen.
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2.2.1 Š́ı̌reńı vln v plazmatu

Magnetosférické plazma skládaj́ıćı se z iont̊u a elektron̊u konečné teploty, které
je prostoupeno magnetickým polem poskytuje prostor pro existenci rozmanitých
elektromagnetických vlnových mód̊u, které nemohou existovat ve volném prosto-
ru.

2.2.1.1 Vlny ve studeném plazmatu

Vzhledem k mnoha částićım pohybuj́ıćım se v plazmatu je nutné při odvozeńı
možných vlnových mód̊u použ́ıt nějaký zjednodušuj́ıćı model, který je matema-
ticky vyjádřitelný, ale přitom se jeho výstupy přibližuj́ı v co největš́ı mı́̌re skutečné
situaci. Plazma proto nyńı budeme považovat za přibližně neutrálńı se stejným
počtem kladných a záporných částic, se zanedbatelnou tepelnou rychlost́ı, homo-
genńı v prostoru a s neporušeným magnetickým polem. Tento základńı model
studeného plazmatu poskytuje překvapivě komplexńı pohled na š́ı̌reńı vln. Iner-
ciálńı vliv iont̊u a elektron̊u je pro tento model zachován a stejně tak jsou v něm
př́ıtomny všechny d̊uležité rezonance.

Pro odvozeńı existuj́ıćıch mód̊u je nejprve nutné odvodit disperzńı relaci stu-
deného plazmatu. Obecně udává disperzńı relace vztah mezi úhlovou frekvenćı ω
a vlnovým vektorem k. Základem pro jej́ı odvozeńı jsou Maxwellovy rovnice, a
to přesněji Faradaẙuv indukčńı zákon (2.4) a Ampér̊uv zákon (2.5) [18]:

∇×E = −∂B

∂t
, (2.4)

∇×B = µ0(j + ε0
∂E

∂t
) , (2.5)

kde E a B jsou vektory elektromagnetického pole, µ0 je permeabilita vakua a ε0
je permitivita vakua. Celková proudová hustota j v rovnici (2.4) je dána vztahem

j =
∑
j

njqjvj . (2.6)

Index j označuje jednotlivé druhy částic, nj je jejich hustota, qj jejich náboj a vj

je rychlost jejich pohybu zp̊usobeného pr̊uchodem vlny. Dále budeme potřebovat
pohybovou rovnici částice v elektromagnetickém poli:

mj
dvj

dt
= qj(E + vj ×B) , (2.7)

kde mj je hmotnost nabitých částic.
Za předpokladu, že plazma je homogenńı a neporušené v čase i prostoru,

můžeme nyńı provést linearizaci rovnice (2.7) pro malé poruchy vyjádřené jejich
harmonickým rozkladem do rovinných vln exp[i(k ·r−ωt)]. Zavedeme-li dále B0

jako okolńı statické magnetické pole, pak pohybová rovnice přejde do tvaru

−iωmjvj = qj(E + vj ×B0) , (2.8)

ve kterém jsme zanedbali člen vj × B, nebot’ velikost pole B0 je daleko větš́ı
než velikost poruchy B. Vyjádřeńım všech složek rychlosti a jej́ım dosazeńım do
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rovnice pro celkový proud (2.6) źıskáme obecný vztah pro proudovou hustotu
(neboli obecný Ohmův zákon)

j = σE , (2.9)

kde σ(ω,k) je tenzor vodivosti. Můžeme pak definovat vztah pro cyklotronovou
ωcj (2.10) a plazmovou ωpj (2.11) frekvenci j -tého druhu částic

ωcj = Ωj =
qjB0

mj

, (2.10)

ω2
pj =

njq
2
j

mjϵ0
. (2.11)

Předpoklad homogenity v prostoru, ze kterého při odvozeńı disperzńı relace
vycháźıme, nám dovoluje přistupovat k plazmatu jako k dielektriku a můžeme
tedy pro B0 ve směru osy z zavést dielektrický tenzor studeného plazmatu

ϵ(ω,k) = 1+
i

ϵ0ω
σ =

 S −iD 0
iD S 0
0 0 P

 , (2.12)

kde 1 představuje jednotkový tenzor. Elementy dielektrického tenzoru jsou defi-
nované následovně:

S =
1

2
(R + L) , D =

1

2
(R− L) , (2.13)

R = 1−
∑
j

ω2
pj

ω(ω + Ωj)
, (2.14)

L = 1−
∑
j

ω2
pj

ω(ω − Ωj)
, (2.15)

P = 1−
∑
j

ω2
pj

ω2
. (2.16)

Veličiny S, D, R, L a P jsou notaćı zavedenou Stixem [20] určené pro odvozeńı
š́ı̌reńı ve studeném plazmatu a označuj́ı začátky termı́n̊u Sum (součet), Diffe-
rence (rozd́ıl), Right (pravý), Left (levý) a Plasma (plazma). Posledńım krokem
v odvozeńı je aplikace rotace na rovnici (2.4) a dosazeńı za ∇ ×B z Ampérova
zákona (2.5). Pokud nyńı vzniklou rovnici linearizujeme, výsledkem bude tzv.
vlnová rovnice:

n× (n×E) + ϵ ·E = 0 . (2.17)

Dosad́ıme-li nyńı za n obecný vztah pro index lomu [18]

n =
kc

ω
(2.18)

a zvoĺıme-li, že index lomu a tedy i vlnový vektor bude ležet v rovině x− z, pak
vlnová rovnice přejde do tvaru

 S − n2 cos2 θ −iD n2 cos θ sin θ
iD S − n2 0

n2 cos θ sin θ 0 P − n2 sin2 θ


 Ex

Ey

Ez

 = 0 , (2.19)
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kde θ je úhel mezi vlnovým vektorem k a osou z, tedy směrem magnetického pole
B0. Netriviálńı řešeńı rovnice (2.19), která představuje hledanou disperzńı relaci,
nalezneme, polož́ıme-li determinant vzniklé matice roven 0. Obecné řešeńı tohoto
problému z hlediska úhlu θ má tvar

tan2 θ = − P (n2 −R)(n2 − L)

(Sn2 −RL)(n2 − P )
. (2.20)

Obecná podmı́nka pro rezonanci (n2 → ∞) a ořezáńı (n = 0) plynoućı z rov-
nice (2.20) je tan2 θ = −P/S, respektive PRL = 0.

2.2.1.2 CMA diagram

Disperzńı relace 2.19 má mnoho řešeńı, která se chovaj́ı rozd́ılně pro r̊uzné směry
š́ı̌reńı i pro r̊uzná frekvenčńı rozmeźı. Některé vlnové módy jsou pojmenovány
podle jejich objevitele, nebo jejich jména popisuj́ı jejich vlastnosti. Avšak ne
vždy př́ıslušné jméno zcela odpov́ıdá charakteristice daného módu. Proto byla a
je tendence př́ıslušné vlastnosti daného typu vln uspořádat do oblast́ı vzhledem
k r̊uzným parametr̊um prostoru. Jedno z nejelegantněǰśıch tř́ıděńı představuje
CMA diagram, který propojuje r̊uzné módy na základě jejich tvar̊u vlnoploch
(obrázek 2.4). Clemmov-Mullaly-Allis diagram pojmenovaný podle jeho tv̊urc̊u
plat́ı pouze pro dvousložkové plazma (elektrony a protony). Diagram je rozdělen
do 13 oblast́ı, na jejichž hranićıch je index lomu n pro př́ıslušné vlnové módy
dané oblasti roven 0 nebo ∞, tedy docháźı bud’ k ořezáńı vln, či k jejich re-
zonanci. Jinými slovy, z diagramu lze zjistit, zda v daném sektoru existuj́ı dva,
jeden popř́ıpadě žádný mód, nastává-li a popř́ıpadě za jakých podmı́nek rezonan-
ce nebo ořezáńı, která z vln je rychleǰśı a naopak a také ukazuje přechody mezi
pravotočivými a levotočivými vlnami a řádným a mimořádným módem při změně
úhlu θ z 0 na π/2. Normalizované osy CMA diagramu určuj́ı, kde se se v daném
prostoru parametr̊u nacháźıme. Osa y ∝ ωce/ω je úměrná velikosti magnetického
pole a osa x ∝ ω2

p/ω hustotě plazmatu.

ωceωcefce

2.2.1.3 Mimořádný mód

Disperzńı relace (2.20) má 2 základńı řešeńı pro 2 mezńı úhly směru š́ı̌reńı: (i)
š́ı̌reńı podél magnetického poleB0 (θ = 0◦) a (ii) š́ı̌reńı kolmo kB0 (θ = 90◦). Ro-
zebereme si detailněji pouze druhé řešeńı. Půjde-li θ → π/2, pak muśı tan2 θ → ∞
a obecně nastává rezonance pro S → 0, kterou nazýváme hybridńı, nebot’ v sobě
zahrnuje kombinaci cyklotronové i plazmové frekvence. Kolmé š́ı̌reńı nastane pro
nulový jmenovatel rovnice (2.20), jehož řešeńım jsou 2 módy: (i) n2 = P řádný
(ordinary) O-mód a (ii) n2 = RL/S mimořádný (extraordinary) X-mód. Pokud
bychom řešili podmı́nku rezonance pro X-mód, řešeńım budou 2 frekvence – horńı
ωuh a spodńı ωlh hybridńı rezonance. V přibĺıžeńı vysoko-hustotńıho plazmatu je
hodnota ωlh přibližně rovna geometrickému pr̊uměru cyklotronových frekvenćı
iont̊u a elektron̊u.

Polarizaci elektrické a magnetické složky X-módu lze vypoč́ıtat z disperzńı
relace (2.19). Fluktuace elektrického pole jsou polarizovány elipticky v rovině
x− y a fluktuace magnetické pole jsou polarizovány lineárně ve směru statického
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Obrázek 2.4: CMA diagram pro dvousložkové plazma. Převzato z [22].

magnetického pole B0. Tyto teoretické poznatky využijeme v daľśıch kapitolách,
nebot’ mimořádný mód je módem, ve kterém se š́ı̌ŕı rovńıkový šum. Odpov́ıdaj́ıćı
prostor v CMA diagramu ohraničený shora spodńı hybridńı rezonanćı (S = 0) a
zespodu iontovou cyklotronovou rezonanćı (L → ∞) je v pravém horńım rohu.

2.2.2 Vznik a útlum plazmatických vln

Tomuto tématu bylo v minulosti věnováno mnoho prostoru v r̊uzných knihách
a vědeckých článćıch (např. [19, 20, 23–25]). V posledńıch letech d́ıky novým
družicovým projekt̊um a pokročileǰśımu poč́ıtačovému modelováńı bylo možno
pro mnoho typ̊u vln uspokojivě objasnit jak mechanismus jejich vzniku, tak i je-
jich útlum. I přesto stále panuj́ı kolem některých vln nejasnosti týkaj́ıćı se tohoto
tématu. Jelikož výměna energie mezi vlnami a částicemi má obrovský význam
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pro modelováńı a předpov́ıdáńı vývoje podmı́nek v magnetosféře je zodpovězeńı
otázky ohledně excitace a hlavně útlumu vln v́ıce a v́ıce aktuálńı.

Základńım zdrojem energie pro přirozeně vznikaj́ıćı vlny jsou výkyvy z rov-
novážného stavu, které mohou být zp̊usobeny mnoha procesy prob́ıhaj́ıćımi v mag-
netosféře, jako dif̊uźı a konvekćı plazmatu např́ıč magnetickým polem, rozptylem
pitch úhlu4, urychleńım částic v elektrických poĺıch a v neposledńı řadě poruchami
pocházej́ıćımi z promı́cháváńı studeného a horkého plazmatu.

Aby mohlo doj́ıt k rezonančńımu přesunu kinetické energie částic do energie
vlny (vznik vln) nebo naopak (útlum vln) muśı být splněna rezonančńı podmı́nka,
která má pro dvousložkové plazma tvar

ω − k∥v∥ − nωcj = 0; n = 0,±1,±2 . . . (2.21)

kde k∥ a v∥ jsou velikosti složek vlnového vektoru a rychlosti částic ve směru
geomagnetického pole. Pokud polož́ıme n = 0 bude výsledkem podmı́nka pro
základńı Landauovu rezonanci, při ńıž docháźı k předáńı energie, je-li podélná
fázová rychlost vlny rovna podélné složce rychlosti částice. Ostatńı hodnoty n
reprezentuj́ı tzv. cyklotronové rezonance (gyrorezonance) [26].

Kromě výše uvedené nestability je v plazmatu př́ıtomno nespočet daľśıch (viz
odkazy na literaturu v začátku této podkapitoly), kterými se zde již zabývat
nebudeme.

Nejvýznačněǰśım útlumovým mechanismem v bezesrážkovém magnetosféric-
kém plazmatu je Landaůuv útlum na elektronech či iontech. Kvalitativně lze pro
Landaouvu rezonanci s elektrony ř́ıci, že pouze ty částice, jejichž rychlost je bĺızká
fázové rychlosti vlny, si mohou intenzivně vyměňovat energii s vlnou. K útlumu
může docházet i na iontech a to pro velmi ńızké fázové rychlosti, tedy v př́ıpadě
iontově-akustických vln.

2.2.3 Př́ıklady družicového pozorováńı vln

V bĺızké oblasti okolo Země se vyskytuje široké spektrum elektromagnetických
vln ve frekvenčńım rozsahu od zlomku Hz do deśıtek MHz. Ze všech možných
typ̊u vln jsou snad nejzaj́ımavěǰśı a nejstudovaněǰśı vlny tzv. hvizdového módu
š́ı̌ŕıćı se v rozsahu ELF/VLF frekvenćı mezi protonovou a elektronovou cyklo-
tronovou frekvenćı. Tato frekvenčńı oblast lež́ı ve slyšitelném pásmu, proto také
byly některé vlny tohoto módu pojmenovány podle zvuku, který při poslechu
připomı́naly – např. hvizd, chorus, sykot či lv́ı řev.

Rychlost š́ı̌reńı těchto vln je vzhledem k rychlosti světla poměrně malá, což
jim umožňuje efektivně interagovat s energetickými elektrony. Během magne-
tických bouř́ı může intenzita ELF a VLF vln nar̊ustat, následkem čehož mo-
hou být zároveň porušeny všechny tři adiabatické invarianty [27, 28]. Z tohoto

4Úhel mezi směrem statického magnetického pole a rychlosti během gyračńıho pohybu částic.
Z velikosti tohoto úhlu lze určit, zda daná částice z̊ustane zachycena v magnetickém poli a nebo
se vysype do atmosféry. Pro každou danou radiálńı vzdálenost na rovńıku je definován tzv.
ztrátový kužel, který udává mezńı velikost pitch úhlu. Je-li pitch úhel částic menš́ı než úhel
daný ztrátovým kuželem, pak docháźı k vysypáńı částic do atmosféry. V opačném př́ıpadě se
částice, putuj́ıćı podél siločáry, v určitém mı́stě odraźı (tento bod se nazývá zrcadlový bod,
nebo také bod obratu) a začnou vykonávat bounce pohyb. Velikost ztrátového kužele se na
rovńıku zmenšuje s radiálńı vzdálenost́ı, např. ve vzdálenosti L = 4 je úhel ztrátového kužele
zhruba 5◦, pro L = 8 se zmenš́ı na hodnotu kolem 2◦.
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Obrázek 2.5: Spektrogram zobrazuj́ıćı magnetickou spektrálńı intenzitu naměřenou na
družici CRRES ukazuje r̊uzné typy elektromagnetických vln, které mohou potenciálně
interagovat s energetickými elektrony.

d̊uvodu je potřeba v difúzńıch modelech rozlǐsovat mezi energeticky ztrátovými
a zdrojovými procesy. Pro sledováńı těchto změn se mimo jiné zavedly tři difúzńı
koeficienty – radiálńı difúze DLL, rozptyl pitch úhlu Dαα a difúze energie DEE. Ex-
citované vlny mohou zp̊usobovat jednak difúzi v energii, zp̊usobuj́ıćı např. lokálńı
urychleńı, jednak rozptyl pitch úhlu, který může vézt až k vysypáńı částic do at-
mosféry [29, 30]. Pro porozuměńı proces̊um vedoućım k narušeńı populace na-
bitých částic během zvýšené magnetické aktivity je potřeba přesného družicového
měřeńı vln zapojených do děj̊u v magnetosféře [31]. Většina vln hvizdového
módu nějakým zp̊usobem do dynamiky radiačńıch pás̊u zasahuje. Jmenovitě je
to např. rovńıkový šum, který bude detailně rozebrán v následuj́ıćı kapitole, cho-
rus nebo plazmosférický sykot. Všechny tyto tři zmı́něné emise můžeme vidět na
obrázku 2.5.

Chorus patř́ı mezi jednu z nejv́ıce zkoumaných vln a to předevš́ım pro je-
ho obrovský význam v dynamice radiačńıch pás̊u, nebot’ zp̊usobuje nejen lokálńı
urychleńı, ale zároveň ovlivňuje ztrátové procesy prob́ıhaj́ıćı ve vněǰśım radiačńım
pásu. Jeho vnitřńı struktura je diskrétńı, složená z individuálńıch vlnových baĺık̊u,
které formuj́ı převážně dva, ale někdy i v́ıce frekvenčńıch pás̊u, a jsou odděleny
mezerou lokalizovanou na polovině elektronové cyklotronové frekvence. Chorus
je schopen pomoćı cyklotronové a Landauovy rezonance dif̊uzńıho přesunu pitch
úhlu elektron̊u do ztrátového kužele v širokém pásmu energíı (od jednotek keV
po jednotky MeV) [32]. Nav́ıc pomoćı energetické difúze efektivně přesouvá ener-
gii z ńızkoenergetických (několik keV) elektron̊u, které jej generuj́ı, elektron̊um
zachyceným v radiačńıch pásech a urychluje je tak na vysoké energie (jednotky
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až deśıtky MeV) [33].
Plazmosférický sykot se vyskytuje v oblastech husté plazmosféry. Tato emise je

zodpovědná za vytvářeńı elektronového slotu mezi vnitřńım a vněǰśım radiačńım
pásem v pr̊uběhu magneticky klidného obdob́ı [34, 35]. Ke zdroj̊um této emise
teoreticky mohou přispět vlny chorus s diskrétńı strukturou, které se během š́ı̌reńı
od rovńıku vyhnou Landauově útlumu a jsou následně zachyceny v plazmosféře,
kde se mohou vzájemně spojit a vytvořit tak nekoherentńı plazmosférický sykot
[36, 37]. Pozorované vlastnosti se použ́ıvaj́ı na stanoveńı jednak doby životnosti
elektron̊u v plazmosféře, jednak jako záznam rozpadu vněǰśıho pásu [38]. Tyto
vlny také přisṕıvaj́ı k rozptylu elektron̊u a jejich ztrátách ve vněǰśım pásu [39].

Obrázek 2.6: Spektrogram naměřený na družici Polar, který detailně ukazuje aurorálńı
sykot.

Mezi daľśı studované vlny hvizdového módu patř́ı aurorálńı sykot
(obrázek 2.6). Tato emise, jak název napov́ıdá, se vyskytuje v aurorálńıch ob-
lastech na širokém rozsahu frekvenćı (od několika stovek Hz po několik stovek
kHz) a má charakteristický trychtýřovitý tvar [40]. Emise se š́ı̌ŕı ze zdrojové ob-
lasti, která se může vyskytovat na radiálńıch vzdálenostech menš́ıch jako 1 RE,
směrem vzh̊uru od Země do aurorálńıch oblast́ı se sestupnými proudy [41].

Obrázek 2.7: Př́ıklad Kvaziperiodicky modulované emise naměřené na družici
DEMETER.
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Posledńı emiśı, kterou zde ještě zmı́ńıme je Kvaziperiodická QP emise (obrá-
zek 2.7). QP emise jsou širokopásmové emise (na frekvenćıch od 500 Hz do 4 kHz)
vyskytuj́ıćı se převážně na denńı straně, které jsou charakteristické periodickou
modulaćı intenzity vln s periodou od několika sekund až po několik minut [42].
Modulace intenzity je jednak spojována s ULF pulzacemi magnetického pole,
jednak je vysvětlována interakćı vln hvizdového módu s energetickými elektrony
přicházej́ıćımi azimutálně z nočńı strany [43]. Druhý zmı́něný mechanismus je
spojován s následným vysypáńım interaguj́ıćıch elektron̊u [43]. Hayosh a kol. [44]
pozorovali v několika př́ıpadech zároveň QP emisi a elektrony ve ztrátovém kuželi,
č́ımž teoreticky potvrdili jednu ze zmı́něných teoríı generace těchto vln. Zdrojová
oblast QP emiśı lež́ı v rovńıkové oblasti v radiálně vzdáleněǰśıch oblastech odkud
se emise následně š́ı̌ŕı podél siločar do středńıch š́ı̌rek [45].
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3. Rovńıkový šum

V druhé polovině 60. let vypustila NASA třet́ı ze série družic OGO (Orbiting
Geophysical Observatories). Tato družice s relativně ńızkou orbitou (inklina-
ce ∼ 30◦) pohybuj́ıćı se na vzdálenostech L > 3 zaznamenala na magnetome-
tru během pr̊uletu rovńıkem několik př́ıpad̊u elektromagnetického šumu na frek-
venćıch větš́ıch, než je protonová cyklotronová frekvence [46]. Vzhledem k tomu,
že výskyt této emise byl omezený pouze v bĺızkosti rovńıku, byla proto pojme-
nována

”
rovńıkový šum“ – RŠ (equatorial noise). V některých publikaćıch jsou

však, vzhledem k jej́ım vlastnostem, použ́ıvána i jiná jména jako rychlá magne-
tosonická vlna (fast magnetosonic waves) či magnetosonický šum (magnetosonic
noise).

3.1 Vlastnosti RŠ – pozorováńı a teorie

Data z družic IMP 6 a Hawkeye 1, zaznamenaná na př́ıstroji určeném pro širo-
kospektrálńı měřeńı elektrického a magnetického pole, ukázala, že RŠ nemá ve
skutečnosti zašuměnou strukturu, která byla vidět na spektrogramech s nižš́ım
rozlǐseńım, ale skládá se ze superpozice přibližně vodorovných spektrálńıch čar
s r̊uznou frekvenčńı vzdálenost́ı od několika až po deśıtky Hz [47]. Souběžně s po-
zorováńım vnitřńı struktury byla navržena i teorie jej́ıho vzniku založená na in-
terakci s ionty na násobćıch jejich charakteristických cyklotronových frekvenćı.
Generace RŠ bude v́ıce rozebrána v následuj́ıćı podkapitole. V této podkapitole
shrneme dosavadńı výsledky o vlastnostech RŠ źıskané jak družicovým pozo-
rováńım, tak teoretickým výzkumem.

Předpoklad, že se RŠ š́ı̌ŕı ve hvizdovém módu byl prokázán jak teoretic-
ky, tak pozorováńım. Na obrázku 3.1 jsou znázorněné některé vlnové vlastnosti
hvizdového módu vypoč́ıtané z teorie jeho š́ı̌reńı [48]. Pro výpočet byl použit
model dvousložkového plazmatu (elektrony a protony). Uvedené vlastnosti byly
poč́ıtány pro 3 r̊uzné frekvence (f = 9fH+; 16fH+; 25fH+)

1 přibližně pokrývaj́ıćı
frekvenčńı interval, na kterém je RŠ pozorován. Závislost všech vlnových frek-
venćı je v obr. 3.1 uvedena pro 2 r̊uzné plazmové frekvence fp. Vid́ıme, že směr
grupové rychlosti2 a polarizace elektrické složky jsou na plazmové frekvenci fp
téměř nezávislé, na rozd́ıl od velikosti grupové rychlosti a vlnové délky, jejichž
hodnota se měńı v závislosti na velikosti fp.

Fluktuace elektrického pole jsou pro přibližně kolmé š́ı̌reńı (vlastnosti pro vy-
soké úhly š́ı̌reńı ukazuje obrázek 3.1b) elipticky polarizované s ńızkou elipticitou,
ale je vidět, že jejich polarizace neńı nikdy lineárńı. Hodnota polarizace fluktuaćı
magnetického pole pro vlnový vektor lež́ıćı do 0,5◦ od roviny rovńıku nepřesahuje
pro všechny uvedené vlnové frekvence hodnotu 0,2.

Z teorie v́ıme, že směr magnetických fluktuaćı je orientován podél B0 (potvr-
zeno i pozorováńım [49]), a proto jej nelze použ́ıt ke zjǐstěńı směru vlnového vek-

1fH+ je protonová cyklotronová frekvence. Obecně je spojitost mezi kruhovou frekvenćı ω a
frekvenćı f dána vztahem ω = 2πf

2Grupová rychlost, definovaná jako vG = ∂ω
∂k , je rychlost š́ı̌reńı informace o tvaru vlnového

baĺıku neboli rychlost přenosu energie baĺıku. Tato rychlost na rozd́ıl od fázové rychlosti nemůže
nikdy přesáhnout rychlost světla.

19



Obrázek 3.1: Teoretické vlastnosti hvizdového módu jako funkce úhlu θ. (a) 0◦ ≤
θ ≤ 90◦; (b) zvětšená část pro úhly 87◦ ≤ θ ≤ 90◦. Červené čáry odpov́ıdaj́ı hod-
notě fp = 6fce a modré hodnotě fp = 12fce. plné čáry jsou poč́ıtány pro f = 9fH+,
tečkované pro f = 16fH+ a čárkované pro f = 25fH+. Význam panel̊u zhora: vlnová
délka poč́ıtaná pro fH+ = 8 Hz, grupová rychlost vG normalizovaná na rychlost světla,
úhel θG mezi grupovou rychlost́ı a B0, polarizace LE fluktuaćı elektrického pole a
polarizace LB fluktuaćı magnetického pole. Převzato z [48].

toru. Naopak ze směru hlavńı polarizačńı osy elektrických fluktuaćı směr š́ı̌reńı
stanovit lze. Bylo zjǐstěno teoreticky [50–54] i pozorováńım [48, 55–57], že RŠ
se š́ı̌ŕı jak azimutálně, tak radiálně a to uvnitř i vně plazmopauzy s možnost́ı
přechodu přes jej́ı hranici.

Pokud budeme uvažovat přesně kolmé š́ı̌reńı, lze, za použit́ı metody
”
ray

tracing“, založené na Snellově zákonu lomu, zjistit, že emise je možno rozdělit
v závislosti na charakteru jejich š́ı̌reńı na zachycené (vlny jsou zachyceny v plaz-
mosféře, na jej́ı hranici se odráž́ı zpět) a nezachycené (vlny se mohou proš́ı̌rit skrz
plazmopauzu ven do oblasti plasma through) [54, 58]. Němec a kol. [56] provedli
statistickou studii z dat družic Cluster, která tyto teoretické výsledky potvrdila.

Družicová pozorováńı poskytuj́ı dobrý podklad pro statistiku výskytu nebo in-
tenzity RŠ v závislosti na r̊uzných parametrech. Ve většině statistik je RŠ v datech
identifikován na základě pevného frekvenčńıho rozsahu vzhledem k výšce spodńı
hybridńı, iontové cyklotronové či elektronové cyklotronové frekvence v mı́stě po-
zorováńı [59–65] a pevného intervalu geomagnetické š́ı̌rky λM. Tato metoda je
sice časově efektivńı, ale může zanést do výsledk̊u

”
nechtěná“ data, jako např.

př́ıčný elektromagnetický vlnový mód, který se může vyskytovat na stejných frek-
venčńıch výškách i λM [49]. Od RŠ ho však lze jednoznačně rozlǐsit, nebot’ fluk-
tuace magnetického pole př́ıčného módu jsou k B0 kolmé.

Zdrojem dat do publikaćı zabývaj́ıćıch se analýzou RŠ jsou měřeńı z družic,
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Obrázek 3.2: Histogramy ukazuj́ı vlastnosti RŠ źıskané na základě statistiky z prvńıch
dvou let měřeńı družice Cluster. (a) Histogram normované magnetické š́ı̌rky pro bĺızce
lineárně polarizované vlny. (b) Elipticita a (c) planarita RŠ normovaná na intenzivńı
př́ıpady. Převzato z [59].

které alespoň část́ı své orbity procházej́ı oblast́ı, kde je očekáván výskyt této emise
(např. projekty Polar, IMAGE, CRRES, Cluster, DEMETER, THEMIS, Van
Allen probes apod.). Ze statistik vyplývá, že RŠ se převážně vyskytuje do 10◦λM

[49,60,65], elipticita v magnetickém poli je téměř lineárńı (ve většině př́ıpad̊u do
0,2) a planarita, znač́ıćı mı́ru polarizovanosti vlny, je větš́ı jak 0,6 (znač́ı, že RŠ
je silněji polarizovaná vlna) [59]. Tento typ vln byl zaznamenán i na vysokých
magnetických š́ı̌rkách (λM > 50◦), ale s daleko menš́ı magnetickou amplitudou
než na rovńıku [49]. Zmı́něné vlastnosti zjǐstěné z pozorováńı (obrázek 3.2) [59]
potvrdily teoretický předpoklad, že RŠ se š́ı̌ŕı v X-módu. Emise se vyskytuje
zhruba v 60% př́ıpad̊u pr̊uchodu rovńıkem [59] a nejčastěji je zaznamenávána
na radiálńıch vzdálenostech od 2 do 7 RE. Poloha intenzitńıho ṕıku emise je
omezená do 2◦ od rovńıku [61]. Při použit́ı modelu Tsyganenko 89, udávaj́ıćıho
přesnou polohu podél siločáry s nejslabš́ım magnetickým polem (min-B rovńık),
se intenzitńı ṕık lokalizuje př́ımo na min-B rovńıku [62].

Obrázek 3.3: Rozložeńı spektrálńı hustoty magnetického pole pro interval frekvenćı
zhruba odpov́ıdaj́ıćı RŠ (0, 0005 ≤ f/fce < 0, 02) pro r̊uzné hodnoty Kp indexu. (a)
Kp < 3, (b) 3 ≤ Kp < 5, (c) Kp ≥ 5. Převzato z [63].

Bylo pozorováno, že intenzita magnetického pole roste se zvyšuj́ıćı se geo-
magnetickou aktivitou (obrázek 3.3) [63,64], hlavně pak v oblasti plasma trough
[65]. Intenzivněǰśı emise jsou pozorovány vně plazmopauzy, převážně na večerńı
straně [60]. Naopak v plazmosféře jsou vlny slabš́ı a téměř nezávislé na magne-
tickém lokálńım čase [65].
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3.2 Mechanismus vzniku RŠ

Během magnetických bouř́ı docháźı ke vstř́ıkováńı proton̊u do vnitřńı magne-
tosféry. Tyto protony vytvářej́ı v rychlostńım prostoru tzv. distribuci prsten-
cového typu, která je nestabilńı a poskytuje tak volnou energii pro excitaci vln
s maximálńım r̊ustovým poměrem na násobćıch cyklotronové frekvence intera-
guj́ıćıch inot̊u [52,66]. Ukázka měřené protonové distribuce v rychlostńım fázovém
prostoru v bĺızkosti Alfénovy rychlosti (charakteristická rychlost, na které se š́ı̌ŕı
ńızkofrekvenčńı vlny v plazmatu) je vidět na obrázku 3.4. Vzhledem k tomu že
RŠ se š́ı̌ŕı téměř kolmo k magnetickému poli, tak k rezonanci docháźı pouze po-
kud složka rychlosti proton̊u rovnoběžná s magnetickým polem bude bĺızká 0
(v∥ = Vz ∼ 0) a frekvence vlny bude nav́ıc přibližně rovna násobk̊um iontové
cyklotronové frekvence. Jasně viditelná př́ıtomnost diskrétńı spektrálńı struktu-
ry nasvědčuje tomu, že tyto vlny mohou interagovat s protony, alfa částicemi,
popř́ıpadě těžš́ımi ionty zachycenými v bĺızkosti rovńıku.

Obrázek 3.4: Pozorováńı iontové distribuce v rychlostńım prostoru (V⊥ označuje rych-
lost kolmou k B0, Vz rychlost podélnou s B0). (a) Př́ıklad rozložeńı proudu proton̊u ve
fázovém prostoru. (b) Př́ıklad rozložeńı hustoty přibližně kolmých iont̊u ve fázovém pro-
storu. Modrá čára odpov́ıdá velikosti Alfénovy rychlosti, b́ılá čára ukazuje ditribučńı ṕık
prstencové distribuce. Distribuce byly naměřeny na družici Van Allen probes. Převzato
z [67].

Protony poskytuj́ıćı potřebnou energii pro excitaci vln jsou na pitch úhlech
bĺızkých 90◦ a energíıch ∼10 keV [50,52,66,68]. Chen a kol. [69,70] nav́ıc zjistili,
že rychlost energetických iont̊u v prstencové distribuci potřebná k excitaci vln by
měla ležet v intervalu ± dvojnásobku Alfénovy rychlosti.

Iontová distribuce umožňuje spoč́ıtat r̊ustový poměr vln [52,69,70]. Balikhin a
kol. [67] ukázali na př́ıkladu RŠ, že teoreticky spoč́ıtané frekvence ṕık̊u r̊ustového
poměru odpov́ıdaly skutečně pozorovaným frekvenćım spektrálńıch čar lež́ıćıch
na násobćıch protonových iontových frekvenćı.

V některých př́ıpadech, i v datech s dobrým rozlǐseńım, neńı na spektrogramu
patrná žádná vnitřńı struktura. Jinak řečeno emise je tvořena širokopásmovým
šumem kontinuálně procházej́ıćım přes celé frekvenčńı spektrum. Chen a kol. [71]
navrhli, že podoba vnitřńı struktury RŠ, tzn. je-li diskrétńı, nediskrétńı nebo
kombinovaná, zálež́ı na velikosti r̊ustového poměru vzhledem k hodnotě iontové
cyklotronové frekvence fci. Diskrétńı struktura se objev́ı pokud r̊ustový poměr
vlny zp̊usobený excitaćı je menš́ı jako 1/2fci a naopak.

22



3.2.1 Poloha zdroje

Jak bylo řečeno výše, frekvenčńı vzdálenost jednotlivých spektrálńıch čar od-
pov́ıdá hodnotě iontové cyklotronové frekvence fci v mı́stě vzniku vlny. Ze vzdá-
lenost́ı jednotlivých spektrálńıch čar lze tedy zjistit, za předpokladu dipólového
modelu, radiálńı polohu zdrojové oblasti, která může být jiná než poloha družice,
nebot’ vlna se ze zdroje mohla š́ı̌rit až do mı́sta pozorováńı. Velikost statického
magnetického pole B0 ve vzdálenosti R je v dipólovém přibĺıžeńı na rovńıku dána
vztahem [18]

B0 =
µ0M

4πR3
, (3.1)

kde M znač́ı magnetický dipólový moment, jehož velikost je přibližně rovna
7, 7 x 1022 Am2. Za B0 si můžeme dosadit z rovnice (2.10) definuj́ıćı iontovou
cyklotronovou frekvenci. Vyjádř́ıme-li si nyńı velikost R, pak polohu zdrojové
oblasti vypoč́ıtáme jako

R = 3

√
µ0qiM

8π2mifci
, (3.2)

kde index i označuje ionty. Frekvenčńı vzdálenost spektrálńıch čar je rovna veli-
kosti cyklotronové frekvence fci = ωci/2π.

3.3 Význam emise pro dynamiku radiačńıch

pás̊u

RŠ v posledńı době přitahuje hodně pozornosti a to předevš́ım vzhledem k je-
ho schopnosti urychlovat elektrony ve vněǰśım radiačńım pásu na vysoké energie
(z několika keV na MeV). Během magnetických bouř́ı jsou na vzdálenostech L > 5
pozorovány dramatické změny toku vysokoenergetických elektron̊u (≥ 1 MeV).
Během bouře se elektronový tok po dobu několika hodin typicky zeslabuje a
následně se v řádu dn̊u zvýš́ı na mnohem větš́ı hodnoty, než byly pozorovány
před bouř́ı [72, 73]. Zjistilo se, že k celkovému zvýšeńı toku elektron̊u neńı ra-
diálńı difúze podpořená urychleńım pomoćı ULF vln dostačuj́ıćı, ale je zapotřeb́ı
i lokálńıho urychleńı pomoćı vlnově-částicové rezonance.

Abychom zjistili energie a velikosti pitch úhl̊u, na kterých mohou elektro-
ny interagovat s vlnami, je potřeba vyřešit rezonančńı podmı́nku (2.21) spolu
s disperzńı relaćı (2.20) hvizdového módu pro š́ı̌reńı na velkých úhlech. Vyřešeńım
lze zjistit (viz obrázek 3.5), že cyklotronové rezonance (n ≥ 1) prob́ıhaj́ı pouze
pro energie nad 3 MeV, a proto je nepravděpodobné, že by v urychlovaćım proce-
su hrály významnou roli. Naopak Landauova rezonace (n = 0) může prob́ıhat pro
široké spektrum energíı. Pokud budeme brát rozptyl elektron̊u jako difúzńı proces
v pitch úhlu a energíıch, pak je potřeba naj́ıt, pro zjǐstěńı efektivity interakce,
pr̊uběh difúzńıch koeficient̊u v závislosti na velikosti pitch úhlu. Zjistilo se, že RŠ
efektivně rezonuje s elektrony s vyšš́ımi pitch úhly, a proto je nepravděpodobné, že
by mohl difúźı v pitch úhlu zp̊usobit jejich vysypáńı do ztrátového kuželu [74,75].
Rozptyl v energíıch prob́ıhá na časové škále ∼ 1 dne, na rozd́ıl od rozptylu pitch
úhlu prob́ıhaj́ıćıho na deľśıch časových škálách až několika dn̊u [74]. Obzvláště
během slunečńıho minima, kdy intenzita vln je obecně nižš́ı, je difúze v pitch
úhlech daleko méně efektivńı (což plat́ı i pro urychleńı), a proto nemá tento proces
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Obrázek 3.5: Rezonančńı elipsa rovńıkového šumu pro interakci s elektrony na
vzdálenosti L = 4,5 a pro úhel š́ı̌reńı ∼ 89◦. Čárkovaná čára ukazuje Landauovu re-
zonanci (n = 0) a plná čára cyklotronovou rezonanci (n = 1). Tečkované čáry vyme-
zuj́ı oblast konstantńıch energíı elektron̊u a čárkovaně-tečkovaná čára ztrátový kužel.
Převzato z [74].

velký vliv na vývoj a dynamiku podmı́nek v magnetosféře [6]. Na druhou stranu
může RŠ ovlivnit dobu života elektron̊u a jejich urychleńı nejen v plazmosféře,
ale i mimo ni [76].

Kromě difúze zp̊usosobené Landauovým útlumem, byl navržen daľśı mecha-
nimus přenosu energie, tzv.

”
transit time“ difúze, která je však řádově slabš́ı než

Landauova rezonance [77].
Zaj́ımavost́ı je, že byl nedávno nalezen př́ıpad, ve kterém došlo kombinaćı

urychleńı částic RŠ a chorem k vytvořeńı tzv. elektronové motýĺı distribuce ve
vnitřńı magnetosféře (L < 5) [78]. Tato distribuce se běžně vytvář́ı na daleko
vyšš́ıch L a je zp̊usobena rozd́ılnou symetríı magnetického pole na denńı a nočńı
straně.
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4. Družicová měřeńı

Zemská magnetosféra je mı́stem, kde prob́ıhá mnoho vlnových jev̊u. Zájem o jejich
studium v posledńıch desetilet́ıch rapidně roste. Je to hlavně z toho d̊uvodu, že
vlny jednak velmi ovlivňuj́ı chováńı magnetosféry a nav́ıc mohou být použity jako
prostředek pro výzkum jev̊u v jejich jednotlivých částech a v horńı atmosféře.
Experimentálně lze vlny v plazmatu měřit dvěma zp̊usoby – pozemńımi př́ıstroji
a př́ıstroji umı́stěnými na družićıch. Pro ionosférická a stratosférická pozorováńı,
při kterých nelze využ́ıt satelity, se použ́ıvá měřeńı pomoćı raket a balón̊u, které
je však dobré z d̊uvodu krátké doby letu omezit na jeden zkoumaný jev.

Obrázek 4.1: Ilustračńı obrázek družic Cluster let́ıćıch v zemské magnetosféře. Převzato
z http://sci.esa.int/cluster.

Pro studium vln ve vzdáleněǰśıch oblastech magnetosféry (i několik deśıtek
zemských poloměr̊u) se využ́ıvá hlavně družicové měřeńı. Základńımi faktory,
které rozhoduj́ı o návrhu mise, jsou charakteristiky orbity a zaměřeńı mise, které
výrazně ovlivňuje volbu př́ıstrojového vybaveńı.

Mezi d̊uležité vlastnosti orbity, které je třeba d̊usledně naplánovat patř́ı: po-
loha apogea a perigea (nejvzdáleněǰśı a nejbližš́ı bod orbity vzhledem k Zemi),
inklinace1, doba oběhu a také po jakou dobu se družice po dané orbitě může
pohybovat. Tyto parametry se určuj́ı hlavně dle zvolené oblasti, kterou chceme
nejv́ıce studovat.

Pro identifikaci a popis jednotlivých vlnových emiśı je potřeba znát jejich
frekvenci a vlnový vektor. Abychom měli kompletńı informaci o lokálńım elektro-
magnetickém poli, je ideálńı mı́t měřeńı z tř́ı ortogonálńıch elektrických i mag-
netických vlnových senzor̊u. V praxi si ovšem pro konstrukčńı složitost muśıme

1Velikost úhlu, který mezi sebou sv́ıraj́ı rovina orbity a rovina rovńıku. Polárńı dráha má
vysokou inklinaci zat́ımco rovńıková dráha má ńızkou inklinaci.
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většinou vystačit s méně jak šesti složkami elektromagnetického pole. Z těchto
dat se pak určuj́ı charakteristické vlastnosti vln jako frekvenčńı spektrum, pola-
rizace, elipticita, planarita či směr vlnového vektoru a toku energie (Poynting̊uv
vektor).

Pro kompletńı zmapováńı zkoumaného problému je mnohdy nezbytnost́ı znát
nejen vlastnosti vln, ale i parametry okolńıho magnetosférického plazmatu, mezi
něž patř́ı např. jeho hustota, složeńı a velikost magnetického a elektrického pole a
také parametry slunečńıho větru, které mohou př́ımo i nepř́ımo velmi ovlivňovat
děje v magnetosféře. Mezi úspěšné družicové projekty, měř́ıćı jak v zemské mag-
netosféře tak ve slunečńım větrum, patř́ı nebo patřily např. mise OGO 3 (Japon-
sko), PROBA2 (ESA), DEMETER (Francie), THEMIS (NASA), Cluster (ESA),
WIND (NASA), ACE (NASA) a STEREO (NASA). Na vývoji mnoha př́ıstroj̊u
z těchto družic se pod́ıleli i výzkumńıci z České republiky. Vývoj se však nezasta-
vil a stále se plánuj́ı nové mise jako Taranis (Francie), Resonance (Rusko), JUICE
(ESA) či Solar Orbiter (ESA). Avšak muśıme mı́t na paměti, že od myšlenky

”
by-

lo by dobré studovat nějaký jev“ k reálnému uskutečněńı mise (vypuštěńı družic)
vede dlouhá cesta, která může trvat až několik desetilet́ı.

4.1 Projekt Cluster

Mezi nejúspěšněǰśı projekty posledńıch dvou dekád můžeme směle zařadit i misi
Cluster, sestávaj́ıćı ze čtyř identických družic umožňuj́ıćıch jak časový tak pro-
storový vhled do r̊uzných děj̊u prob́ıhaj́ıćıch v zemské magnetosféře (obr. 4.1).
Každá z těchto družic nese 11 identických př́ıstroj̊u. Družice byly vypuštěny ve
dvou vlnách v polovině roku 2000 a po šesti měśıćıch zkušebńıho provozu přešly
v únoru 2001 do plnohodnotného funkčńıho módu. Původně měla být mise pro-
vozuschopná do roku 2009, ale od vypuštěńı uběhlo již téměř 15 let a většina
př́ıstroj̊u je stále funkčńıch. Jen orbita se od p̊uvodńı oběžné dráhy začala od
roku 2006 značně měnit (obr. 6.6). Konec mise je momentálně prodloužen do
konce roku 2018 a jedná se o daľśım prodloužeńı do roku 2020.

Nyněǰśı projekt Cluster II vznikl pod záštitou Evropské kosmické agentury
(ESA). Mise Cluster I bohužel selhala hned po vypuštěńı nosné rakety, která
několik sekund po startu explodovala. Avšak př́ıstrojový i projektový tým se
rozhodl misi obnovit, aby v́ıce jak dvacetileté př́ıpravy nepřǐsly vniveč. Využilo
se záložńıch model̊u p̊uvodńıch př́ıstroj̊u a již o čtyři roky později byly satelity
Cluster II za polovičńı náklady připraveny k vypuštěńı z kosmodromu Bajkonur.

Družice Cluster d́ıky svému přibližně tetraedrálńımu uskupeńı poskytuj́ı vě-
decké komunitě jedinečné informace o procesech prob́ıhaj́ıćıch v r̊uzných oblas-
tech kolem Země a taktéž jsou zdrojem dat o interakci mezi částicemi ze slu-
nečńıho větru a zemskou atmosférou. Všechny tyto informace přisṕıvaj́ı k vy-
tvořeńı trojrozměrného obrazu zemské magnetosféry. Źıskaná data mohou také
pomoci k předpovědi kosmického počaśı. Toto téma patř́ı v posledńıch několika
letech mezi nejv́ıce diskutované. Družice mezi sebou udržuj́ı vzdálenosti měńıćı
se v rozmeźı 100 až 10000 km. Orbita byla p̊uvodně navržena jako polárńı s pe-
riodou přibližně 56 h s apogeem i perigeem lež́ıćım přibližně v rovině rovńıku.
Avšak s prodloužeńım mise došlo i k přirozené změně dráhy a pr̊uchody rovńıkem
se přibĺıžily k Zemi (obr. 6.6). Dı́ky tomu je možné studovat oblasti, které v před-
choźım výzkumném plánu zahrnuty nebyly.
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Obrázek 4.2: Vývoj orbity projektu Cluster během let 2001–2008 v x−z GSE soustavě.
Převzato z http://sci.esa.int/cluster a následně upraveno.

Př́ıjem dat z družic Cluster a pośıláńı př́ıkaz̊u je primárně prováděno po-
moćı antén na pozemńı stanici ESA ve Villafranca nedaleko Madridu (Španělsko),
kromě př́ıjmu dat z př́ıstroje WBD, který prob́ıhá na stanici v Panské Vsi (ČR).

4.2 Př́ıstrojové vybaveńı

Měř́ıćı př́ıstroje, umı́stěné na palubě družic, tvoř́ı kompletńı sadu pro výzkum
podmı́nek v plazmatu v okoĺı Země a ve slunečńım větru. Patř́ı mezi ně měřeńı
magnetického a elektrického pole, částicové př́ıstroje a př́ıstroje pro měřeńı elek-
tromagnetických vln. V daľśım popisu se zaměř́ıme pouze na popis př́ıstroj̊u je-
jichž data jsme k výzkumu využ́ıvaly. Jedná se o př́ıstroje měř́ıćı magnetické
(FGM) a elektrické (EFW) pole plazmatu, vlnové př́ıstroje (STAFF a WBD) a
př́ıstroj pro měřeńı hustoty (WHISPER).

4.2.1 EFW

Př́ıstroje, které jsou určeny k měřeńı okolńıho elektrického pole, jsou z d̊uvodu
nežádoućıho účinku samotného těla družice umı́st’ovány co nejdál od něj. Nejčastěji
se sondy upevňuj́ı na kovová lanka, která se po vypuštěńı družice na oběžnou
dráhu sama vlivem odstředivé śıly odvinou. Vzhledem k minimálńı hustotě v okol-
ńım plazmatu z̊ustávaj́ı lanka natažená a výsledné elektrické pole se pak zjǐst’uje
jako rozd́ıl potenciálu mezi dvěma sondami umı́stěnými naproti sobě v rovině
rotace družice. Bohužel t́ımto zp̊usobem nelze měřit rozd́ıl potenciál̊u v ose ro-
tace, kde neńı śıla, která by lanko napnula a proto se pro tř́ıosé měřeńı většinou
použ́ıvaj́ı sondy umı́stěné na pevných nosič́ıch a tedy daleko bĺıže tělu družice.
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Př́ıstroj EFW (Electric Field and Wave), použ́ıvaný na družićıch Cluster, se
skládá ze dvou pár̊u sférických sond, měř́ıćıch v rovině rotace družice a maj́ıćıch
mezi sebou vzdálenost 88 m [79]. Kromě fluktuaćı elektrického pole, měřených
se vzorkovaćı frekvenćı 25 nebo 450 Hz, se v tomto experimentu nav́ıc zjǐst’uje
z velikosti potenciálu sonda-družice hustota okolńıho plazmatu. V pr̊uběhu let se
bohužel pokazila jedna ze sond na družićıćıch Cluster 1 (2001), Cluster 3 (2002)
a Cluster 2 (2007). Na těchto družićıch pak nebylo nadále možné měřit rozd́ıl
potenciálu mezi chybnou a protěǰśı sondou a přešlo se na tzv. asymetrický mód,
který zjǐst’oval rozd́ıl potenciálu mezi sondami umı́stěnými kolmo k sobě [80].

4.2.2 FGM

K měřeńı okolńıho zemského magnetického pole se použ́ıvá fluxgate magnetome-
tr (magnetometr se saturovatelným jádrem), který umožňuje měřit i malá pole
v rozsahu několika deśıtek nT až několik set nT. Každá družice Cluster nese dva
senzory, přičemž vněǰśı senzor je umı́stěn, z d̊uvodu minimalizováńı vlivu interfe-
rence z družic, na konci 5.2 m dlouhého kovového lana a vnitřńı senzor je situován
1.5 m od konce lana směrem k družici [80]. Kromě senzor̊u je na palubě družice
umı́stěna jednotka zpracovávaj́ıćı data z obou senzor̊u. Př́ıstroj umožňuje měřit
v několika r̊uzných rozsaźıch v závislosti na poloze družice v pr̊uběhu celé orbity.

4.2.3 STAFF

Aktivně měř́ıćı součást́ı př́ıstroje STAFF (Spatio-Temporal Analysis of Field
Fluctuation) je tř́ıosý ćıvkový magnetometr umı́stěný na 5 m dlouhém rameni,
který zaznamenává fluktuace magnetického pole v rozsahu 0,1–4 kHz. Druhou
součást́ı je elektronická schránka obsahuj́ıćı dvě doplňuj́ıćı se jednotky – spek-
trálńı analyzátor (měř́ıćı ve frekvenčńım rozsahu až do 4 kHz) a analyzátor vl-
nových forem (měř́ıćı ńızké frekvence do 10 nebo 180 Hz). Nezpracovaná data
jsou v několika kroćıch kalibrována – muśı se správně načasovat, vyfiltrovat a
přetransformovat do př́ıslušných souřadnicových systémů. Spektrálńı analyzátor
kombinuje měřeńı tř́ı magnetických vlnových komponent a dvousložkové měřeńı
elektrického pole z př́ıstroje EWF. Ze všech složek pak pr̊uběžně vytvář́ı Hermi-
tovské kř́ıžové spektrálńı matice 5×5, logaritmicky rozdělené do 27 frekvenčńıch
kanál̊u s časovým rozlǐseńım od 0,125 do 4 s [81, 82]. Výstupem STAFF-SA jsou
soubory se spektrálńımi maticemi a s výkonovou spektrálńı hustotou (PSD –
Power Spectral Density).

4.2.4 WBD

Pro vysoké rozlǐseńı v čase i frekvenci byl pro družice Cluster vyvinut př́ıstroj
WBD (Wide-band Data), který zpracovává měřeńı elektrického i magnetického
pole ve vybraných frekvenčńıch pásmech od 25 Hz do 77 kHz (viz tabulka 4.1)
s časovým rozlǐseńım 5–36 µs [83]. Vlnové formy jsou jednak v reálném čase
pośılány př́ımo na zem a jednak jsou uchovávány na družici pro pozděǰśı ode-
sláńı. V obou př́ıpadech pak vlnové formy, zpracovávané přes Fourierovu trans-
formaci, vytvář́ı spektrogramy s vysokým rozlǐseńım. Př́ıstroj může zpracovávat
v jednu chv́ıli pouze měřeńı podél jedné osy elektrického či magnetického pole.
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Data z tohoto př́ıstroje byla pośılána jednak na jednu ze tř́ı mezinárodńıch stanic
śıtě agentury NASA (DSN – Deep Space Network) a nav́ıc byla přij́ımána také
pozemńı ionosférickou observatoř́ı Panská Ves. Od roku 2015 zajǐstuje př́ıjem
výhradně stanice Panská Ves.

mód elektrické magnetické

9,5 25 Hz – 9,5 kHz 25 Hz – 4 kHz
19 50 Hz – 19 kHz 50 Hz – 4 kHz
77 1 – 77 kHz 1 – 4 kHz

Tabulka 4.1: Přehled frekvenčńıch mód̊u př́ıstroje WBD

Vzhled př́ıstroj̊u STAFF i WBD je ukázán na obrázku 4.3.

(a) (b)

Obrázek 4.3: Reálná podoba př́ıstroj̊u (a) STAFF a (b) WBD. Převzato
z http://sci.esa.int/cluster.

4.2.5 WHISPER

Plazma okolo Země je plné nabitých částic, jejichž hustota ovlivňuje vznik vln
a vzájemný přenos energie. WHISPER (Waves of HIgh frequency and Sounder
for Probing of Electron density by Relaxation) experiment byl zkonstruován pro
měřeńı celkové elektronové hustoty pomoćı vystřelováńı signál̊u z 50 metr̊u dlouhé
antény [84]. Hustota je poč́ıtána z př́ıjmu zpětného (odraženého) signálu. V pa-
sivńı operačńı době může nav́ıc WHISPER měřit vlnovou aktivitu ve frekvenčńım
rozsahu 2–80 kHz, který pokrývá velikost elektronové plazmové frekvence ve
většině oblast́ı, kterými mohou družice prolétat.
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5. Ćıle

Disertačńı práce, kterou drž́ıte v ruce, navazuje na diplomovou práci [85], která
se věnovala výzkumu rovńıkového šumu z př́ıstroj̊u STAFF-SA a WBD mezi roky
2002 a 2007.

Pro daľśı výzkum založený na datech z př́ıstroje STAFF-SA jsme si stanovili
splnit následuj́ıćı ćıle:

• Rozš́ı̌rit již stávaj́ıćı databázi časových interval̊u RŠ z př́ıstroje STAFF-SA
na obdob́ı 2001–2010.

• Vyšetřit výskyt RŠ v závislosti na geomagnetické š́ı̌rce, magnetickém lokálńım
čase a geomagnetických podmı́nkách.

• Zaměřit se na rozložeńı emise v závislosti na magnetickém lokálńım čase,
zvlášt’ pro oblast plazmosféry a plasma through.

Pro daľśı výzkum založený na datech z př́ıstroje WBD jsme si stanovili splnit
následuj́ıćı ćıle:

• Vytvořit databázi časových interval̊u RŠ pro př́ıstroj WBD s pomoćı již
dokončené databáze pro př́ıstroj STAFF-SA, pro časové obdob́ı 2001–2010.

• Proj́ıt všechny nalezené RŠ a u každého z nich vyšetřit jeho vnitřńı struk-
turu a popř́ıpadě zaznamenat frekvenci spektrálńıch čar.

• Vypoč́ıtat polohu zdrojové oblasti a zjistit jej́ı př́ıpadnou závislost na poloze
plazmopauzy.
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6. Výsledky

V této práci jsme se zaměřili na statistickou analýzu vlastnost́ı rovńıkového šumu
v obdob́ı od ledna 2001 do prosince 2010 z měřeńı družic Cluster. Zpracovávali
jsme data převážně z př́ıstroj̊u STAFF-SA a WBD. Zjǐst’ovali jsme předevš́ım
vlastnosti výskytu RŠ v závislosti na poloze družice, magnetickém lokálńım čase,
geomagnetických podmı́nkách a poloze emise v̊uči plazmopauze. Dále jsme ana-
lyzovali vnitřńı strukturu RŠ a jej́ı spojitost s možnou zdrojovou oblast́ı těchto
vln.

6.1 Zpracováńı dat a metody výzkumu

Data z družic čeká dlouhá cesta než se mohou zač́ıt vyhodnocovat. Nejdř́ıve se
muśı přesunout na pozemńı pracovǐstě, kde jsou uložena na dlouhou dobu, což
většinou klade poměrně vysoké nároky na velikost diskových poĺı. Následně se
provád́ı kontrola popř́ıpadě korekce času zaznamenaného na družici a světového
času (UT – Universal Time). Př́ımo měřená data zaznamenávána s časem př́ıcho-
du datového paketu na zemi, se muśı nav́ıc korigovat o časové ztráty zp̊usobené
š́ı̌reńım signálu z družice a pr̊uchodem ionosférou. Dále procháźı surová data
programy, které vyhledávaj́ı chyby v datových baĺıćıch a opravuj́ı je nebo je za-
hazuj́ı. Chyby mohou být zp̊usobeny samotnými př́ıstroji, které mohou zazname-
nat špatné hodnoty, at’ už vinou nějaké interference z venku (např́ıklad některé
př́ıstroje nejsou vhodné pro měřeńı v určitých oblastech kosmického plazmatu),
saturaćı př́ıstroje a nebo př́ımo vnitřńı chybou měřeńı samotného př́ıstroje. Dále
mohou nastat ztráty dat přenosem a nebo pak chyby vzniklé samotným zpra-
cováńım dat.

Př́ıjem dat z družic Cluster a pośıláńı př́ıkaz̊u je primárně prováděno pomoćı
antén na pozemńı stanici ESA ve Villafranca nedaleko Madridu (Španělsko). Data
s vysokým rozlǐseńım z př́ıstroje WBD, která se pośılaj́ı př́ımo během měřeńı, jsou
přij́ımána nav́ıc také pozemńımi stanicemi śıtě DSN a stanićı Panská Ves.

Opravená data, určena pro koncového uživatele (vědce), se pak pomoćı r̊uzných
programů zpracovávaj́ı dle toho, jaký problém je potřeba zkoumat. Pro zpra-
cováńı dat z př́ıstroje STAFF-SA byl vytvořen program PRASSADCO (PRopa-
gation Analysis of STAFF-SA Data with COherency tests) [86], který zpracovává
data z měřeńı elektrického a magnetického pole. Výstupem programu jsou jednak
obrázky ukazuj́ıćı vlastnosti elektromagnetických vln, jednak mohou být výstupy
uloženy v numerické podobě. Mezi vlastnosti, které si můžeme pomoćı tohoto
programu zobrazit, patř́ı výkonová spektrálńı hustota, výkonová spektra mag-
netického a elektrického pole, směr vlnového vektoru, elipticita, koherence mezi
signály z antén, stupeň polarizace a planarita.

Kromě starš́ıch metod výpočtu představil Santoĺık a kol. [87], pro některé výše
zmı́něné veličiny, novou metodu výpočtu směru vlnového vektoru z magnetické
spektrálńı matice pomoćı singulárńıho rozkladu matice (SVD – Singular Value
Decomposition). Pro převedeńı dat z př́ıstroje WBD na soubory zpracovávatelné
programem PRASSADCO byl sepsán program wbd2psd, který umožňuje zpra-
cováńı všech měř́ıćıch mód̊u z př́ıstroje WBD.
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6.2 Př́ıklady RŠ a výběrová kritéria

Jak již bylo řečeno, je následuj́ıćı analýza založena hlavně na výsledćıch źıskaných
ze dvou př́ıstroj̊u – STAFF-SA a WBD, jejichž podrobněǰśımu popisu jsme se
věnovali v kapitole 4. Je však d̊uležité zmı́nit v jaké mı́̌re se uvedené dva př́ıstroje
zapojily do jednotlivých výsledk̊u založených na d̊ukladné vizuálńı analýze dat
z obou výše zmı́něných př́ıstroj̊u. Celková identifikace všech časových interval̊u,
kdy byl RŠ pozorován, byla prováděna ze spektrogramů z dat př́ıstroje STAFF-SA,
který nepřetržitě měřil a zpracovával data. Časově-frekvenčńı rozlǐseńı př́ıstroje
nám však nedovolilo vidět vnitřńı strukturu studované emise. K tomu účelu
jsme využili dat z př́ıstroje WBD, který bohužel v požadovaném módu 9,5 kHz
přerušovaně, a proto databáze zaznamenaných emiśı z př́ıstroje WBD obsahuje
diametrálně méně záznamů.

Nyńı uvedeme několik př́ıklad̊u spektrogramů z př́ıstroje STAFF-SA, které
ukazuj́ı v́ıce či méně typické pr̊uběhy či tvary emiśı, se kterými jsme se při vy-
tvářeńı databáze setkali. Některé výsledky uvedené v následuj́ıćıch podkapitolách
jsou publikované Hrbáčkovou a kol. [88,89].

Na obrázku 6.1 je vidět klasický pr̊uběh RŠ. Tato emise byla pozorována
23. 2. 2004 družićı Cluster 1 v čase od 2:15 do 2:31 UT. Data byla naměřena na
nočńı straně v bĺızkosti geomagnetického rovńıku na radiálńıch vzdálenostech ko-
lem 4,6 RE (zemských poloměr̊u). Plná černá linka, vykreslená ve všech panelech,
představuje spodńı hybridńı frekvenci (flh), která tvoř́ı maximálńı frekvenčńı hra-
nici pro RŠ. Jej́ı hodnota se poč́ıtá za předpokladu hustého vod́ıkového plazmatu
jako geometrický pr̊uměr protonové a elektronové cyklotronové frekvence.

Výkonová spektrálńı hustota (PSD – Power Spectral Density) magnetického a
elektrického pole dosahuje v tomto př́ıpadě maximálńı hodnoty okolo
2 x 10−6 nT2 Hz−1 (obr. 6.1a), respektive 7 x 10−4 mV2 m−2 Hz−1 (obr. 6.1b).
Emise se vyskytuje ve frekvenčńım rozsahu od 30 Hz do 220 Hz. V obou panelech
je jasně vidět poměrně ostré frekvenčńı ořezáńı, které odpov́ıdá hodnotě spodńı
hybridńı frekvence.

Na panelu 6.1c je vykreslena absolutńı hodnota elipticity poč́ıtaná pomoćı
metody SVD (viz [87], rovnice (13)). Pokud je elipticita rovna nule, znamená to,
že je vlna lineárně polarizovaná, pokud je naopak rovna jedné, je vlna kruhově
polarizovaná. Z panelu 6.1c je zřejmé, že elipticita magnetického pole této emise je
bĺızká nule, což znač́ı lineárńı polarizovanost. Tento výsledek je v souladu s teoríı
š́ı̌reńı vln v mimořádném módu.

Planarita (panel 6.1d) je poč́ıtána také SVD metodou z magnetické spektrálńı
matice (viz [87], rovnice (12)). Č́ım v́ıce se planarita bĺıž́ı jedné, t́ım v́ıce je vlna
polarizovaná v jedné rovině.

Daľśı panel 6.1e ukazuje velikost polárńıho úhlu θ mezi vlnovým vektorem a
okolńım statickým magnetickým polem. Hodnoty bĺıž́ıćı se k 90◦ znamenaj́ı, že
vlna se š́ı̌ŕı v rovině kolmé k magnetickému poli.

Pro statistickou analýzu výskytu jsme potřebovali vytvořit seznam časových
interval̊u všech naměřených RŠ v pr̊uběhu zkoumaného desetiletého obdob́ı. Vi-
zuálně jsme prohlédli téměř 6000 pr̊uchod̊u rovńıkem. V př́ıpadě, že byla emi-
se během pr̊uchodu nalezena, byl do vytvářené databáze zaznamenán čas jej́ıho
začátku a konce a č́ıslo družice, která ji v daném čase pozorovala. I když me-
zi sebou družice neměly v některých obdob́ıch velkou vzdálenost, neznamena-
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UT: 0200 0210 0220 0230 0240
R (RE): 4.62 4.50 4.40

MLat (deg): -12.55 -6.87 -0.94
MLT (h): 0.39 0.45 0.51
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(b)
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(e)
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Obrázek 6.1: Ukázka typického časově-frekvenčńıho spektrogramu z dat družice Cluster
1 z 23. února 2004 v čase mezi 02:00 a 02:45 UT. Panely shora: (a) součet výkonové
spektrálńı hustoty tř́ı složek magnetického pole; (b) součet výkonové spektrálńı hustoty
dvou složek elektrického pole; (c) elipticita fluktuaćı magnetického pole; (d) planarita
fluktuaćı magnetického pole; (e) polárńı úhel θ mezi vlnovým vektorem a statickým
magnetickým polem. Čas měřeńı družice (UT) a jej́ı poloha jsou uvedeny ve spodńı
části obrázku. R – vzdálenost družice v zemských poloměrech (RE), MLat – magnetická
š́ı̌rka ve stupńıch, MLT – magnetický lokálńı čas v hodinách. Maximálńı hodnota spodńı
hybridńı frekvence (flh) je vykreslena ve všech panelech černou čarou. V panelech (c)–
(e) jsou použita pouze data s PSD magnetického pole větš́ı jako 10−7 nT2Hz−1 a s PSD
elektrického pole větš́ı jako 10−6 mV2m−2Hz−1.

lo to, že byla emise zachycena vždy na všech družićıch se stejnou intenzitou.
Naopak se v mnoha př́ıpadech stalo, že měla r̊uzný pr̊uběh a nebo nebyla na
některé družici zachycena v̊ubec. Pro udržeńı konzistence při výběru emiśı jsme
vytvořili 3 výběrová kritéria, která byla sestavena na základě statistické analýzy
dat źıskaných v pr̊uběhu prvńıch dvou let měřeńı družic Cluster zpracovaných
Santoĺıkem a kol. [59] a Němcem a kol. [61]:

• RŠ je elektromagnetická emise. Byl stanoven práh 10−7 nT2 Hz−1 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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Obrázek 6.2: Ukázka RŠ pozorovaného na družici Cluster 3 26. prosince 2002 v čase
mezi 14:35 až 15:00 UT. Význam panel̊u je stejný jako v obrázku 6.1.

magnetického pole a 10−6 mV2 m−2 Hz−1 pro PSD elektrického pole. Emise
je považována za RŠ, pokud jej́ı intenzita přesahuje oba uvedené prahy a
zároveň vyhovuje následuj́ıćım dvěma podmı́nkám.

• Maximum fluktuaćı elektrického a magnetického pole lež́ı do 7◦ od dipólového
geomagnetického rovńıku.

• Magnetické fluktuace emise muśı být lineárně polarizované. Absolutńı hod-
nota elipticity, poč́ıtané pomoćı SVD metody, nesmı́ přesahovat hodno-
tu 0,2.

Vzhledem k uvedeným kritéríım jsme v panelech (c)–(e) pro lepš́ı přehlednost
použili při vykreslováńı pouze data splňuj́ıćı prvńı výše zmı́něnou podmı́nku, tzn.
prahy intenzity elektrického a magnetického pole. Tato podmı́nka byla použita
pro všechny spektrogramy na obrázćıch 6.1–6.5. Všechny orbitálńı informace,
uvedené ve spodńı části spektrogramů, jsou uloženy v data setu s 1-minutovým
časovým rozlǐseńım.

36



UT: 2150 2200 2210 2220 2230 2240 2250
R (RE):

MLat (deg):
MLT (h):

(a)

(b)

(c)

(d)

(e)

2150 2200 2210 2220 2230 2240 22502150 2200 2210 2220 2230 2240 22502150 2200 2210 2220 2230 2240 2250
7.35
0.59
4.77

CLUSTER 3  2009-08-01 21:50:00.376 - 2009-08-01 22:49:59.311

2150 2200 2210 2220 2230 2240 2250
7.62 7.88 8.13 8.38 8.62
-0.54 -1.57 -2.50 -3.33 -4.09
4.73 4.69 4.66 4.62 4.58

      
10-9

10-8

10-7

10-6

10-5

nT
2 /H

z

       

10

100

f (
H

z) flh

      
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

m
V

2 /m
2 /H

z

       

10

100

f (
H

z)

      
0.0
0.2

0.4

0.6

0.8

1.0

E
S

V
D

       

10

100

f (
H

z)

      
0.0
0.2

0.4

0.6

0.8

1.0

F
S

V
D

       

10

100

f (
H

z)

      
0

20

40

60

80

θ S
V

D
 (

de
g)

       

10

100

f (
H

z)

Obrázek 6.3: Ukázka RŠ pozorovaného na družici Cluster 3 1. srpna 2009 v čase mezi
21:50 až 22:50 UT. Význam panel̊u je stejný jako v obrázku 6.1.

Obrázek 6.2 ukazuje velmi slabou emisi, která sotva prošla výběrovými kritérii.
Data byla naměřena na ranńı straně družićı Cluster 3 dne 26. 12. 2002. RŠ je za-
znamenán v čase mezi 14:44 a 14:49 UT ve frekvenčńım rozsahu zhruba od 150 do
200 Hz na radiálńıch vzdálenostech kolem 4,3 RE. Nejvyšš́ı hodnota magnetických
fluktuaćı PSD odpov́ıdaj́ıćı této emisi je okolo 3 x 10−7 nT2 Hz−1 (obr. 6.2a), což
je jen nepatrně nad hranićı uvedenou v prvńı výběrové podmı́nce. V elektrickém
poli vid́ıme př́ıtomnost širokospektrálńıho elektrostatického šumu, která nám zne-
možňuje určit hodnotu PSD fluktuaćı elektrického pole (obr. 6.2b). Avšak hod-
noty elipticity, planarity a směru š́ı̌reńı jasně ukazuj́ı, že tato emise je RŠ. I když
planarita ani směr š́ı̌reńı nepatř́ı mezi výběrová kritéria, přesto mohou sloužit
jako ověřeńı, že daná emise je opravdu RŠ, jako kupř́ıkladu v tomto př́ıpadě, kdy
byl záznam zařazen do databáze i bez jisté hodnoty PSD elektrického pole.

Př́ıklady emiśı měřených na mimořádně velkých radiálńıch vzdálenostech od
7,5 RE do 10,5 RE jsou ukázány na obrázćıch 6.3 a 6.4. Emise na obr. 6.3
byla naměřena na ranńı straně družićı Cluster 3 dne 1. 8. 2009 s PSD elek-
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Obrázek 6.4: Ukázka RŠ pozorovaného na družici Cluster 1 16. února 2009 v čase mezi
10:00 až 12:20 UT. Význam panel̊u je stejný jako v obrázku 6.1.

trického a magnetického pole 10−3 mV2 m−2 Hz−1, respektive 9 x 10−7 nT2 Hz−1.
Druhá emise (obr. 6.4) byla zachycena na odpoledńı straně družićı Cluster 1 dne
16. 2. 2009 s PSD elektrického a magnetického pole 10−2 mV2 m−2 Hz−1, respek-
tive 2 x 10−6 nT2 Hz−1. Obě emise byly naměřeny, vzhledem k jejich vzdálenosti
od Země, zcela jistě mimo plazmosféru.

S rostoućı vzdálenost́ı od Země rapidně klesá velikost magnetického pole a
tud́ıž i hodnota flh. Jinak řečeno, maximálńı možná frekvence, které mohou obě
emise nabývat, se pohybuje v obou těchto př́ıpadech maximálně do 40 Hz. Nav́ıc
výpočet flh jako geometrický pr̊uměr přestává ve vzdáleněǰśıch oblastech magne-
tosféry z d̊uvodu ńızké hustoty platit, nicméně stále slouž́ı jako horńı odhad a
tedy nejvyšš́ı možná frekvenčńı mez.

Na tomto mı́stě bychom měli poznamenat, že při výpočtu geomagnetické š́ı̌rky
se v datech z Clusteru použ́ıvá dipólový model. Ten pro velké radiálńı vzdálenosti
zač́ıná být v určováńı polohy geomagnetického rovńıku, definovaného jako bod
na magnetické siločáře s minimálńı velikost́ı magnetického pole [62], nepřesný.
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Obrázek 6.5: Ukázka RŠ pozorovaného na družici Cluster 4 20. srpna 2002 v čase mezi
02:20 až 03:20 UT. Význam panel̊u je stejný jako v obrázku 6.1.

Z d̊uvodu této odchylky dipólového modelu od skutečné polohy rovńıku, bylo
pozměněno druhé výběrové kritérium z p̊uvodńıch 5◦, které použil Santoĺık a
kol. [59], na 7◦ geomagnetické š́ı̌rky a to proto, aby nebyly vyloučeny emise na
vyšš́ıch radiálńıch vzdálenostech. Všimněme si, že např́ıklad v obrázćıch 6.3 a 6.4
lež́ı celá emise mimo geom. rovńık.

Posledńı př́ıklad na obrázku 6.5 byl naměřen družićı Cluster 4 dne 20. 8. 2002
v poledńım sektoru MLT. Maximálńı PSD magnetického a elektrického pole je
přibližně 2 x 10−6 nT2 Hz−1, respektive 2 x 10−2 mV2 m−2 Hz−1. Emise se nacháźı
na frekvenćıch mezi 100 až 300 Hz. Tento př́ıklad jsme zde uvedli z d̊uvodu jeho
netypického pr̊uběhu. Pokud se nyńı zaměř́ıme na prvńı dvě výběrová kritéria,
mohli bychom za RŠ považovat celou emisi označenou černým obdélńıkem (viz
obr. 6.5a). Pokud se ovšem pod́ıváme na pr̊uběh flh, pak zjist́ıme, že horizontálně
děĺı emisi na 2 části, což by znamenalo, že se emise nacháźı i nad spodńı hybridńı
frekvenćı. Nav́ıc v panelu elipticity je bĺızká nule pouze část označená červeným
obdélńıkem (obr. 6.5c) a stejně tak i planarita je bĺızká 1 jen v označené části
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(obr. 6.5d). S přihlédnut́ım k 3. výběrovému kritériu byla proto do databáze
zařazena pouze část v červeném obdélńıku. Vlny mimo vyznačenou oblast zřejmě
vznikly podobným mechanismem jako RŠ (maj́ı taky vysoký úhel vlnového vek-
toru – obr. 6.5e), ale z planarity, která se pohybuje v rozmeźı 0,3 až 0,7, je vidět,
že každá z těchto vln má r̊uzný vlnový vektor (viz [88]).

Jak jsme sĺıbili v úvodu této kapitoly, budeme se v následuj́ıćıch podkapi-
tolách věnovat r̊uzným vlastnostem RŠ v závislosti na podmı́nkách ve vnitřńı
magnetosféře.

6.3 Výskyt RŠ

Tabulka 6.1: Statistické shrnut́ı pozorováńı emiśı RŠ naměřených na př́ıstroji
STAFF-SA.

pr̊uchody počet pravděpodobnost L
rovńıkem př́ıpad̊u výskytu [%]

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

Celkově jsme prošli data z 5785 pr̊uchod̊u družic Cluster rovńıkem na vzdále-
nostech od L = 1,1 do L = 10. Statistika všech 10 zpracovávaných let je uvedena
v tabulce 6.1. Poznamenejme, že každá z družic je v této analýze brána jako
samostatný zdroj dat. Do prvńıho sloupce

”
pr̊uchody rovńıkem“ jsou zahrnuty

všechny pr̊uchody družic Cluster geom. rovńıkem v daném roce, ke kterým exis-
tuje měřeńı magnetického pole z př́ıstroje STAFF-SA. Intervaly ve sloupci

”
L“

jsou poč́ıtány pro data z prvńıho sloupce a ukazuj́ı na jakých vzdálenostech bylo
možné pozorovat v daném roce rovńıkový šum. Pokud jsou uvedeny 2 interva-
ly, pak bylo možno pozorovat šum i 2 x během orbity, a to během bĺızkého i
vzdáleného pr̊uletu rovńıkem.

Ze všech pr̊uchod̊u rovńıkem jsme v 2229 př́ıpadech zaznamenali RŠ. V pr̊uběhu
prvńıch 6 let měřeńı se RŠ vyskytoval ve 46–65% všech pr̊uchod̊u. Od roku 2006
jeho výskyt začal klesat dol̊u na méně než 20% a v roce 2009 dosáhl dokonce jen
4%. Tento poměrně strmý pokles je zřejmě zp̊usoben změnou orbity, která se od
roku 2006 začala vlivem gravitace pomalu odchylovat od své p̊uvodńı eliptické
polárńı dráhy. Perigeum se přibĺıžilo k Zemi z p̊uvodńı polohy kolem 4 RE na
přibližně 2 RE (viz nižš́ı interval parametru L v tabulce 6.1). Celková inklinace
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Obrázek 6.6: Ukázka tvaru orbity z roku 2002 (a) a tvaru orbity z roku 2009 (b).
Souřadnice X,Y a Z jsou uvedeny v GSE soustavě. Pr̊ulet rovńıkem se nacháźı v mı́stě
orbity, kde ZGSE je rovno 0.

se sńıžila a ačkoli poloha apogea z̊ustala zhruba stejná (cca 20 RE), vzdáleněǰśı
pr̊uchod rovńıkem se znatelně přibĺıžil k Zemi (viz vyšš́ı interval vzdálenost́ı v ta-
bulce 6.1). Př́ıklad rozd́ılu mezi tvarem orbity v roce 2002 a 2009 je znázorněn na
obr. 6.6. Obrázky vlevo ukazuj́ı v použitém souřadném systému GSE pr̊umět or-
bity do roviny ZX a obrázky vpravo pr̊umět do roviny ZY. V obr. 6.6a je ukázán
tvar p̊uvodńı orbity, která měla polárńı pr̊uběh – apogeum i perigeum lež́ı na
rovńıku. V pr̊uběhu roku 2006 se začala inklinace orbity naklánět a perigeum se
posunulo hrubě mimo rovńık (viz obr. 6.6b). Celkový procentuálńı výskyt orbit
s RŠ je 40%, což je o mnoho méně než vycháźı z výsledk̊u uvedených Santoĺıkem
at al. [59], který na základě jiné metody identifikace RŠ uvád́ı pravděpodobnost
výskytu 60%. Pokud se však pod́ıváme na celková procenta pro roky 2001–2006,
tedy před změnou orbity, pak se přibližně k hodnotě 60% přibĺıž́ıme.
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Obrázek 6.7: (a) Celkové množstv́ı hodin strávených měřeńım družic Cluster př́ıstrojem
STAFF-SA rozdělených do bin̊u 0,5 L x 2◦ λM. (b) Množstv́ı hodin strávených
měřeńım rovńıkového šumu. (c) Pravděpodobnost výskytu emise RŠ a (d) jej́ı zjǐstěna
směrodatná odchylka. B́ılá mı́sta označuj́ı biny s celkovým pokryt́ım menš́ım než 3 h.

6.3.1 Závislost RŠ na geomagnetické š́ı̌rce a MLT

Na obrázku 6.7 je vidět celkové pokryt́ı měřeńı družicemi Cluster v závislosti
na λM pro všechna data (obr. 6.7a) a pro data obsahuj́ıćı pouze orbity s RŠ
(obr. 6.7b). Z pravděpodobnosti výskytu (OR – occurrence rate) ukázané na
obr. 6.7c je vidět, že RŠ se vyskytoval na všech vyšetřovaných vzdálenostech,
avšak nejčastěji (až v 60% př́ıpad̊u) byl naměřen v intervalu L = 4 až L = 5,5.
Na vzdálenostech L < 2,5 a L > 8,5 byl RŠ, vzhledem k celkové době strávené
v těchto lokaćıch, naměřen jen velmi zř́ıdka, což vysvětluje proč jsou procen-
tuálńı hodnoty výskytu ve 4. sloupci tabulky 6.1 pro pozděǰśı roky takto ńızké.
V posledńım obrázku 6.7d je vykreslena směrodatná odchylka σp vypočtená pro
OR z předchoźıho obrázku. Jej́ı výpočet vycháźı z podmı́nek použitých při zpra-
cováváńı dat. Základem je binomické rozděleńı, které je pronásobeno parametrem
udávaj́ıćım počet nezávislých bod̊u v použitých datech. Jeho podrobné odvozeńı
je uvedeno v publikaci Hrbáčková a kol. [88], rovnice 1. Stejným zp̊usobem je
poč́ıtána chyba σp i v obrázćıch 6.8–6.13. V těchto obrázćıch je nav́ıc použita
následuj́ıćı podmı́nka pro vykresleńı OR – minimálńı počet dat v daném intervalu
zkoumaných parametr̊u zahrnuj́ıćı celkové měřeńı družic Cluster muśı být alespoň
180, což v 1-minutovém rozlǐseńı odpov́ıdá 3 hodinám. Pokud tato podmı́nka neńı
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splněna, pak hodnota OR neńı pro tento interval vykreslena.
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Obrázek 6.8: (a) Celkové množstv́ı hodin strávených měřeńım družic Cluster př́ıstrojem
STAFF-SA rozdělených do bin̊u 0,5 L x 2 h MLT. (b) Množstv́ı hodin strávených
měřeńım rovńıkového šumu. (c) Pravděpodobnost výskytu emise RŠ a (d) jej́ı zjǐstěna
směrodatná odchylka. B́ılá mı́sta označuj́ı biny s celkovým pokryt́ım menš́ım jak 3 h.
V obrázćıch jsou započ́ıtána data do 20◦ λM.

Nyńı se pod́ıvejme na výskyt družic Cluster v závislosti na magnetickém
lokálńım čase, který můžeme vidět v obrázku 6.8. Všechna data jsou uvedena
pro | λM |≤ 20◦. Z celkového měřeńı (obr. 6.8a) je zjevné, že družice Cluster
pokryly prakticky rovnoměrně všechny sektory MLT, hlavně v intervalu L = 4 až
L = 6. Z výsledné OR (obr. 6.8c) se jev́ı, že pro L ≥ 5 se RŠ objevuje převážně
během dne, zat́ımco pro menš́ı L je vidět RŠ i během noci.

Jelikož ve všech následuj́ıćıch histogramech budeme použ́ıvat jiné rozmeźı ge-
omagnetické š́ı̌rky, ukážeme si nyńı na rozložeńı RŠ v závislosti na λM (obr. 6.9)
proč tomu tak bude. Je bez pochyby, že téměř všechna data jsou naměřena do
20◦. Nav́ıc jsme zjistili, že 90% dat lež́ı v intervalu do 10◦ a dokonce v́ıce jak 3/4
dat se nacháźı do 7◦. Vzhledem k tomu, že chceme omezit vstup

”
nechtěných“

dat do zpracováńı, zvolili jsme pro následuj́ıćı obrázky hranici λM co nejmenš́ı a
to 7◦. Ještě bychom měli vysvětlit, co znamenaj́ı

”
nechtěná“ data. Během mnoha

orbit byl naměřen šum pouze v menš́ım intervalu λM než 20◦, č́ımž nám do zpra-
cováńı, zahrnuj́ıćı celý interval λM, vstupovala i data neobsahuj́ıćı RŠ, i když byl
v daném pr̊uchodu naměřen. T́ımto omezeńım jsme se tomuto nechtěnému efektu
prakticky zcela vyhnuli a výsledné závislosti jsou tak v́ıce zřetelné.
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Obrázek 6.9: Pravděpodobnost výskytu RŠ jako funkce geomagnetické š́ı̌rky. Svislé
červené a modré čáry označuj́ı hranici 7◦ a 10◦, uvnitř nichž se vyskytuje 78%, respek-
tive 90% záznamů RŠ.

6.3.2 Závislost RŠ na geomagnetických podmı́nkách

Naposledy se v této kapitole pod́ıváme na polohu družice, ukázanou v obrázku
6.10, tentokrát v závislosti na geomagnetických podmı́nkách vyjádřených inde-
xem Kp. Černá čára ukazuje množstv́ı času stráveného celkovým měřeńım družic
Cluster (obr. 6.10a), měřeńım RŠ (obr. 6.10c) a výslednou OR (obr. 6.10e). Daľśı
2 barevné čáry ukazuj́ı data pro r̊uzné geomagnetické podmı́nky, červená ukazuje
data naměřená během geomagneticky klidných podmı́nek a modrá ukazuje data
během zvýšené geomagnetické aktivity. Jako hranice mezi klidnou a rozbouřenou
magnetosférou byla zvolena hodnota Kp = 3. Maximálńı hodnoty OR (až 40%)
dosahuje RŠ na vzdálenostech L = 3 až L = 5,5 (obr. 6.10e). Na L = 5,5 se
OR skokově velmi sńıž́ı a pro vyšš́ı L pak klesá postupně k 0. Pro nižš́ı L je
pokles k 0 daleko strměǰśı. Závislost pro ńızká Kp prakticky koṕıruje celkovou
závislost, naopak během zvýšené geom. aktivity je OR daleko vyšš́ı než celková
(v některých mı́stech dosahuje až 70%). Bohužel pro některé intervaly L nemáme
dostatek celkově zaznamenaných dat pro vysoká Kp a nemůžeme tedy ř́ıci jak
vypadá závislost v intervalu 5,5 ≥ L ≤ 7 a pro L ≤ 2,5.

V předchoźıch publikaćıch se potvrdila závislost intenzity RŠ na geomagne-
tických podmı́nkách. Zkoušeli jsme zjistit zda stejnou závislost vykazuje i výskyt
RŠ (obrázek 6.10). Černá čára ukazuje závislost pro všechna naměřená data
(6.10b), pro všechna data s RŠ (6.10d) a pro celkovou OR (6.10f). Červená a
modrá čára znázorňuje př́ıslušná data naměřená v plazmosféře, respektive mi-
mo plazmosféru. Pro výpočet polohy plazmopauzy byly použity 3 modely, které
jsou uvedené v podkapitole 2.1.3 – Carpenter a Anderson, O’Brian a Moldwin
(OM2003) a Heilig a Lühr (PPCH2012). Vzhledem k tomu, že jejich výsledky se
mezi sebou významně neodlǐsovali, použili jsme v uvedených datech nejnověǰśı
model PPCH2012. Z porovnáńı polohy plazmopauzy naměřené př́ımo na družici
Cluster př́ıstrojem WHISPER s polohou vypočtenou dle všech výše zmı́něných
model̊u vyplývá, že nejbĺıže se k reálným dat̊um přibĺıžila hodnota z modelu
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Obrázek 6.10: (a) Poloha družic Cluster pro všechny pr̊uchody rovńıkem (černá čára).
Počet hodin strávených měřeńım během ńızké magnetické aktivity (Kp ≤ 3) ukazuje
červená čára. Modrá čára udává počet hodin naměřených během zvýšené magnetické
aktivity (Kp > 3). (c) Poloha družic Cluster během měřeńı RŠ, (e) pravděpodobnost
výskytu RŠ. Barevné kódováńı histogramu (c) a (e) má stejný význam jako v histo-
gramu (a).(b) Hodnoty Kp indexu pro data ze všech pr̊uchod̊u rovńıkem (černá čára).
Červená a modrá čára ukazuj́ı data naměřená v plazmosféře, respektive v plasma throu-
gh, poloha plazmopauzy je určena z modelu PPCH2012. (d) Rozložeńı Kp indexu pou-
ze pro pr̊uchody, kdy byl měřen RŠ (černá čára). (f) Pravděpodobnost výskytu RŠ.
Význam barevných čar v histogramu (d) a (f) je stejný jako v histogramu (b). V histo-
gramech (e) a (f) je znázorněna zjǐstěná směrodatná odchylka σp. Ve všech histogramech
jsou použita data do | λM |< 7◦.
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PPCH2012 a OM2003, avšak ani jeden model se pro vybrané př́ıklady nelǐsil
o v́ıce jak L = 0,4.

Z obr. 6.10f je vidět pro data v plasma through zvyšuj́ıćı se pravděpodobnost
výskytu s rostoućı geomagnetickou aktivitou. Tento r̊ust je znatelný až do Kp = 7.
Data v plazmosféře byla naměřena hlavně během klidných podmı́nek, jejich OR
klesá pro Kp > 3. Pro vyšš́ı Kp je bohužel velmi omezené množstv́ı dat a proto
pokračováńı závislosti neńı možno porovnat.

6.3.3 Rozložeńı MLT v závislosti na poloze plazmopauzy
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Obrázek 6.11: Počet hodin strávených měřeńım uvnitř plazmosféry př́ıstrojem
STAFF-SA v binech o velikosti 2 h MLT x 2◦ λM (a) pro všechna naměřená data
a (b) pro RŠ. (c) Pravděpodobnost výskytu RŠ a (d) jej́ı zjǐstěná směrodatná odchylka
σp. Poloha plazmopauzy je poč́ıtaná z modelu PPCH2012

Pokud se bĺıžeji pod́ıváme na rozložeńı magnetického lokálńıho času pro za-
znamenané RŠ, vzhledem k poloze družice v závislosti na poloze plazmopauzy,
dojdeme k velmi zaj́ımavému závěru. V rozložeńı RŠ v plazmosféře, které je
ukázáno na obrázku 6.11 a detailněji na histogramech v obrázćıch 6.13a, 6.13c a
6.13e je vidět jen velmi slabá závislost na MLT. Jakési lehké minimum se ukazuje
na nočńı straně a maximum na odpoledńı straně, avšak rozd́ıl mezi nimi neńı v́ıc
jak 15% (obr. 6.13e). Naproti tomu z obrázk̊u 6.12, 6.13b, 6.13d a 6.13f ukazuj́ıćıch
závislost pro oblast plasma through vyplývá, že výskyt je během dne (maximum
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nastává kolem 15 h) v́ıc jak dvakrát vyšš́ı než v nočńıch hodinách (minimum
nastává kolem p̊ulnoci). Tato skutečnost poukazuje na silnou závislost rozložeńı
RŠ v MLT vzhledem k poloze plazmopauzy.
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Obrázek 6.12: Totéž jako v obrázku 6.11, avšak pro data naměřená v plasma through.

Podle výsledk̊u źıskaných ray tracingem [54] se na vyšš́ıch L může RŠ pohybo-
vat pouze v užš́ıch intervalech MLT. Proto může být jeho výskyt v́ıce lokalizován
na denńı straně. Naopak na nižš́ıch L se RŠ snadněji pohybuje v azimutálńım
směru (je zachycen v plazmosféře), a proto může být jeho výsledná OR v celém
intervalu MLT rovnoměrněji rozložena. Tato teorie je ve shodě s výše popsanými
výsledky.

Předložená analýza dat z př́ıstroje STAFF-SA je poměrně jedinečná, nebot’

vzniklá databáze RŠ byla vytvořena na základně detailńıho vizuálńıho výběru,
při kterém byla brána v potaz nejen intenzita elektromagnetických fluktuaćı, ale
také polarizace magnetického pole. Předešlé statistické studie byly založeny pouze
na výběru v závislosti na PSD v daném frekvenčńım intervalu. Např́ıklad Green
a kol. [60] a Meredith a kol. [64] docháźı k jiným závěr̊um než uvád́ıme v této
práci, a naopak naše výsledky zhruba odpov́ıdaj́ı těm, které uvedli Pokhotelov a
kol. [63] a Ma a kol. [65].
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Obrázek 6.13: (a) Pokryt́ı měřeńı družicemi Cluster dané počtem hodin strávených v 2 h
intervalech MLT uvnitř plazmosféry dle modelu PPCH2012 (černá čára: všechna data,
červená čára: všechna data pro ńızkou magnetickou aktivitu, tedy pro Kp ≤ 3, modrá
čára: všechna data pro vysokou geomagnetickou aktivitu, tedy pro Kp > 3). (b) Stejné
jako histogram (a) pouze pro data v plasma through. Doba strávená měřeńım RŠ (c)
v plazmosféře a (d) v plasma through. Pravděpodobnost výskytu RŠ (e) v plazmosféře
a (f) v plasma through. V histogramech (e) a (f) je ukázána znázorněna směrodatná
odchylka σp. Ve všech histogramech jsou použita data do | λM |< 7◦.
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6.4 Vnitřńı struktura RŠ

V této části se budeme věnovat výsledk̊um źıskaným z dat př́ıstroje WBDměř́ıćım
ve třech frekvenčńıch módech (viz tabulka 4.1). Pro naši statistiku byl použit
kv̊uli vhodnému frekvenčńımu rozsahu mód 9,5 kHz, který umožňoval rozeznat
a zpracovat vnitřńı strukturu RŠ. V následuj́ıćıch podkapitolách jsou uvedeny
ukázkové spektrogramy s r̊uznými př́ıklady vnitřńı struktury RŠ, se kterými jsme
se během zpracováńı setkali a výsledky źıskané z jej́ı analýzy.

6.4.1 Zpracováńı dat a ukázky RŠ

Základem pro analýzu dat bylo vytvořeńı databáze časových interval̊u, během
kterých byl pozorován RŠ a zároveň př́ıstroj WBD měřil v požadovaném módu.
Časové intervaly všech naměřených RŠ z obdob́ı mezi roky 2001 až 2010 jsme
měli k dispozici z předchoźı analýzy dat z př́ıstroje STAFF-SA. Informace o do-
stupnosti dat a měř́ıćıch módech byly čerpány z webové stránky
http : //www − pw.physics.uiowa.edu/cluster/wbdcoverage/software logs/,
která je věnována př́ıstroji WBD, vyvinutém na univerzitě v Iowě. Následně byly
všechny nalezené intervaly z d̊uvodu výpočtové zátěže rozděleny do 2-minutových
úsek̊u (vzniklo tak celkem 2423 podinterval̊u) a zpracovány programem wbd2psd.
Ten vytvořil potřebné datové soubory pro daľśı analýzu obsahuj́ıćı hodnoty vý-
konové spektrálńı hustoty s rozlǐseńım 0,84 Hz. Z každého záznamu se takto vy-
tvořilo 1 až několik deśıtek podinterval̊u, ze kterých byl následně vykreslen spek-
trogram. Ze źıskaných spektrogramů byl pro každý záznam RŠ vizuálně vybrán
pouze jeden zástupný, ve kterém byla př́ıpadná spektrálńı struktura nejlépe vidět.
V ojedinělých př́ıpadech byly vybrány podintervaly dva a to pouze v př́ıpadě,
kdy se měnily rozestupy spektrálńıch čar a nebo se v pr̊uběhu emise měnila je-
jich frekvence o v́ıce jak 10 Hz. Z 342 vybraných časových podinterval̊u se pomoćı
programu PRASÁTKO opět vykreslily spektrogramy, ve kterých se nyńı vizuálně
označily frekvenčńı výšky spektrálńıch čar (SČ). Frekvence se zaznamenávaly jen
ve spektrogramech, ve kterých byly alespoň 4 SČ v jednom systému čar (vy-
světleńı viz ukázky spektrogramů ńıže). Stejně jako v př́ıpadě dat z př́ıstroje
STAFF-SA, byly i zde do zpracováńı zahrnuty výsledky z každého spektrogramu
jako samostatný záznam. To platilo jak pro vybrané dva podintervaly z jedné
emise, tak i pro podintervaly obsahuj́ıćı stejnou emisi, avšak měřenou na r̊uzných
družićıch.

Kromě frekvence SČ byly do vzniklého textového souboru nav́ıc zaznamenány
následuj́ıćı informace o spektrálńı struktuře:

• zašuměnost vnitřńı struktury

• kombinovaná struktura – na spektrogramu byly vidět SČ, a zároveň byla
část emise zašuměná

• málo SČ – zřejmá viditelnost SČ, avšak jejich počet menš́ı než 4

• spodńı struktura – několik samostatných systémů SČ v nižš́ıch částech emise
(typicky do 50 Hz)

• spektrálńı struktura vyskytuj́ıćı se nad flh
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Všechny dosud zmı́něné př́ıpady vnitřńı struktury nyńı ukážeme na několika
př́ıkladech. Ve spektrogramu na obrázku 6.14a je vidět ukázková vnitřńı struktura
RŠ naměřeného 1. ledna 2004 na družici Cluster 1. Medián frekvenčńıho rozestupu
SČ je 5,3 Hz. Na obrázku 6.14b je ukázán RŠ naměřený 16. zář́ı 2003 družićı
Cluster 4. Tento př́ıklad patř́ı mezi ty ojedinělé př́ıpady, kdy frekvence SČ byly
zaznamenány na 2 mı́stech v pr̊uběhu jedné emise. Důvodem je změna frekvence
jednotlivých SČ, která stoupla během p̊ulhodinového pozorováńı o v́ıce jak 20 Hz.
Zároveň s frekvenćı SČ se změnily i jejich rozestupy, zat́ımco v prvńı označené
sadě frekvenćı (kolem 18:05 UT) je medián 5,3 Hz, v druhé sadě (kolem 18:17
UT) je 4,9 Hz. Tento rozd́ıl 0,4 Hz mohl být zp̊usoben nepřesným určeńım středu
SČ, jejichž š́ı̌rka byla ve většině př́ıpad̊u větš́ı jak 3 Hz, což mohlo při jejich
odečtu vést až k chybě několika Hz. Také z tohoto d̊uvodu bylo použito kritérium
minimálńıho počtu SČ, nebot’ zmı́něná chyba se při určováńı mediánu pro větš́ı
počet záznamů obvykle eliminovala pouze na několik desetin Hz. V následuj́ıćıch
výsledćıch zahrnuj́ıćıch frekvenčńı intervaly jsou proto použity pouze mediánové
hodnoty.
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Obrázek 6.14: Př́ıklady RŠ s viditelnou vnitřńı strukturou naměřené př́ıstrojem WBD
(a) 1. ledna 2004 družićı Cluster 1 a (b) 16. zář́ı 2003 družićı Cluster 4. Obě emise
maj́ı jeden z nejvyšš́ıch počt̊u zaznamenaných SČ. Červené šipky označuj́ı výšku za-
znamenaných frekvenćı. Černob́ılá čára ukazuje horńı odhad flh. Čas měřeńı družice
(UT) a jej́ı poloha jsou uvedeny ve spodńı části obrázku. λm – magnetická š́ı̌rka ve
stupńıch, R – vzdálenost družice v zemských poloměrech, MLT – magnetický lokálńı
čas v hodinách.

V obou uvedených spektrogramech na obr. 6.14 jsou SČ vidět v elektrickém
poli i nad hranićı spodńı hybridńı frekvence. Tento nezvyklý jev se vyskytuje ve
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v́ıce př́ıpadech a to převážně v pozděǰśıch letech v datech na družici Cluster 1.
Zjǐst’ovali jsme zda by nemohlo j́ıt o př́ıstrojovou vadu, ale pro tuto frekvenčńı
oblast nebyl žádný podobný efekt popsán. V př́ıpadě že se nejedná o př́ıstrojovou
vadu, ale o př́ırodńı jev, mohly by tuto spektrálńı strukturu nad flh vysvětlovat
elektrostatické protonové Bernsteinovy módy, které se nad touto hranićı normálně
vyskytuj́ı. Na elektromagnetický X-mód se jejich mód může změnit pod hranićı
flh. Celkově je tento jev velmi zaj́ımavý a zasloužil by si jistě hlubš́ı výzkum, ten
je však nad rámec ćıl̊u této disertačńı práce.

Dále je v obou spektrogramech vidět spodńı struktura, ve které jsou sice
znatelné SČ, ale v počtu menš́ım jako 4 (např. obr. 6.14b – oblast kolem 40 Hz).
Nav́ıc SČ tvoř́ı v těchto spodńıch strukturách samostatné systémy, tzn. systémy,
mezi kterými je frekvenčńı mezera 2 x větš́ı než vzdálenost mezi dvěmi po sobě
následuj́ıćımi SČ v jednom systému.
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Obrázek 6.15: (a) Př́ıklad RŠ s viditelnou vnitřńı strukturou naměřeného př́ıstrojem
WBD 13. zář́ı 2001 družićı Cluster 2 se znatelnou spodńı strukturou. (b) Př́ıklad RŠ
s viditelnou vnitřńı strukturou naměřeného př́ıstrojem WBD 12. listopadu 2003 družićı
Cluster 4 s kombinovaným pr̊uběhem. Význam šipek, černob́ılé čáry a popisk̊u je stejný
jako v obr. 6.14.

Na spektrogramu 6.15a naměřeném 13. zář́ı 2001 družićı Cluster 2 je vidět
vnitřńı struktura, v jej́ıž spodńı části je na prvńı pohled zjevná mnohočetná
spodńı struktura. Při detailněǰśı analýze však zjist́ıme, že v tomto př́ıpadě jsou
frekvenčńı vzdálenosti mezi spodńımi strukturami natolik malé, že je za samo-
statné systémy považovat nemuśıme a je tedy možno zahrnout do analýzy všechny
SČ mezi 0 až 180 Hz.
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Na spektrogramu 6.15b naměřeném 12. listopadu 2003 družićı Cluster 4 je
ukázka kombinované emise. V intervalu 0–50 Hz je vidět zašuměná spodńı struk-
tura, mezi 60 až 140 Hz pozorujeme vnitřńı strukturu s rozlǐsitelnými SČ a nad
140 Hz se opět vnitřńı struktura stává nerozlǐsitelnou – zašuměnou.

V některých př́ıpadech v pr̊uběhu emise mı́rně stoupá (obr. 6.14b a 6.15a) či
klesá frekvence SČ. Ve většině př́ıpad̊u se tato změna váže s klesaj́ıćı či stoupaj́ıćı
hodnotou flh, to však neznamená že vždy když hodnota flh měńı velikost, tak se
měńı i frekvence SČ (viz obr. 6.15b).

Zmiňovaná spodńı struktura je vidět v mnoha př́ıpadech – celkově byla na-
lezena v 81 z 342 zkoumaných událost́ı, což tento jev čińı poměrně významným.
Nav́ıc k př́ıtomnosti mezer ve spodńı struktuře docháźı na přibližně stejných frek-
venćıch, jmenovitě kolem 25 Hz, 50 Hz a v některých př́ıpadech i kolem 75 Hz,
tedy na násobćıch 25 Hz. Tyto frekvenčńı mezery mohou mı́t dvoj́ı vysvětleńı:
Prvńım z nich je, že se emise generuje na radiálńıch vzdálenostech kolem L = 2,6
přibližně odpov́ıdaj́ıćıch protonové cyklotronové frekvenci fH+ = 25 Hz. Obecně
zab́ırá š́ı̌rka vzniklých SČ v́ıce jak polovinu nebo sṕı̌se 2/3 hodnoty cyklotronové
frekvence (viz 1. odstavec podkapitoly 6.4.4). Z tohoto d̊uvodu mohou být vidět
zmı́něné SČ jako modulovaný šum na nižš́ıch frekvenćıch (obr. 6.14a, 6.15b). Emi-
se se nav́ıc z mı́sta vzniku může š́ı̌rit dál od Země na vzdálenosti kolem L = 4,5,
na kterých se do již existuj́ıćıho signálu může namodulovat drobněǰśı struktura,
odpov́ıdaj́ıćı vzdáleněǰśım L. Na družici pak pozorujeme jak p̊uvodńı širš́ı struk-
turu, tak namodulovanou drobněǰśı (obr. 6.15a). Druhým vysvětleńım je útlum
vlny na frekvenćıch odpov́ıdaj́ıćıch iontovým Bernsteinovým mód̊um, ovšem me-
chanismus zp̊usobuj́ıćı možnost pozorováńı takového útlumu na L = 4,5 nám
prozat́ım neńı znám.

Tabulka 6.2: Statistické shrnut́ı pozorováńı emiśı RŠ naměřených na př́ıstroji WBD.

př́ıpady viditelnost kombinovaná pravděpodobnost
na WBD SČ (analyzováno) emise výskytu SČ [%]

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)

Celková statistika př́ıpad̊u RŠ pozorovaných na př́ıstroji WBD je uvedena
v tabulce 6.2. Z celkových 2229 př́ıpad̊u zaznamenaných na př́ıstroji STAFF-SA
bylo na WBD identifikováno 342 emiśı. V prvńım sloupci

”
př́ıpady na WBD“

je uveden celkový počet emiśı v daném roce nalezených v požadovaném módu
(do 9,5 kHz). Druhý sloupec

”
viditelnost SČ“ poskytuje dvě informace, jednak

uvád́ı v kolika př́ıpadech z celkového množstv́ı byla vidět jakákoli vnitřńı struk-
tura, jednak č́ıslo v závorce udává kolik emiśı s nalezenou vnitřńı strukturou
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bylo analyzováno, tzn. že ve spektrogramu byly viditelné nejméně 4 SČ v jednom
systému čar. Sloupec

”
kombinovaná emise“ uvád́ı, jak již název napov́ıdá, ko-

lik z celkového množstv́ı emiśı s vnitřńı strukturou obsahovalo nav́ıc zašuměnou
část. V posledńım sloupci je uvedeno s jakou pravděpodobnost́ı jsme v emiśıch
nacházeli vnitřńı strukturu se SČ. Č́ıslo v závorce udáva tutéž pravděpodobnost,
ale poč́ıtanou jen pro analyzované př́ıpady. Celkově je v této statistice vidět po-
dobná tendence jako v př́ıpadě dat z př́ıstroje STAFF-SA, to jest od roku 2008
strmě klesal počet nalezených emiśı, pouze v roce 2010, kdy bylo možno během
jedné orbity analyzovat až 2 pr̊uchody rovńıkem, jejich počet vzrostl. Pozname-
nejme, že tato statistika je značně ovlivněna t́ım, že v některých letech nebyla
k dispozici data v požadovaném módu i déle jak několik měśıc̊u.

6.4.2 Analýza spektrálńıch čar

Pravidla pro zařazeńı frekvenćı SČ do celkové analýzy byla uvedena výše, nyńı
se pod́ıvejme na výsledky statistiky tohoto výběru.
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Obrázek 6.16: Statistika analýzy vnitřńı struktury rovńıkového šumu. (a) Frekvence
zaznamenaných SČ normovaná lokálńı cyklotronovou frekvenćı vod́ıku. (b) Počet za-
znamenaných SČ jednotlivých emiśı. (c) Medián frekvenčńıch interval̊u jednotlivých
emiśı. Černá čára ukazuje všechna zaznamenaná data. Oranžová a modrá čára ukazu-
je data naměřená v plazmosféře, respektive v plasma trough. Poloha plazmopauzy je
poč́ıtaná z modelu PPCH2012.

Frekvence SČ normovaná na lokálńı (v mı́stě měřeńı družice) iontovou cyklot-
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ronovou frekvenci vod́ıku je vidět v histogramu 6.16a. Černá čára ukazuje všechny
zaznamenané frekvence, modrá a červená čára ukazuje pouze ty frekvence, které
byly naměřeny v plasma through, respektive v plazmosféře. Z histogramu je
zřetelné, že spektrálńı struktura byla vidět častěji a do vyšš́ıch frekvenćı v plasma
through než v plazmosféře. Nav́ıc je vidět, že př́ıpad̊u, kdy normovaná frekven-
ce přesahuje 42 Hz, je pouze několik, což koresponduje s přibližným výpočtem
hodnoty spodńı hybridńı frekvence odpov́ıdaj́ıćı zhruba 42-násobku protonové
cyklotronové frekvence.

V histogramu 6.16b je ukázán počet SČ označených v jednotlivých emiśıch.
Barevné kódováńı je stejné jako v obr. 6.16a. Bohatš́ı spektrálńı struktura (> 20
SČ) byla vidět pouze v plasma through. Emise s počtem SČ < 4 nebyly zazna-
menávány, a proto histogram klesá od této hodnoty k nule.

Frekvenčńı hodnoty po sobě následuj́ıćıch SČ všech analyzovaných emiśı byly
následně mezi sebou odečteny. Výsledné mediány frekvenčńıch interval̊u jednot-
livých emiśı jsou uvedeny v histogramu 6.16c, barevné kódováńı opět odpov́ıdá
obr. 6.16a. Poznamenejme, že naše zvolené frekvenčńı rozlǐseńı nedovoluje roz-
poznat frekvenčńı intervaly pod 2 Hz. Celkový medián hodnot fr. rozestup̊u pro
oblast mimo plazmosféru je 5,3 Hz, uvnitř je hodnota celkového mediánu vyšš́ı
a to 6,2 Hz. V plasma through nabývaj́ı fr. intervaly převážně hodnot mezi 4 až
6 Hz, naproti tomu je jejich rozděleńı v plazmosféře poněkud rovnoměrněǰśı, ne-
bot’ se zde družice mohly dostávat do bližš́ıch oblast́ı k Zemi a tedy do silněǰśıho
magnetického pole, kde vyšš́ı fci zp̊usobovala větš́ı fr. rozestupy.
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Obrázek 6.17: Závislost frekvenčńıch interval̊u na (a) poloze plazmopauzy a (b) poloze
družice. B́ılá křivka ukazuje závislost radiálńı vzdálenosti za předpokladu dipólového
modelu na fH+. Biny jsou rozděleny v intervalu 0,5 Hz x 0,25 Lpp/L.

V některých předešlých publikaćıch [52, 56] byla předestřena teorie, že rov-
ńıkový šum se pravděpodobně generuje v oblasti plazmopauzy na jej́ı vněǰśı či
vnitřńı hranici. Při bližš́ım pohledu na vztah mezi fr. intervaly, ze kterých lze
vypoč́ıtat zdrojovou oblast, a polohou plazmopauzy (obr. 6.17a) žádný náznak
závislosti nevid́ıme. Pokud se však pod́ıváme na obr. 6.17b, ukazuj́ıćı vztah me-
zi fr. intervaly a polohou družice, vid́ıme, že v tomto př́ıpadě je jistá závislost
znatelná. B́ılá čára, kterou je vykreslena obecná závislost radiálńı vzdálenosti
zdroje na fr. rozestupech v př́ıpadě dipólového modelu, děĺı OR na 2 části. Tento
zaj́ımavý závěr v́ıce rozebereme v podkapitole 6.4.4. Události zahrnuté do zpra-
cováńı byly źıskány z celkového pokryt́ı př́ıstrojem WBD do 7◦λM (detailněǰśı
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popis postupu źıskáváńı Lpp a L je uveden na začátku podkapitoly 6.4.3). V tom-
to př́ıpadě byla nav́ıc všem časovým bod̊um zahrnuj́ıćı měřeńı RŠ a odpov́ıdaj́ıćı
jedné emisi přǐrazena stejná hodnota mediánu frekvenčńıho rozestupu SČ. Hodno-
ta výsledné OR vznikla vyděleńım počtu událost́ı v jednotlivých binech součtem
všech události v př́ıslušném intervalu Lpp či L.

6.4.3 Závislost RŠ na geomagnetických podmı́nkách
a MLT

Pro porovnáńı s některými výsledky z př́ıstroje STAFF-SA uvedeme v této podka-
pitole statistiku výskytu družic Cluster v době, kdy př́ıstroj WBD měřil v požado-
vaném módu do 9,5 kHz. Informace o poloze družice, Lpp, Kp indexu a MLT jsou
čerpány z databáze vytvořené pro STAFF-SA, maj́ı tedy 1-minutové rozlǐseńı. Do
zpracováńı byly zahrnuty všechny časové body odpov́ıdaj́ıćı intervalu do 7◦λM.
K vzniklému souboru byla nav́ıc přidána informace, zda pro daný časový bod byl
na WBD zaznamenán RŠ a byla-li jeho vnitřńı struktura viditelná či zašuměná.
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Obrázek 6.18: Poloha družic Cluster do 7◦ λM pro data z př́ıstroje WBD měř́ıćıho
v módu do 9,5 kHz. (a) Doba strávená celkovým měřeńım (černá čára), měřeńım RŠ v je-
hož vnitřńı struktuře byly vidět alespoň 4 SČ (modrá čára), měřeńım RŠ jehož vnitřńı
struktura obsahovala méně jak 4 SČ (zelená čára) a měřeńım RŠ jehož vnitřńı struk-
tura byla zašuměná (oranžová čára). (b) Výsledná pravděpodobnost výskytu. Význam
barevných čar je stejný jako v histogramu (a).

Celková doba strávená měřeńım př́ıstroje WBD v obdob́ı od roku 2001 do
roku 2010 je znázorněna černou čarou na obrázku 6.18a. Barevné čáry ukazuj́ı
počet hodin strávených měřeńım RŠ s vnitřńı strukturou obsahuj́ıćı nejméně 4
zaznamenané SČ (modrá čára) a méně než 4 SČ (zelená čára), a měřeńım RŠ
se zašuměnou vnitřńı strukturou (červená čára). Výsledná OR je uvedena na
obr. 6.18b. Barevné kódováńı je stejné jako v histogramu 6.18a. V některých
intervalech L nemuśı součet hodnot barevných čar odpov́ıdat hodnotě, kterou
ukazuje černá čára. Důvodem je započ́ıtáńı událost́ı s kombinovaným pr̊uběhem
jak do emiśı s vnitřńı strukturou, tak do emiśı se zašuměným pr̊uběhem. Ze
srovnáńı černých čar na obr. 6.18a a 6.10a (STAFF-SA) je vidět, že na radiálńıch
vzdálenostech L ≥ 3 jsou oba pr̊uběhy podobné. Rozd́ıl je pouze v celkovém
počtu hodin strávených měřeńım v daném intervalu L, který je logicky pro WBD
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řádově nižš́ı. Pro L < 3 nemá WBD v daném módu prakticky žádné pokryt́ı.
Nyńı porovnejme pr̊uběh OR (černých čar) na obr. 6.18b a 6.10e, které se od
sebe neočekávaně lǐśı. Kolem L = 4 se oba pr̊uběhy chovaj́ı podobně, OR zde
dosahuje hodnot kolem 35% a pro L > 8 klesá lineárně k 0. V oblasti mezi L = 5
a L = 8 je OR pro WBD o cca 5% vyšš́ı a nav́ıc se kolem L = 6,5 ukazuje druhé
lokálńı maximum, což v datech pro STAFF-SA nevid́ıme. Nejv́ıc rozd́ılné jsou
však pr̊uběhy pro L < 4, pro které OR na STAFF-SA klesá plynule k 0, zat́ımco
na WBD naopak stoupá. Důvodem výše zmı́něných odlǐsnost́ı je pravděpodobně
rozd́ılné celkové pokryt́ı měřeńı.

Stejně jako v př́ıpadě OR z př́ıstroje STAFF-SA je i pro WBD použita pod-
mı́nka pro jej́ı zobrazeńı. Zobrazeny jsou pouze intervaly, ve kterých přesáhla
celková doba měřeńı v́ıce jak 120 min. Tato hranice je nižš́ı jako pro STAFF-SA,
pro který byla 180 min, a to z d̊uvodu menš́ıho celkového pokryt́ı.
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Obrázek 6.19: Hodnoty Kp indexu pro všechna data naměřená do 7◦ λM v závislosti (a)
na charakteru vnitřńı struktury a (c) na poloze plazmopauzy. Př́ıslušná výsledná OR
je ukázána v histogramu (b), respektive (d). Význam čar v histogramech (a) a (b) je
stejný jako na obr. 6.18. Oranžová a modrá čára v histogramech (c) a (d) ukazuje data
naměřená v plazmosféře, respektive v plasma through. Poloha plazmopauzy je poč́ıtaná
z modelu PPCH2012.

Histogram 6.19a ukazuje závislost výskytu družic Cluster na geomagnetických
podmı́nkách pro celkové měřeńı př́ıstrojem WBD (černá čára) a pro měřeńı za-
hrnuj́ıćı pouze RŠ (barevné čáry). Výsledná OR je zobrazena na obr. 6.19b.
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Význam barevných čar je stejný jako v obr. 6.18. OR emiśı s počtem SČ ≥ 4 po-
stupně roste se zvyšuj́ıćı se geomagnetickou aktivitou. Pro zašuměné emise a emise
s počtem SČ < 4, jejichž výskyt je během klidných magnetosférických podmı́nek
rovnoměrný, vzroste OR pro Kp ≥ 4 v́ıce jak dvojnásobně a se zvyšuj́ıćım se Kp
nadále stoupá na rozd́ıl od OR emiśı s počtem SČ ≥ 4, která naopak pro Kp > 5
prudce klesá. Tyto prudš́ı změny jsou zřejmě zp̊usobeny t́ım, že při vyšš́ıch Kp
docháźı ke generaci v́ıce emiśı, jejichž vnitřńı struktura se proĺıná a vznikaj́ı pak
zašuměné či kombinované emise s menš́ım počtem čar ve vnitřńı struktuře.
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Obrázek 6.20: (a) Pokryt́ı měřeńı družic Cluster do 7◦ λM v závislosti na MLT
rozděleného do 2 h interval̊u. (b) Výsledná pravděpodobnost výskytu. Význam ba-
revných čar v obrázćıch (a) a (b) je stejný jako v obr. 6.19c. Pravděpodobnost výskytu
RŠ (c) v plazmosféře a (d) v plasma through pro všechny zaznamenané RŠ (černá čára),
pro RŠ měřené během klidných geom. podmı́nek (oranžová čára) a pro RŠ měřené
během zvýšené geom. aktivity (modrá čára).

Černá čára v histogramech 6.19c a 6.19d ukazuje stejnou závislost jako černá
čára v histogramu 6.19a, respektive 6.19b. Barevné čáry však tentokrát ukazuj́ı
celkový výskyt, respektive OR v plazmosféře (oranžová čára) a v plasma through
(modrá čára). Pokud OR opět srovnáme s výsledky ze STAFF-SA (obr. 6.10b a
6.10f) vid́ıme, že na WBD jej́ı hodnota pro Kp > 4 oproti STAFF-SA skokově
vzroste, což je nejsṕı̌se zp̊usobeno t́ım, že př́ıstroj WBD měřil častěji v poža-
dovaném módu během zvýšených geomagnetických podmı́nek. Daľśım rozd́ılem
pro měřeńı z WBD je jeho mnohem vyšš́ı OR v plazmosféře, která však jen v́ıce
zvýrazňuje skutečnost, která byla znatelná i v datech z př́ıstroje STAFF-SA, a to

57



že během klidných geom. podmı́nek je hranice plazmopauzy dál od Země a tedy
družice častěji měř́ı uvnitř plazmosféry. To potvrzuje i pr̊uběh celkového měřeńı
družicemi v histogramu 6.19c, kde pro větš́ı Kp klesne počet dat naměřených
v plazmosféře téměř na 0.

Výskyt naměřených dat v závislosti na MLT vzhledem k poloze plazmopau-
zy je ukázán na obr. 6.20. Histogram 6.20a ukazuje celkovou dobu strávenou
měřeńım družicemi Cluster. Výslednou OR ukazuje histogram 6.20b. Barevné
kódováńı je stejné jako v obr. 6.19c. Histogramy 6.20c a 6.20d ukazuj́ı podrobněji
OR pro r̊uzné geom. podmı́nky v plazmosféře, respektive v plasma through.
Zat́ımco v plasma through se pr̊uběh zhruba shoduje s výsledky ze STAFF-SA,
v plazmosféře vycháźı naprosto odlǐsně (obr. 6.13e a 6.13f). Ze STAFF-SA vyšla
v oblasti plazmosféry jen slabá závislost, avšak pro data z WBD vyšla v této
oblasti podobná závislost na MLT jako v plasma through. Domńıváme se, že
tento nečekaný rozd́ıl v pr̊uběźıch OR pro oblast plazmosféry je zp̊usoben opět
nedostatkem měřeńı př́ıstroje WBD v této oblasti, kde, pro srovnáńı, v každém
2-hodinovém intervalu mezi 6 a 18 h MLT je v pr̊uměru celkově jen kolem 5
hodin záznamů, na rozd́ıl od př́ıstroje STAFF-SA, kde je pr̊uměrně 70–80 hodin
na každý 2-hodinový interval MLT. Což pro WBD znamená méně jak 1/15 dat
z celkového měřeńı. Stejný rozd́ıl je i v množstv́ı dat obsahuj́ıćı RŠ.

6.4.4 Zdrojová oblast

Z teorie v́ıme, že vnitřńı struktura RŠ vzniká interakćı vlny s ionty (nebude-li
napsáno jinak, pro daľśı výpočty uvažujeme pouze ionty vod́ıku) na jejich cha-
rakteristických cyklotronových frekvenćıch. Jinými slovy, rozestupy mezi SČ nám
udávaj́ı velikost lokálńı cyklotronové frekvence v mı́stě vzniku vlny, pomoćı které
je možno, za předpokladu dipólového modelu, vypoč́ıtat pomoćı rovnice (3.2) ra-
diálńı vzdálenost zdrojové oblasti vln. Histogram zjǐstěných radiálńıch vzdálenost́ı
zdroje LZ ukazuje obrázek 6.21a. Nejčastěǰśı zjǐstěná radiálńı vzdálenost je kolem
L = 4,4, což odpov́ıdá velikosti cyklotronové frekvence vod́ıku 5,3 Hz. Počet emiśı
vzniklých na L > 5 je téměř nulový. Nemůžeme s jistotou ř́ıci, že by emise za
touto hranićı nevznikaly, ale hlavńım d̊uvodem proč v této studii zdrojovou ob-
last nad zmı́něnou hranićı nevid́ıme je rozlǐsitelnost spektrálńıch čar. Ve většině
analyzovaných emiśı nebyla š́ı̌rka SČ menš́ı jako 3 Hz, což odpov́ıdá v́ıce jako po-
lovině mediánu frekvenčńıch rozestup̊u. Proto nebylo možné identifikovat zdroj
na větš́ıch vzdálenostech jako L > 5,3.

Rozd́ıl mezi vypočtenou modelovou polohou plazmopauzy a polohou zdrojové
oblasti je ukázán na obr. 6.21b. Žádný výrazný ṕık kolem 0 vidět neńı, což bo-
hužel teorii generováńı RŠ v okoĺı plazmopauzy (viz kapitola 6.4.2) nepotvrzuje.
Z obrázku je ale vidět, že emise pozorované v plazmosféře jsou v ńı také častěji
generované, a stejně tak to plat́ı i pro oblast plasma through. Tato skutečnost nás
přivedla k otázce vztahu mezi polohou zdroje LZ a polohou družice L ukázaného
na obr. 6.21c. Zde je vidět daleko výrazněǰśı ṕık kolem 0, než v předešlém obrázku.
RŠ byl ve většině př́ıpad̊u naměřen do vzdálenosti | L |< 0,3 od zdrojové oblas-
ti. S přihlédnut́ım k tomu, že do výsledk̊u této podkapitoly jsou zahrnuty jen
emise se zaznamenanou vnitřńı strukturou, histogram 6.21c ř́ıká, že s přibývaj́ıćı
vzdálenost́ı od zdrojové oblasti se vnitřńı struktura emise stává v́ıce zašuměnou.
Pravděpodobným d̊uvodem je nejsṕı̌se interakce s jinými vlnami či částicemi. Tu-
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Obrázek 6.21: (a) Poloha zdrojových oblast́ı RŠ poč́ıtaná z rozd́ılu frekvenćı SČ za
předpokladu dipólového modelu. Oranžová a modrá čára ukazuje data zaznamenaná
družicemi Cluster v plazmosféře, respektive v plasma through. Rozd́ıl mezi polohou
zdrojové oblasti a (b) polohou plazmopauzy, respektive (c) polohou družice. Význam
barevných čar v histogramech (b) a (c) je stejný jako v histogramu (a). Poloha plazmo-
pauzy je stanovena z modelu PPCH2012.
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Obrázek 6.22: Pravděpodobnost výskytu polohy zdroje v závislosti (a) na poloze
plazmopauzy poč́ıtané vzhledem k poloze družice a (b) na poloze družice. Biny jsou
rozděleny v intervalu LZ = 0,2/0,125 x Lpp = 0,2/L = 0,25. B́ılé př́ımky charakterizuj́ı
závislost na fci vod́ıku, popř́ıpadě těžš́ıch iont̊u.
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to domněnku podporuje i výsledek plynoućı z histogramu radiálńıch vzdálenost́ı
6.18b, ze kterého vyplývá, že počet zašuměných emiśı je v intervalech L < 3 a
L > 5,5 větš́ı (zvláště pro vzdáleněǰśı emise) než emiśı s vnitřńı strukturou.

Hodnoty použité v histogramech 6.21a–6.21c jsou mediány hodnot jednot-
livých emiśı.

Posledńı obrázek 6.22 ukazuje detailněji vztah mezi zdrojovou oblast́ı a polo-
hou plazmopauzy (6.22a), respektive polohou družice (6.22b). Hodnoty LZ, Lpp

a L byly źıskány stejným postupem jako v obr. 6.17. Hodnota výsledné OR
vznikla vyděleńım počtu událost́ı v jednotlivých binech součtem všech události
v př́ıslušném intervalu Lpp či L. B́ılá př́ımka x = y v obr. 6.22a zobrazuje př́ımou
závislost na cyklotronové frekvenci vod́ıku fH+. Jinak řečeno pokud by zdrojová
oblast ležela v bĺızkosti plazmopauzy byla by OR v tomto obrázku koncentrovaná
kolem této př́ımky. Na obr. 6.22b je zobrazena kromě př́ımky charakterizuj́ıćı fH+

(vlevo) také př́ımka charakterizuj́ıćı fci 2x ionizovaného helia (α částice) nebo 1x
ionizovaného deuteria (vpravo). Emise vyskytuj́ıćı se vlevo od př́ımky pro vod́ık
zjevně přicháźı na družici z větš́ıch vzdálenost́ı. Pro emise vyskytuj́ıćı se napravo
od vod́ıkové čáry jsou možné dvě interpretace, jednak, pokud vezmeme v úvahu
souvislost s vod́ıkovou př́ımkou, se vlny mohly š́ı̌rit na družici směrem od Země,
a jednak mohlo j́ıt také o emise tvoř́ıćı se na α/deuterium částićıch, které se na
družici doš́ı̌rily z větš́ıch radiálńıch vzdálenost́ı než byla poloha družice.

6.5 Azimutálńı směr š́ı̌reńı RŠ

Zkombinováńım měřeńı ze STAFF-SA a WBD je možno źıskat azimutálńı úhel Ψ
směru š́ı̌reńı vln. Němec a kol. [56] t́ımto zp̊usobem źıskali pro obdob́ı 2001–2010
úhel Ψ pro v́ıce jak 100 emiśı RŠ. Ze statistické studie vyplynulo, že směr š́ı̌reńı se
lǐśı v závislosti na poloze plazmopauzy. Zat́ımco v plasma through se azimutálně
RŠ š́ı̌ŕı předevš́ım v západńım a východńım směru kolmo k radiálńımu směru
š́ı̌reńı (obrázek 6.23a), v plazmosféře neńı preferovaný žádný směr azimutálńıho
š́ı̌reńı (obrázek 6.23b). Toto rozložeńı by mohlo být vysvětleno použit́ım analýzy
směru š́ı̌reńı za předpokladu, že by RŠ vznikal na plazmopauze. Tuto teorii však
bohužel studie zdrojové oblasti nepotvrdila (viz obr. 6.21).
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Obrázek 6.23: Histogram vypoč́ıtaných hodnot azimutálńıho směru š́ı̌reńı (a) v plasma
through a (b) v plazmosféře. Azimutálńı úhly ±90◦ odpov́ıdaj́ıćı š́ı̌reńı východńım či
západńım směrem jsou znázorněny čárkovanou čarou.
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6.6 Proměnlivost intenzity RŠ s podmı́nkami

v magnetosféře

Dosud jsme z př́ıstroje STAFF-SA ukazovali pouze výsledky týkaj́ıćı se samotného
výskytu družice během měřeńı RŠ. Nyńı si ukážeme jak vypadá závislost na MLT
a Kp indexu v př́ıpadě intenzity emise [93]. Celková intenzita se v plazmosféře
jev́ı nezávislá na MLT (obr. 6.24a), což je stejný výsledek jako máme pro výskyt
RŠ (obr. 6.13e). V plasma through je situace trochu odlǐsná. Zat́ımco v obrázku
6.13f je maximálńı výskyt v odpoledńıch hodinách, v histogramu 6.24b je nejvyšš́ı
intenzita v dopoledńım sektoru. Intenzita byla zjǐst’ována z Poyntingova vekto-
ru integrovaného přes geomagnetickou latitudu, vymezenou začátkem a koncem
časového intervalu dané emise, ve frekvenčńım rozsahu do 500 Hz, což byla nejvýše
stanovená spodńı hybridńı frekvence v pr̊uběhu celého datového souboru.

Kromě závislosti na MLT je na obrázku 6.24c vyobrazena závislost celkové
intenzity na geomagnetických podmı́nkách.
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Obrázek 6.24: Celková intenzita jednotlivých emiśı jako funkce MLT pozorovaná (a)
v plazmosféře a (b) v plasma through. Silné plné čáry odpov́ıdaj́ı mediánu hodnot
v daném intervalu MLT, slabš́ı pak odpov́ıdaj́ı odspodu 1. (25%) a 3. (75%) kvartilu.
(c) Celková intenzita pozorovaných emiśı jako funkce Kp indexu. Plné čáry odpov́ıdaj́ı
mediánu hodnot naměřených v plazmosféře (modrá barva) a v plasma through (červená
barva).

6.7 Kvaziperiodické modulace intenzity RŠ

Kvaziperiodické (QP) VLF emise byly popsány v podkapitole 2.2.3 věnuj́ıćı se
elektromagnetickým vlnám. Nedávno se zjistilo, že podobné modulace intenzity
se objevuj́ı i v př́ıpadě rovńıkového šumu. Prezentovaly to př́ıpadové studie dat
z družice Themis [91] a nově i z družic Van Allen probes [92]. Němec a kol. [90]
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našli tyto modulace i na datech z družic Cluster a jako prvńı zpracovali tento
fenomén statisticky pro obdob́ı mezi roky 2001 a 2010. Ukázka modulovaného RŠ
je vidět na obrázku 6.25. Perioda modulace v tomto př́ıpadě je cca 3 min. Celkově
se periody modulace pro všechny zkoumané emise pohybovaly v řádu několika
minut. Na rozd́ıl od QP emiśı, kde délka modulace fluktuuje v řádu od několika
sekund do několika minut. Časová QP modulace byla jasně viditelná ve zhruba
5% zkoumaných př́ıpad̊u. Jejich výskyt byl lokalizovaný předevš́ım v ranńım a
poledńım sektoru MLT (histogram. 6.26). Nav́ıc se zdá, že četnost výskytu je
spojena se zvýšenou magnetickou aktivitou a rychlost́ı slunečńıho větru.
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Obrázek 6.25: Př́ıklad RŠ s kvaziperiodickou modulaćı vlnové intenzity. Emise byla
naměřena 23. 8. 2003 př́ıstrojem WBD na družici Cluster 2 v čase od 23:16 do 23:37
UT.
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Obrázek 6.26: Červená část histogramu ukazuje pravděpodobnost výskytu RŠ s kvazi-
periodickou modulaćı intenzity v závislosti na MLT v pr̊uběhu let 2001 až 2010. Celková
pravděpodobnost výskytu RŠ naměřená na družićıch Cluster za stejné časové obdob́ı
je znázorněna černou barvou. Oba histogramy jsou děleny celkovým počtem pr̊uchod̊u
přes rovńık pro L < 10.
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7. Závěr

Tato práce je zaměřena na výzkum dat ze 4 družic projektu Cluster. Každá
z těchto družic nese na palubě 11 identických vědeckých př́ıstroj̊u. Pro analýzu dat
uvedenou v této práci byla využita data ze dvou vlnových př́ıstroj̊u STAFF-SA a
WBD čerpaj́ıćıch informaci o velikosti elektrického a magnetického pole z př́ıstroj̊u
EFW a FGM. Doplňkově se ke zjǐstěńı polohy plazmopauzy využ́ıvala data z př́ı-
stroje WHISPER. Systematická studie byla zaměřena na emisi rovńıkový šum
vyskytuj́ıćı se ve frekvenčńım rozmeźı mezi iontovou cyklotronovou a spodńı hyb-
ridńı frekvenćı.

Popis výsledk̊u źıskaných z prvńıch 10 let měřeńı družic Cluster – leden 2001 až
prosinec 2010 – je rozdělen na (i) statistickou analýzu dat z př́ıstroje STAFF-SA,
zaměřenou na celkový výskyt RŠ v závislosti na parametrech okolńıho prostřed́ı
a (ii) statistickou analýzu dat z př́ıstroje WBD zaměřenou na zpracováńı vnitřńı
struktury RŠ.

Data z př́ıstroje STAFF-SA poskytuj́ı kontinuálńı měřeńı, ale s nižš́ım časově-
frekvenčńım rozlǐseńım než data z př́ıstroje WBD. Tato skutečnost nám umožnila
zjistit celkový výskyt RŠ v pr̊uběhu zkoumaného obdob́ı. Prohlédli jsme téměř
6000 pr̊uchod̊u rovńıkem, ve kterých jsme r̊učo metodou vyhledali př́ıtomnost
RŠ. K identifikaci emise jsme sestavili tři výběrová kritéria: (1) práh pro inten-
zitu fluktuaćı elektrického a magnetického pole, (2) rozmeźı magnetické š́ı̌rky
λM pro polohu maxima elektrické a magnetické PSD a (3) lineárńı polarizaci
magnetického pole. Použit́ım těchto kritéríı vznikla rozsáhlá databáze obsahuj́ıćı
v́ıce jak 2200 záznamů. Změna orbity, která proběhla v pr̊uběhu zkoumaného ob-
dob́ı, umožnila zkoumat RŠ na poměrně velkém rozsahu radiálńıch vzdálenost́ı
(L = 1.1 až L = 10). Emise byla pozorována na všech zkoumaných vzdálenostech,
ale nejv́ıce se vyskytovala mezi L = 3 a L = 5,5. Pro L < 2,5 a L > 8,5 byl naopak
jej́ı výskyt velmi ńızký (< 6%). Vı́ce jak 90% emiśı leželo do 10◦ od rovńıku a
jejich OR byla vyšš́ı během porušených magnetických podmı́nek.

Studiem závislosti výskytu RŠ na magnetickém lokálńım čase jsme zjistili, že
v oblasti plazmosféry se tato závislost projevuje jen velmi slabě. Naopak v plasma
through je OR na MLT závislá poměrně silně. Maximum (až 40%) je pozorováno
během dne kolem 15 h MLT, zat́ımco minimum nastává kolem p̊ulnoci. Rozd́ıl
mezi maximem a minimem je v́ıce jak 30% (pro porušené magnetické podmı́nky
je rozd́ıl dokonce větš́ı jak 50%).

Část zaměřená na data z př́ıstroje WBD se zabývala hlavně studiem vnitřńı
struktury RŠ. Celkově bylo na WBD zaznamenáno 342 emiśı, přičemž v 266 z nich
byla jasně viditelná vnitřńı struktura. 177 emiśı obsahovalo v́ıce jak 4 SČ v jednom
systému a mohlo být dále analyzováno. Emiśı s kombinovaným pr̊uběhem se
nalezlo 92. Celkově bylo SČ vidět v 78% př́ıpad̊u (v 52% analyzovaných př́ıpad̊u).
Identifikace SČ prob́ıhala vizuálně pro každou emisi zvlášt’. V některých př́ıpadech
byl počet identifikovaných SČ vyšš́ı jak 20, ale pouze v oblasti plasma through.
SČ byly identifikovány na všech frekvenćıch od trojnásobku lokálńı protonové
cyklotronové frekvence až po spodńı hybridńı frekvenci. Frekvenčńı intervaly mezi
jednotlivými SČ dosahovaly nejčastěji hodnot mezi 4 až 6 Hz, přičemž výsledná
radiálńı vzdálenost se nacházela nejčastěji na L = 4,4. Vzhledem k š́ı̌rce SČ, která
nebyla menš́ı než 3 Hz, nebylo možno identifikovat zdroj na L > 5, 3.
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Lokalizace zdrojové oblasti na plazmopauze [52] nebyla našimi výsledky po-
tvrzena, avšak z porovnáńı vzdálenosti družice a zdrojové oblasti je zřejmé, že
emise s vnitřńı strukturou jsou častěji pozorované v bĺızkosti zdrojové oblasti.
S přibývaj́ıćı radiálńı vzdálenost́ı od zdroje se jejich vnitřńı struktura stává, nej-
sṕı̌se vinou interakćı s jinými částicemi či vlnami, nerozlǐsitelnou.
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Azimuthal directions of equatorial noise propagation determined using 10
years of data from the Cluster spacecraft. J. Geophys. Res. Space Physics.
2013, vol. 118, p. 7160-7169. DOI 10.1002/2013JA019373.

[57] Posch, J. L. et al. Low-harmonic magnetosonic waves observed by the Van
Allen Probes. J. Geophys. Res. 2015, vol. 120, iss. 8, p. 6230-6257. DOI
10.1002/2015JA021179.

[58] Ma, Q. et al. The trapping of equatorial magnetosonic waves in the Earth’s
outer plasmasphere. Geophys. Res. Lett. 2014, vol. 41, iss. 18, p. 6307-6313.
DOI 10.1002/2014GL061414.
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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 McIl-
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. Equatorial 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 (fcH) and the lower
hybrid resonance (flh) [Santoĺık et al., 2004]. EN propagates in the vicinity of the geomagnetic
equator almost perpendicular to the static magnetic field B0. 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 Santoĺık 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
(λM ≤ |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 Hrbáčková 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 McIlwain 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 Hrbáčková 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
Hrbáčková 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 McIlwain’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 RE 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% [Santolík 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 [Němec 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 Santolík 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 Němec 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 × 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 𝜃 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 (RE ), geomagnetic dipole latitude in degrees, and MLT
in hours. Maximum possible value of the local lower hybrid frequency (flh) 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
10−7 nT2 Hz−1 and the PSD of the electric field fluctuations larger than 10−6 mV2 m−2 Hz−1.

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 RE . The black solid curves in the panels represent the lower hybrid frequency (flh) 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 × 10−6 nT2 Hz−1

(Figure 1a), and the maximum PSD of the electric field fluctuations is around 7 × 10−4 mV2 m−2 Hz−1

(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 [Santolík 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 [Santolík et al.,
2003, equation (12)]. The values close to 1 represent waves polarized nearly in a single plane.

The polar angle 𝜃 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 between 10:00 and 12:20 UT.
The meaning of the individual panels is the same as in Figure 1.

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 10−7 nT2 Hz−1 and the PSD of the electric field fluctuations larger
than 10−6 mV2 m−2 Hz−1.

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 with a list of all Cluster
equatorial crossings. The STAFF-SA data corresponding to each of the crossings 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 [Santolík et al., 2004; Němec et al., 2005]:

1. EN is an electromagnetic emission. We have used a threshold 10−7 nT2 Hz−1 for the PSD of the magnetic
field fluctuations and a threshold 10−6 mV2 m−2 Hz−1 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 local maxima within 7◦ from
the dipole geomagnetic equator.

3. Magnetic field fluctuations corresponding to EN are nearly linearly polarized. The absolute value of the
ellipticity of magnetic field fluctuations determined by the SVD method of Santolík et al. [2003] must be
lower than 0.2.
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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 RE to 10.5 RE 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 ×10−7 nT2 Hz−1 (Figure 2a) and 2 ×10−6 nT2 Hz−1 (Figure 3a).
The maxima of PSD of the electric field fluctuations corresponding to these two events, respectively, were
around 10−3 mV2 m−2 Hz−1 (Figure 2b) and 10−2 mV2 m−2 Hz−1 (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 flh 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 3.9–4.9
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

field fluctuations corresponding to the event is around 2 × 10−6 nT2 Hz−1 (Figure 4a), and the maximum
PSD of the electric field fluctuations is around 2 × 10−2 mV2 m−2 Hz−1 (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, flh 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 RE . 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 RE . 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 RE . 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 × 2◦ 𝜆M and
(b) 0.5 L × 2 h MLT. Occurrence rates of EN and their estimated standard deviations 𝜎P in the same bins of (c, d) L× 𝜆M
and (e, f ) L× 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 (𝜆M). Figure 5a shows the coverage of the L-𝜆M plane (for all MLT) by the STAFF-SA measurements
during the entire analyzed interval; 𝜆M values are limited to the interval between −20◦ and 20◦, and the
coverage of the McIlwain’s parameter is analyzed between L = 1.1 and L = 10. Figure 5b shows the orbital
coverage in the L-MLT plane (for 𝜆M 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 𝜆M. 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 𝜆M. 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.

HRBÁČKOVÁ ET AL. ©2015. American Geophysical Union. All Rights Reserved. 1014



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 𝜎P of the obtained occurrence rates P can be estimated from the properties of the
binomial distribution,

𝜎P ≈
√

P (1 − P)
N d

, (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
Němec 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× 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 𝜎P depends on

√
d. The resulting values of 𝜎P 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 (𝜆M) 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 Lühr [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 |𝜆M|< 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 |𝜆M|< 7◦ (the same color coding as in Figure 6a). (c) Distribution
of Kp index for all equatorial passages, |𝜆M|< 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 |𝜆M|< 7◦ (the same color coding as in Figure 6c).
Error bars show the estimated standard deviations 𝜎P .

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., 1997].
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 6c 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 𝜆M and MLT. We include here all the analyzed
values of the McIlwain’s parameter between L = 1.1 and L = 10, but we separately give the results obtained
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Figure 7. Coverage of Cluster STAFF-SA measurements: number of hours spent in bins of 2 h MLT × 2◦ 𝜆M (a) inside
the plasmasphere according to PPCH2012 model and (b) outside of the plasmasphere. Occurrence rates of EN and their
estimated standard deviations 𝜎P , respectively, (c, e) inside the plasmasphere and (d, f ) outside of the plasmasphere.

in the plasmasphere (Figures 7a, 7c, 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.

The dependence of the data coverage and OR on MLT is shown in detail in Figure 8 for 𝜆M 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 𝜎P .

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 Santolík
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 [Němec 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 Santolík 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 RE can be compared to the result of Santolík
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 0.5flh < f < flh 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∕fce < 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.

Němec 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 [Němec 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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Azimuthal directions of equatorial noise propagation determined using 10 years
of data from the Cluster spacecraft. J. Geophys. Res. Space Physics. 2013, vol.
118, p. 7160-7169. DOI 10.1002/2013JA019373.

95



JOURNAL OF GEOPHYSICAL RESEARCH: SPACE PHYSICS, VOL. 118, 7160–7169, doi:10.1002/2013JA019373, 2013

Azimuthal directions of equatorial noise propagation determined
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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 RE. 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: Němec, F., O. Santolík, J. S. Pickett, Z. Hrbáčková, 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 (�H+) and half the lower hybrid frequency. They
were confined within about 2ı 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 RE 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
RE and at latitudes within 10ı 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 90ı 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 ! > 30�H+
for proton ring distribution functions with ring velocities vR
exceeding the Alfvén speed (vR > vA) and at frequencies
! < 30�H+ for proton ring distribution functions with ring
velocities vR > 2vA. 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] Santolík 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 RE is about
60% [Santolík et al., 2004]. These results were further
extended by Němec 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 4RE, 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).

[9] 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 � 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., Santolík 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 [Hrbáčková 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 [Santolík et al., 2003]. These
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UT: 0230 0233 0236 0239 0242 0245
MLat (deg): -4.71 -3.06 -1.40 0.27 1.96 3.66

R (RE): 4.51 4.49 4.47 4.45 4.44 4.42
MLT (h): 20.88 20.87 20.87 20.87 20.86 20.86
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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, �k > 85ı) 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 Santolík 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 0 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 Santolík 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 90ı. 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 90ı 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
85ı. 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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NĚMEC ET AL.: EQUATORIAL NOISE PROPAGATION

(a) (b)

-0.0002 0.0000 0.0002
mV2 m-2 (Radial Component)

mV2 m-2 (Radial Component) mV2 m-2 (Radial Component)

mV2 m-2 (Radial Component)

-0.0002

0.0000

0.0002

m
V

2 
m

-2
 (

W
es

tw
ar

d/
E

as
tw

ar
d 

C
om

po
ne

nt
)

m
V

2 
m

-2
 (

W
es

tw
ar

d/
E

as
tw

ar
d 

C
om

po
ne

nt
)

Ψ = 89.3o

a/b =  2.00

-0.001 0.000 0.001
-0.001

0.000

0.001

m
V

2  m
-2

 (
W

es
tw

ar
d/

E
as

tw
ar

d 
C

om
po

ne
nt

)
m

V
2  m

-2
 (

W
es

tw
ar

d/
E

as
tw

ar
d 

C
om

po
ne

nt
)

Ψ = 85.6o

a/b =  1.70

(c) (d)

-0.0025 0.0000 0.0025
-0.0025

0.0000

0.0025
Ψ = 78.8o

a/b =  1.49

-0.002 0.000 0.002
-0.002

0.000

0.002
Ψ = 72.3o

a/b =  1.30

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
Santolík 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˙180ı). 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 ˙180ı, the geometry
is symmetric and only azimuthal angle values from –90ı to
+90ı 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 –90ı to +90ı, the median

wave power is plotted for azimuthal angles from –180ı to
+180ı, using the fact that the wave power at an angle ˛ is
equal to the wave power at an angle ˛ + 180ı.

[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 ˙180ı 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 (Bz, linearly polarized
along the ambient magnetic field) is 90ı 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 Bz 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 [Němec 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 Němec
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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 ˙90ı 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˙90ı. This corresponds
to propagation in a direction perpendicular to the radial
direction. The value of the azimuthal angle equal to 90ı
means an eastward propagation, and the value of azimuthal
angle equal to –90ı 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 5b,
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 90ı, 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.
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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 [Santolík 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 [Santolík et al., 2002], the azimuthal dependence of the
observed wave power corresponding to a single propagat-
ing plane wave should be W( ) = [E( 0) cos( –  0)]2,
where W( ) is the wave power detected in the azimuthal
direction  ,  0 is the direction of the wave propagation, and
E( 0) 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.e., 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 Q = nL sin is con-
served along the ray path, where n is the refractive index, L
is the McIlwain 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 about 4 RE, 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  and reaching the
plasmapause. Since Q = nL sin is conserved during the
propagation, and there is a sudden decrease of the refractive
index n 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  c ( >  c), 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  <  c 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 >> vA.

[39] If the wave generation took place outside the plasma-
sphere, the waves would have to be generated preferentially
at azimuthal angles close to  = ˙90ı. 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  = ˙90ı 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 4RE, 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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F. Němec1, O. Santolík1,2, Z. Hrbáčková1,2, and N. Cornilleau-Wehrlin3,4

1Faculty of Mathematics and Physics, Charles University in Prague, Prague, Czech Republic, 2Institute of Atmospheric
Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic, 3Laboratoire de Physique des Plasmas, Ecole
Polytechnique, CNRS, Palaiseau, France, 4LESIA, Observatoire de Meudon, Meudon, France

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 (ΔMLT< 0.2 h, Δr < 0.2 RE), 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 RE 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 Santolík et al. [2002] to determine the azimuthal direction of propagation of the observed
emissions. The same approach was used by Němec 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 [Santolík 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; Hrbáčková 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 [Hrbáčková 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 × 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-Wehrlin et al. [1997, 2003].

We have used the list of 2229 EN events compiled by Hrbáčková 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 [Santolík 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
[Santolík et al., 2004], and following Němec 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 Santolík 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 Santolík et al. [2004], Němec et al. [2013], and Hrbáčková 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 Santolík 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 Němec 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
[Němec 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
[Němec 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 Němec 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 [Němec 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-Wehrlin 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
Hrbáčková 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/m2. The resulting total intensity of the EN event from Figure 2 is
3.8 nW deg/m2.

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 Němec 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 [Němec 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 [Němec 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;
Santolík 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

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 [Němec 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 [Němec 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 Hrbáčková 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, Němec et al. [2006] used more realistic
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(a) (b)

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 RE , 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 RE 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 RE . 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 (ΔMLT< 0.1 h, Δr < 0.1 RE). 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

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 [Santolík
et al., 2004; Němec et al., 2005, 2006, 2013; Hrbáčková 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 [Němec 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
[Němec et al., 2006]. Following the density threshold criteria used by Němec 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; Němec et al., 2013] and the analysis of their occurrence rate [Hrbáčková 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 RE , 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 RE [Hrbáčková 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 RE 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 Hrbáčková 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 Hrbáčková et al. [2015] in
their Figure 8c, where the occurrence rate can be identified as almost independent on MLT. Following the
discussion of Hrbáčková 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 [Němec 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; Santolík 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 (ΔMLT < 0.2 h, Δr < 0.2 RE) 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 Němec et al. [2005],
who evaluated the ratios of the peak amplitudes of EN emissions as a function of their separation in the
equatorial plane. Němec 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 [Němec 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 (ΔMLT< 0.2 h, Δr < 0.2 RE), 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 RE and at latitudes within
about 10◦ from the geomagnetic equator [Laakso et al., 1990; Kasahara et al., 1994; Němec et al., 2005], but in
some exceptional cases they may extend well beyond these limits both in the radial distance and in latitude
[Hrbáčková et al., 2015]. The emissions have magnetic field fluctuations nearly linearly polarized along the
ambient magnetic field [Santolík 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 [Němec et al., 2013a], EN occurrence rate [Hrbáčková et al., 2015], and EN wave intensities
[Němec 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 [Němec 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 [Němec 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 [Hrbáčková 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 Hrbáčková 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 [Santolík 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., Santolík 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 [Santolík 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 10−6 nT2 Hz−1.

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 Hrbáčková 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 Hrbáčková 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 Hrbáčková 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 Hrbáčková 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
[Hrbáčková 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 Bz 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 Němec 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
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Figure 5. Histogram of modulation periods of equatorial noise events
with a quasiperiodic modulation of the wave intensity.

the modulation period of the events,
which is defined as the median time
separation between consecutive QP
elements [Němec et al., 2013c]. A
histogram of obtained modulation
periods is shown in Figure 5. We
note that the modulation periods
were evaluated for all Cluster obser-
vations separately; i.e., the same
event observed by several Cluster
spacecraft was considered as several
independent events. However, con-
sistent with the results obtained by
Němec et al. [2013b, 2013c], it is found
that if a single event is observed
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 [Němec 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 Němec 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 Němec 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
[Němec 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 [Němec 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 [Santolík 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
10−6 nT2 Hz−1. 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

NĚMEC ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2656



Journal of Geophysical Research: Space Physics 10.1002/2014JA020816

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
[Santolík 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 [Hrbáčková 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 [Němec 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 [Němec 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
[Santolík 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 modulation 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 Němec 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
[Němec 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 použitých zkratek

DSN (Deep Space Network) – mezinárodńı śıt’ pozemńıch stanic agentury NASA
přij́ımaj́ıćıch data z družic

EFW (Electric Field and Wave) – př́ıstroj umı́stěný na družici Cluster měř́ıćı
elektrické pole

ELF (Extra Low Frequency) – udává frekvenčńı rozsah vln od několik Hz po
několik stovek Hz

ESA (European Space Agency) – evropská kosmická agentura

FGM (FluxGate Magnetometer) – př́ıstroj umı́stěný na družici Cluster použ́ıvaný
pro měřeńı okolńıho magnetického pole

GSE (Geocentric Solar Ecliptic) – souřadná soustava (osa z směřuje ke Slun-
ci a osa z je kolmá k rovině ekliptiky)

MLT (Magnetic Local Time) – magnetický lokálńı čas

NASA (National Aeronautics and Space Administration) – americká kosmická
agentura

OR (occurrence rate) – pravděpodobnost výskytu

PSD (Power Spectral Density) – výkonová spektrálńı hustota

QP (quasiperiodic) – kvaziperiodická emise

RŠ – rovńıkový šum (elektromagnetická vlna)

STAFF(-SA) (Spatio-Temporal Analysis of Field Fluctuation(-Spectral Ana-
lyzer)) – př́ıstroj umı́stěný na družici Cluster poskytuj́ıćı data s výkonovou spek-
trálńı hustotou magnetického a elektrického pole

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

UT (Universal Time) - světový čas

VLF (Very Low Frequency) – udává frekvenčńı rozsah vln od několik stovek
Hz po několik kHz

WBD (Wide-band Data) – př́ıstroj umı́stěný na družici Cluster poskytuj́ıćı data
s vysokým frekvenčńım a časovým rozlǐseńım

WHISPER (Waves of HIgh frequency and Sounder for Probing of Electron
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density by Relaxation) – př́ıstroj umı́stěný na družici Cluster poskytuj́ıćı infor-
mace o hustotě okolńıho plazmatu
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