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Úvod
Práce se zabývá prom¥nlivostí ionosféry v rozmezí period v °ádech minut po n¥kolik
slune£ních cykl· v závislosti na geomagnetické aktivit¥, slune£ní aktivit¥ a vlnových
procesech v neutrální atmosfé°e. Vysoká variabilita ionosféry souvisí s p·sobením vn¥j-
²ích vliv· (slune£ní a geomagnetická aktivita) i s vlnovými procesy v neutrální atmo-
sfé°e a jejich následným ²í°ením zemskou atmosférou. Nelinearita, dlouhodobá pam¥´,
p°ekryvy trend·, £i nestacionarita datových °ad zp·sobují problémy a pro analýzu dat
je tedy obtíºné pouºít jen �klasické� metody spektrální analýzy zaloºené na Fourierov¥
transformaci £i (auto)korelaci.

Kapitoly 1 a 2 jsou v¥novány úvodu do studia ionosférických proces· a vlivu slune£ní
aktivity na ionosféru. Kapitola 3 se zabývá teoretickým konceptem scale invariance.
Pouºitá data jsou popsána v kapitole 4, kapitola 5 vymezuje cíle práce.

Rozdíl·m mezi vyhodnocením pozemního m¥°ení pomocí dvou algoritm· POLAN a
NHPC pro výpo£et pro�lu elektronové koncentrace je v¥nována kapitola 6.

Vazbou neutrální atmosféry a ionosféry v oblasti stratosféry, mezosféry a dolní ter-
mosféry se zabývá kapitola 7. Cross waveletová analýza a waveletová koherence zde byly
pouºity pro hledání vazby mezi stratosférou reprezentovanou její teplotou a hlavními
parametry sporadické vrstvy Es.

Detailní m¥°ení kritických frekvencí a vý²ek vrstvy F2 s vysokým rozli²ením (ionosfé-
rická pozemní m¥°ení kaºdých 5-15 min) byly podkladem pro studium odezvy ionosféry
na r·zné projevy extrémní slune£ní aktivity a poruchy meziplanetárního magnetického
pole. Výsledky jsou shrnuty v kapitole 8.

V kapitole 9 jsme se pomocí scaling analýzy dlouhých £asových °ad o délce n¥kolika
slune£ních cykl· pokusili vymezit oblasti period, na kterých pravd¥podobn¥ existuje
významný vliv slune£ní a geomagnetické aktivity na ionosféru.
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1. Ionosféra
Ionosféra p°edstavuje ionizovanou £ást horní atmosféry, která obsahuje dostate£né mnoº-
ství elektricky nabitých £ástic, a kde dochází k podstatnému ovliv¬ování ²í°ení radiových
vln. P°i ²í°ení vln v prost°edí plazmatu magnetického pole dochází k modi�kaci jejich
pohybu, nap°íklad absorpci nebo odrazu [Chen, 1984; Davies, 1990]. V p°ítomnosti mag-
netického pole dochází k roz²t¥pení elektromagnetické vlny na dva charakteristické módy
� °ádný a mimo°ádný mód s odli²nou polarizací [Davies, 1990].

Ionosféra ovliv¬uje velkou m¥rou výsledky m¥°ení technických za°ízení typu globální
naviga£ní systémy GNSS (nap°íklad GPS, GALILEO, Glonas atd.) i telekomunika£ní a
dal²í systémy [Belehaki et al., 2007].

Spodní hranice ionosféry se ve dne nachází p°ibliºn¥ ve vý²ce 50 km a v noci okolo
90 km. Horní hranice není de�nována p°esnou vý²kovou hodnotou, ale pomocí ionto-
vého sloºení jako vý²ka, ve které za£ínají p°evládat lehké ionty H+, He+. Ionosféra zde
p°echází do protonosféry/plazmasféry a magnetosféry [Tascioni, 1994].

Horní atmosféra je sm¥s ionizovaných a neutrálních £ástic. Stupe¬ ionizace (podíl
ionizovaných £ástic v·£i neutrálním) s vý²kou nar·stá, ale aº do vý²ek do cca 1000 km
je výrazn¥ men²í neº jedna. Obr. 1.1 uvádí sloºení neutrálních £ástic pro vý²ky 0�1000
km.

Obrázek 1.1: Hustota neutrálních £ástic v závislosti na vý²ce: O1, O2, N2, Ar, H1, He,
Total (p°evzato z Richmond [1983]).

V oblastech maxima elektronové (iontové) koncentrace (vý²ka okolo 250�300 km),
kde je hustota neutrálních £ástic v °ádu 1015 m−3, je stupe¬ ionizace v rozmezí 10−4 −
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10−3 (dominantním iontem je zde O+, obr. 1.2).

Obrázek 1.2: Ionosférické iontové sloºení ve st°edních ²í°kách (p°evzato z Prölss [2004])

Chování ionosféry se významn¥ li²í v závislosti na zem¥pisné ²í°ce. Z tohoto d·vodu
se rozli²ují t°i hlavní oblasti: ionosféra vysokých, st°edních a nízkých ²í°ek. Ionosféra
st°edních ²í°ek má nejpravideln¥j²í chování a nejlépe odpovídá klasickým model·m.
Ionosféra vysokých ²í°ek je p°ímo vázána na magnetosférický chvost, zatímco ionosféra
v nízkých ²í°kách je ovliv¬ována magnetosférickým kruhovým proudem [Hargreaves,
1992; Tascioni, 1994].

Zemskou atmosféru je moºné £lenit podle n¥kolika hledisek. Pravd¥podobn¥ nejzná-
m¥j²í je d¥lení podle pr·b¥hu teploty s vý²kou. Podle tohoto hlediska se atmosféra d¥lí
na troposféru, stratosféru, mesosféru a termosféru. Podle sloºení, resp. procentuálního
zastoupení plyn·, je moºné de�novat homosféru a heterosféru, podle pohybu turbosféru
a turbopauzu atd. Se vzr·stající vý²kou dochází ke zm¥n¥ koncentrace jednotlivých
prvk·. Dolní a st°ední atmosféra, kde je pom¥r prvk· díky turbulentnímu mí²ení prak-
ticky konstantní, se nazývá homosféra a sloºení plynu se s vý²kou významn¥ nem¥ní (aº
na vodní páru a minoritní sloºky, nap°. O3). Ve v¥t²ích vý²kách dochází ke gravita£ní
separaci, kdy koncentrace t¥º²ích plyn· klesá rychleji neº je tomu u plyn· leh£ích. Tato
oblast se nazývá heterosféra. Podle t¥chto kritérií se ionosféra nachází v oblasti meso-
sféry a termosféry, spodní £ást ionosféry se nachází v oblasti homosféry (vrstva D, E) i
heterosféry (vrstva F).

Pokud má slune£ní zá°ení vstupující do atmosféry dostate£nou energii, neutrální
£ástice absorbuje foton a dojde k ionizaci. S klesající vý²kou tak dochází k zeslabení in-
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tenzity slune£ního zá°ení na vlnových délkách odpovídajících ioniza£ním energiím plyn·,
které se nacházejí ve v¥t²ích vý²kách. To, jaká je intenzita a spektrum slune£ního zá-
°ení v dané vý²ce a jaké plyny jsou zde p°ítomné, jsou rozhodující faktory pro ioniza£ní
procesy v dané vý²ce. V ionosfé°e se tak vytvá°í n¥kolik oblastí zvý²ené koncentrace
iont· a elektron· (ionosférické vrstvy), které se z historických d·vod· nazývají D, E a
F (sm¥rem od zem¥ vzh·ru). Vrstva F se n¥kdy p°es den (pokud ano, tak tomu dochází
v lét¥) rozd¥luje na vrstvy s ozna£ením F1 a F2. V noci vzhledem k rychlému procesu
neustálé rekombinace dochází v oblastech dostate£n¥ vysoké hustoty plynu (vrstvy D,
E a F1) k rapidnímu sníºení koncentrace nabitých £ástic a vymizení t¥chto vrstev v d·-
sledku p°eru²ení ionizace po západu slunce. Koncentrace ionizovaných £ástic ve vrstv¥
F2 z·stává dostate£n¥ vysoká i v noci.

1.1 Ioniza£ní a rekombina£ní procesy v ionosfé°e

Ionizace je vznik elektricky nabité £ástice (iontu) z atomu nebo molekuly pomocí zá-
chytu nebo od²t¥pení nabité £ástice (nap°. elektron, iont). Výslednou £ásticí m·ºe být
kladný nebo záporný iont. Rekombinací rozumíme reakci nabitých £ástic za vzniku ne-
utrální £ástice. Ionizace a rekombinace jsou pro stav ionosféry zásadní procesy a jejich
£asto vysoké rychlostní koe�cienty jsou jednou z p°í£in vysoké variability ionosféry. Ioni-
zace plynu je zp·sobena zejména absorpcí foton· s dostate£nou energií, interakcí plynu
s £ásticemi slune£ního v¥tru a dal²ími nabitými £ásticemi a v men²í mí°e kosmickým
zá°ením. Rekombinace (zánik iont·) probíhá reakcí molekulárního iontu s elektronem
(disociativní rekombinace, rychlá reakce), atomárního iontu s elektronem (radiativní
rekombinace, pomalá reakce) nebo vým¥nou elektronu z neutrální £ástice na pozitivní
iont. Kombinací vlivu vý²kové závislosti koncentrace jednotlivých plyn· i zm¥ny inten-
zity slune£ního zá°ení s vý²kou dochází ke strati�kaci ionosféry, ve které se vytvá°ejí
následující oblasti zvý²ené elektronové koncentrace (ionosférické vrstvy):

1.1.1 Vrstva D

Ve vrstv¥ D (vý²ka cca 50�95 km) je hlavním ionizátorem zá°ení Lyman�α (ionizace
molekul NO) a v men²í mí°e rentgenové zá°ení 1-10 Å a extrémní ultra�alové zá°ení1.
V období vysoké slune£ní aktivity i v pr·b¥hu slune£ních erupcí hlavní roli v ionizaci
hraje tvrdé rentgenové zá°ení. Vrstva D je jediná oblast, kde se tvo°í záporné ionty,
konkrétn¥ O− a O−2 . Je typická nízkými iontovými koncentracemi (1 cm−3 v 50 km �
104 cm−3 v 90 km) a p°ítomností negativních iont·. Stupe¬ ionizace (podíl ionizovaných
a neutrálních £ástic Ni

Nn
) je v této vrstv¥ velmi nízký (maximáln¥ 10−7). Molekula O2

tvo°í (na rozdíl od molekuly N2) negativní iont t°í£ásticovou reakcí v rovnici:

O2 + e− + O2 → O−2 + O2 (1.1)

s rychlostní konstantou k=5× 10−31 cm−6/s.

1Zá°ení s niº²ími energiemi je do velké míry absorbováno vy²²ími ionosférickými vrstvami.
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Negativní ionty ve dne rekombinují odtrºením elektronu fotonem s energií viditelného
sv¥tla

O−2 + hν → O2 + e− (1.2)

a b¥hem dne i v noci sráºkovým odtrºením elektronu

O−2 + O2 → O2 + e− + O2 (1.3)

s k≈10−22 cm−3 s−1 (hodnota pro 200 K). Pozitivní ionty vznikají fotoionizací N2 a O2
slune£ním rentgenovským zá°ením a dále ionizací NO fotony o energii odpovídající £á°e
Lyman�α v reakci

A + hν → A+ + e−, (1.4)

kde A reprezentuje N2, O2 nebo NO. Zánik iont· pak probíhá vzájemnou rekombinací

A+ + B− → A + B (1.5)

s k ≈ 2× 10−7 cm−3s−1. Dochází i k disociativní rekombinaci O+2 a NO+

O+2 + e− → O + O (1.6)

NO+ + e− → N + O (1.7)

s rychlostní konstantou k = 3×10−7 cm3/s , dále k rekombinaci sráºkovým odtrºením
elektronu

O + O− → O2 + e− (1.8)

a k vzájemné p°ímé rekombinaci

O− + A+ → O + A. (1.9)

Pro tuto vrstvu jsou typické tzv. vodní klastry, t¥ºké ionty odvozené z iont· H3O+ (nap°.
H5O

+
2 , obecn¥ H2n+1On).

1.1.2 Vrstva E

Nejvýznamn¥j²ími ionty ve vrstv¥ E jsou O+2 a NO+. K ionizaci ve vrstv¥ E (maximum
ionizace ∼110 km) dochází zejména absorpcí foton· s energií hν > 12 eV molekulou O2

O2 + hν → O+2 + e−, λ < 102, 7 nm, (1.10)

kde λ je vlnová délka ionizujícího zá°ení a dále fotoionizací podle

N2 + hν → N+2 + e−, λ < 79, 6 nm. (1.11)

Dochází také k následným reakcím s N+2 (p°enos náboje)

N+2 + O → N + NO+, k = 5× 10−10cm−3s−1 (1.12)
N+2 + O2 → N2 + O+2 , k = 1× 10−10cm−3s−1. (1.13)
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Ve vrstv¥ E je disociativní rekombinace p°ímá (rov. 1.6 a 1.7). K úbytku iont· dále
dochází radiativní rekombinací

A+ + e− → A∗ + hν, (1.14)

ov²em radiativní rekombinace je mnohem pomalej²í a výrazn¥ se uplat¬uje aº ve vyso-
kých ²í°kách v oblastech, kde je prakticky nulová koncentrace atmosférických molekul.

Zm¥na elektronové koncentrace se dá obecn¥ vyjád°it rovnicí kontinuity

∂N

∂t
= q − L−∇ · (N · ~u), (1.15)

kde N je hustota ionizovaných £ástic, q je rychlost vzniku iont·, L(N) je rychlost ztráty
a ~u je transportní rychlost [Rishbeth, 1986]. Ztrátové procesy se dají vyjád°it pomocí
rovnice

L = kL[A+]Ne, (1.16)

kde kL je rychlostní koe�cient ztráty, [A+] je koncentrace O+2 nebo NO+ a Ne je kon-
centrace elektron·. Protoºe ve vrstv¥ E platí

[A+] ≈ Ne, (1.17)

po zanedbání transportního £lenu m·ºeme psát

L ≈ kLN
2
e . (1.18)

Zm¥na elektronové koncentrace je zde dána rozdílem mezi produkcí iont· a jejich úbyt-
kem

dNe

dt
= qν − k N2e , (1.19)

kde qν symbolizuje ioniza£ní procesy podle rov. 1.10�1.13. St°ední doba ºivota moleku-
lárních iont· v E�vrstv¥ je pro p°edstavu asi 10 sekund, proto tato vrstva po západu
slunce rychle vymizí.

Vrstvy, ve kterých se ztrátové procesy °ídí rovnicí

L = αeffN
2
e , (1.20)

kde αeff je efektivní rekombina£ní koe�cient, se dají p°ibliºn¥ popsat Chapmanovým
modelem a nazývají se α�Chapmanovy vrstvy [Chapman, 1931; Tascioni, 1994]. Vrstva
E je tedy Chapmanova vrstva.

1.1.3 Vrstva F1

Ve vrstv¥ F1 (∼140�200 km) je dominantním iontem O+, který vzniká p°ímou fotoioni-
zací atomárního kyslíku

O + hν → O+ + e−, λ < 91, 1nm, (1.21)

9



dále dochází ke vzniku NO+ a O+2 p°enosem náboje

O+ + N2 → NO+ + N (1.22)
O+ + O2 → O+2 + O (1.23)

a v men²í mí°e se zde vyskytuje iont N+2

N2 + hν → N+2 + e−, λ < 97, 6nm. (1.24)

Rekombina£ní proces je °ízen (rychlou) disociativní rekombinací.
Ztrátová rovnice je

L = k[A+]Ne (1.25)

a po dosazení [A+] = Ne vychází rovnice

L ≈ k N2e , (1.26)

Chování vrstvy F1 lze op¥t velmi dob°e popsat modelem Chapmanovy vrstvy.

1.1.4 Vrstva F2

Vrstva F2 je oblastí, kde se obvykle nachází maximum elektronové koncentrace (vý-
jimkou m·ºe být anomáln¥ vysoká koncentrace elektron· ve vrstv¥ F1 nebo výskyt Es
vrstvy s vy²²í elektronovou koncentrací neº v F2). Typické maximální koncentrace [e−]
jsou zde cca 105 a 106 cm−3 pro no£ní, resp. polední £asy. Ionizace probíhá stejným zp·-
sobem jako ve vrstv¥ F1, dvoustup¬ové rekombina£ní procesy jsou pak velmi pomalé, a
to je p°í£inou toho, ºe vrstva F2 jako prakticky jediná p°etrvává stabiln¥ i v noci.

Ionizace dominantního iontu O+ je p°ímá (rov. 1.21, tab. 1.1). Ztráta iont· O+

p°enosem náboje (rov. 1.12 a rov. 1.13) se dá vyjád°it rovnicí

L =
dNe

dt
= −k[A]Ne. (1.27)

�len [A] zde ozna£uje koncentraci molekulárních plyn· O2 a zejména N2. Tato rovnice
se dá p°epsat do následující podoby

dNe

dt
= −βNe, (1.28)

kde β = k[A] je klesající funkcí koncentrace neutrálních £ástic. Tento proces se na-
zývá Bradburyho, nebo také β (β�Chapmanova) rekombinace, na rozdíl od p°ede²lé α�
Chapmanovy rekombinace z rov. 1.20, která popisuje rozloºení elektronové koncentrace
ve vrstvách E a F1. �e²ení rovnice 1.28 nevede k nalezení maxima. Podle této rovnice by
elektronová koncentrace ve vrstv¥ F2 neomezen¥ rostla s vý²kou, coº je v rozporu s exis-
tujícím maximem elektronové koncentrace v oblasti vrstvy F2. Pro realisti£t¥j²í popis
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vrstvy F2 je nutné uvaºovat nejen rovnováhu chemických proces·, ale i atmosférickou
dynamiku, tedy pohyby atmosférických plyn·. Rekombina£ní proces je dvoustup¬ový.
Prvním krokem je p°enos náboje

O+ + N2 → NO+ + N. (1.29)

Rychlost rekombinace je závislá na β[O+].
Druhým krokem je

NO+ + e− → N + O. (1.30)

Tento stupe¬ limituje rychlost celé rekombinace, jeho rychlost je závislá
na α[NO+]Ne a je velmi pomalá.

Rovnováha mezi ioniza£n¥�rekombina£ními procesy vede k tomu, ºe se zde obvykle
nachází zmín¥né maximum elektronové koncentrace z celé oblasti ionosféry (pokud
ov²em neuvaºujeme zvlá²tní p°ípad sporadické E�vrstvy). Tato hodnota maximální elek-
tronové koncentrace2. se zna£í symbolem NmF2 a je d·leºitým parametrem ionosféric-
kých proces·.

Tabulka 1.1: Typické denní ionosférické parametry vrstvy F2 pro st°ední ²í°ky a nízkou
slune£ní aktivitu

Vý²ka ≈170�1800 km
Dominantní ionty O+,O+2 ,NO+,H+

Dominantní neutrály O (N2,O2)
Maximální ionizace a vý²ka ≈ 4× 1011m−3 v 280 km
Hustota neutrálních £ástic ≈ 9× 1014m−3 v 280 km
Hlavní zdroj Fotoionizace O pomocí EUV

(cca 17 ≤ λ ≤ 91 nm)
Ztráty Reakce s p°enosem náboje pomocí N2 a O2

a následná disociativní rekombinace
Transport Ambipolární difúze, neutrální vítr,

drifty vyvolané el. poli
Teploty Tion ≈ Tneutral ≈950 K, Tel ≈ 2200 K

1.2 M¥°ení základních parametr· ionosféry

Pozemní ionosférické m¥°ení se standardn¥ provádí na °ad¥ sv¥tových observato°í me-
todou vertikální sondáºe (nap°. Reinisch et al. [2005]; Ulich [1996]; Morris et al. [2004];
Galkin [2006]). Principem vertikální sondáºe je vysílání vysokofrekven£ního elektromag-
netického pulzu sm¥rem vzh·ru a m¥°ení doby návratu signálu po odrazu v ionosfé°e.

V ionizovaném prost°edí je grupová rychlost elektromagnetického signálu niº²í neº
rychlost sv¥tla a je funkcí plazmové frekvence (tzn. je i funkcí elektronové koncentrace).

2Vztah mezi elektronovou koncentrací a plazmovou frekvencí je uveden v rov. 1.31.

11



Rychlost signálu pak limitn¥ klesá k nule v míst¥, kde je jeho frekvence rovna plazmové
frekvenci (dochází ke stojatému vln¥ní) a signál se odráºí zp¥t. Vertikální sondáº tedy
dává informaci o plazmové frekvenci prost°edí a pomocí m¥°ení doby návratu signálu
získáváme tzv. virtuální vý²ku3 plazmatu o dané plazmové frekvenci. Následujícím kro-
kem je vyslání pulzu s vy²²í frekvencí a zm¥°ení £asu návratu pulzu a tímto zp·sobem se
zm¥°í celý poºadovaný frekven£ní rozsah. Výsledným frekven£n¥ vý²kovým diagramem
je ionogram (obr. 1.3).

Obrázek 1.3: Ionogram ze stanice Pr·honice zm¥°ený pomocí ionosondy IPS42 �rmy
KEL Aerospace. Na vodorovné ose je frekvence, na svislé ose je virtuální vý²ka vrstev.
Zaznamenány jsou odrazy z vrstev E, Es, F1 a F2. Na ionogramu je zobrazen °ádný i
mimo°ádný mód signálu.

M¥°ení vý²ky ionosféry pomocí odrazu bylo popsáno poprvé v [Breit a Tuve, 1926]
za pouºití signálu o vlnové délce 70 m (4,28 MHz). Byla zaznamenána sezónní variace
ve vý²ce vrstvy (efektivní vý²ka byla stanovena na 80�210 km) a p°edpokládána zá-
vislost na denní dob¥. Nejv¥t²í rozvoj v m¥°ení ionosféry nastal s vyuºitím radaru po
2. sv¥tové válce a zejména pak po Mezinárodním geofyzikálním roce (IGY) 1957/1958,
kdy byla uvedena do provozu °ada ionosférických stanic po celém sv¥t¥. V mírn¥ modi-
�kované form¥ je tento princip m¥°ení pouºíván dodnes v p°ístrojích, které se nazývají
ionosonda/digisonda.

Na stanici Pr·honice probíhalo od roku 1957 soustavné m¥°ení pomocí ionosférické
stanice AIS Izmiran a následn¥ pomocí ionosondy IPS42 australského výrobce KEL Ae-
rospace (od roku 1984 do roku 2004, obr. 1.3). Tento p°ístroj byl v roce 2004 nahrazen
digisondou DPS�4. Digisonda DPS�4 pracuje zárove¬ jako radar a dopplerovský inter-
ferometr. Signál na stanici Pr·honice je v sou£asné dob¥ vysílán pomocí antény typu
zk°íºená dvojitá delta a má kruhovou polarizaci. P°íjem odraºeného signálu zaji²´uje
anténní pole sloºené ze £ty° zk°íºených smy£ek, které se nacházejí ve vrcholech rovno-
stranného trojúhelníka a v jeho t¥ºi²ti. Digisondou je moºné rozli²it u odrazu °ádný a

3Tato vý²ka je vypo£ítána z p°edpokladu ²í°ení signálu rychlostí sv¥tla, coº v plazmatu neplatí.
Proto je virtuální vý²ka vºdy v¥t²í neº skute£ná hodnota.
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Tabulka 1.2: P°evodní tabulka pro typické hodnoty elektronových koncentrací a plazmo-
vých frekvencí v ionosfé°e

Plazmová frekvence (MHz) 2 4 6 8 10 12
Elektronová koncentrace (103 cm−3) 50 200 440 790 1230 1780

mimo°ádný mód, identi�kovat sm¥ry p°íchodu odraºeného signálu, m¥°it vertikální a
horizontální rychlosti plazmatu atd. [Reinisch et al., 2005; Kouba a Koucká, 2012].

Na ionogramu (obr. 1.4) zm¥°eném na stanici Pr·honice pomocí sondy DPS � 4D
[Reinisch et al., 2005] jsou vid¥t odrazy ze t°í vrstev E, F1 a F2. �ervenou barvou a jejími
odstíny jsou ozna£eny °ádné módy odrazu a zelen¥ mimo°ádný mód. Ionogramy jsou
odesílány do sv¥tových databází a aktuální i star²í ionogramy jsou dostupné na adrese
http://digisonda.ufa.cas.cz. Hodnoty foE, foF1 a foF2 ozna£ují kritické frekvence
jednotlivých vrstev odvozené z pro�lu plazmové frekvence (plná £ára). Hodnoty hmF2 a
h'F2 ozna£ují (skute£nou) vý²ku maxima elektronové koncentrace a virtuální (zdánlivou)
vý²ku vrstvy F2. Tento ionogram je p°íkladem typického denního letního ionogramu
s pln¥ vyvinutými vrstvami E, F1 a F2.

Maximální plazmové frekvence v jednotlivých vrstvách se nazývají kritické frekvence
a ozna£ují se písmenem �fo� , kde o zna£í °ádný (ordinary) mód, následované ozna£ením
vrstvy. Kritické frekvence vrstev E, Es, F1 a F2 se zna£í foE, foEs, foF1 a foF2.

Vztah mezi elektronovou plazmovou frekvencí a elektronovou koncentrací je dán
rovnicí

f 2N =
Ne · e2

ε0 ·m · 4π
, (1.31)

kde fN , Ne, e, ε0 a m zna£í plazmovou frekvenci, koncentraci £ástic, náboj elektronu,
permitivitu vakua a hmotnost elektronu. P°evod koncentrací a plazmové frekvence pro
typické hodnoty v ionosfé°e je uveden v tab. 1.2.

Pojem plazmová frekvence se v ionosférickém výzkumu tradi£n¥ pouºívá kv·li prin-
cipu m¥°ení odrazem (maximální koncentrace ve vrstvách se tedy udávají pomocí maxi-
mální plazmové frekvence). Termín elektronová koncentrace se naopak pouºívá ve spoje-
ních �pro�l elektronové koncentrace� , p°ípadn¥ celková elektronová koncentrace (TEC)
nebo p°i m¥°eních in situ pomocí p°ístroj· umíst¥ných na satelitech.

Koncentrace elektron·Ne v závislosti na vý²ce je jedním ze základních parametr· pro
popis ionosféry. M¥ní se v pr·b¥hu dne i noci, závisí na ro£ním období a na zem¥pisné
poloze. V první °ad¥ závisí na slune£ní a geomagnetické aktivit¥, zejména intenzit¥
krátkovlnného slune£ního zá°ení, dále na stavu meziplanetárního magnetického pole.
Pro�l elektronové koncentrace závisí i na procesech v neutrální atmosfé°e. Typické pro�ly
elektronové koncentrace pro letní a zimní období a den a noc jsou zobrazeny na obr. 1.5.

Signál o vy²²í frekvenci, neº je lokální maximální plazmová frekvence, se neodráºí a
prost°edím prochází. Z toho vyplývá, ºe sondováním získáváme informaci pouze o plazmové
frekvenci v dolní £ásti ionosféry do vý²ky maxima elektronové koncentrace (obr. 1.6).
Na tomto obrázku je vid¥t, které £ásti jsou vypo£teny p°ímo na základ¥ m¥°ení, a které
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Obrázek 1.4: Ionogram ze stanice Pr·honice zm¥°ený pomocí digisondy DPS�4. Na ho-
rizontální ose je plazmová frekvence, na vertikální ose je vý²ka. Detekovány jsou vrstvy
E, F1, F2 (typický denní letní ionogram). Indexy foE, foF1 a foF2 ozna£ují kritické
frekvence jednotlivých vrstev, hmF2 je vý²ka maxima elektronové koncentrace, h'F2 je
zdánlivá vý²ka vrstvy F2. Digisonda DPS�4 umoº¬uje rozli²it °ádný (£erven¥) a mi-
mo°ádný (zelen¥) mód odrazu a sm¥ry p°íchodu odraºeného signálu (legenda vpravo
naho°e).

jsou jsou dopo£teny za pomocí model·. Informace o plazmové frekvenci v n¥kterých
oblastech pro�lu totiº není pomocí pozemního sondování dostupná. Vºdy se jedná o ob-
last nad globálním maximem plazmové frekvence (foF2) a v konkrétním p°ípad¥ i o tzv.
údolí, tedy oblast s lokálním minimem plazmové frekvence mezi vrstvou E a F. Vzhle-
dem k tomu, ºe minimální sondovací frekvence v tomto p°ípad¥ byla 1 MHz, je i £ást
pro�lu pod touto frekvencí extrapolována za pouºití modelu, protoºe o ní nejsou p°ímé
informace z aktuálního m¥°ení. Podkladem pro pouºité modely pro spodní i horní £ást
ionosféry jsou m¥°ení z raket, ze satelit· (topside soundery a m¥°ení koncentrace £ástic)
[Mechtly, 2012; Chapman a Warren, 1968; Huang et al., 2002; Friedrich a Torkar, 2012],
a dal²ích metod, zejména EISCAT radaru [Hagfors a Silen, 1982; Folkestad et al., 1983;
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Profily plazmové frekvence v ionosféře

Noc

Den

Obrázek 1.5: Typické letní (tlustá £ervená £ára) a zimní (tenká £erná £ára) pro�ly
plazmové frekvence pro den (plná £ára) a noc (p°eru²ovaná £ára). Koncentrace elek-
tron· Ne v cm−3 je uvedena na horní horizontální ose obrázku.

Mikhailov, A. a Schlegel, K., 1997].
Pro konverzi ionogram· na reálný pro�l elektronové koncentrace se pouºívají in-

verzní metody. P°íkladem je algoritmus POLAN (POLynomical ANalysis, Titheridge
[1985], vyuºívaný nap°íklad pro ionosondy typu IPS42) nebo software NHPC [Huang
a Reinisch, 1996; Reinisch et al., 2005], pouºívaný pro °adu digisond DPS�4/DPS�4D.
Podle pouºitého za°ízení na observato°i uºivatelé up°ednost¬ují konkrétní metodu. Pro
interpretaci dat z jedné stanice s vyuºitím jednoho algoritmu není jeho volba zásadní4.
P°i spole£né analýze dat z n¥kolika stanic ov²em m·ºe být pouºití r·zných algoritm· pro
výsledek nevhodné a m·ºe vést k nesprávným záv¥r·m. Této problematice je v¥nována
kapitola 6.

1.3 Vliv p°ílivových a planetárních vln na ionosféru

Chování ionosféry je vázáno na mnoho faktor·, jako jsou stav neutrální atmosféry, ge-
omagnetická aktivita a slune£ní aktivita, a je velmi prom¥nlivé. Jsou známé zm¥ny
cyklického £i pravidelného charakteru související s pohyby Zem¥ a Slunce (1�denní, 27
denní, ro£ní), slune£ní aktivitou (∼11�22 leté), ale jsou pozorovány i zm¥ny, které nemají
s t¥mito cykly p°ímou souvislost (nap°. La²tovi£ka [2006]).

Atmosférické p°ílivové vlny jsou globální oscilace neutrální atmosféry s periodami,
které jsou odvozené od periody otá£ení Zem¥ kolem Slunce. Pohyb vln je ve východním i
západním sm¥ru. Slune£ní (termální) p°ílivové vlny jsou zp·sobeny oh°evem troposféry

4nap°íklad pro studium trend·
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Obrázek 1.6: Ionosondou m¥°itelné a nem¥°itelné (dostupné a nedostupné) £ásti elek-
tronového pro�lu. Dostupné £ásti (plná £ára) jsou vypo£teny pomocí inverzních metod,
nedostupné £ásti (£árkovaná £ára) jsou extrapolovány s vyuºitím model·. Oblast pod
minimální sondovací frekvencí 1.0 MHz je vyzna£ena te£kovanou £arou.

slune£ním zdrojem a dále se ²í°í sm¥rem vzh·ru do termosféry (Forbes [1994]). Typické
periody zahrnují 6, 8, 12 a 24 hodin.

Planetární vlny jsou rovn¥º buzené v troposfé°e a pokrývají ²iroké spektrum pe-
riod, nap°. 2, 5, 10 a 16 dní, a zhruba odpovídají vlastním (rezonan£ním) periodám
neutrální atmosféry (Rossbyho módy) o periodách 1, 2, 5, 8 a 12 dní, posunuté vlivem
p°evládajících v¥tr·.

Vztahem mezi periodickými oscilacemi neutrální atmosféry a ionosférou se zabývají
práce uvedené nap°. v referen£ní £ásti práce [Mo²na a Koucká Kníºová, 2012, A8]. Jde
jak o vztahy mezi neutrální atmosférou a spodní £ástí ionosféry tak, o vazbu neutrální
atmosféra � oblast vrstvy F. Vazbou neutrální atmosféry a sporadické vrstvy Es5 se kon-
krétn¥ zabývají nap°. Pancheva [2003]; Haldoupis et al. [2004, 2006]; �auli a Bourdillon
[2008]; Tsunoda et al. [1998] a dal²í (nap°. nalezení podobné 7�denní periodicity v da-
tech z Es a planetárních vlnách je publikováno v Haldoupis et al. [2002], vazba 6�denní
oscilace Es na planetární vlny je uvedena v Zuo et al. [2009]). Tito auto°i pozorovali
shodný £i podobný výskyt periodicit v planetárních vlnách a sporadické vrstv¥. Tato
pozorování potvrzují vliv planetárních vln na chování sporadické vrstvy. Pomocí studia
chování Es vrstvy je moºné detekovat aktivitu planetárních vln, které na sporadickou
vrstvu p·sobí, a tím i odvodit z ionosférických m¥°ení Es vrstvy vlastnosti planetárních

5viz následující podkapitola
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vln.

1.4 Sporadické E-vrstvy

Sporadické E-vrstvy6 (Es vrstvy) se v letních m¥sících vyskytují v oblasti vrstvy E
ve vý²kách mezi 90 a 120 (n¥kdy i vý²e) km. Jejich výskyt navzdory názvu nemusí být
ob£asný. Toto zvrstvení se m·ºe znenadání �objevit� na n¥kolik hodin £i dní a stejn¥ tak
ne£ekan¥ m·ºe zmizet7 (Whitehead [1961, 1989]; Mathews [1998]; Haldoupis et al. [2002,
2004]). Známá je sezónní, denní a p·ldennní periodicita výskytu Es (nap°. Haldoupis et
al. [2004, 2006]).

A£koliv je p°ísp¥vek elektron· v Es velmi malý v porovnání s celkovým obsahem
elektron· v ionosfé°e (TEC) z d·vodu malé mocnosti Es, kritická frekvence foEs bývá
nez°ídka vy²²í neº plazmová frekvence ve vrstv¥ F2, kde se obvykle nachází maximum
elektronové koncentrace. P°ísp¥vek elektron· v Es k TEC je tedy prakticky zanedba-
telný, ale kv·li vysoké lokální koncentraci je vliv sporadické vrstvy na ²í°ení elektro-
magnetických signál· £asto velmi zásadní (zejména pro ²í°ení vln odrazem). Sporadické
vrstvy jsou £asto schopny odráºet elektromagnetické vlny o vy²²ích frekvencích neº ob-
vyklé ionosférické vrstvy.

Obrázek 1.7: Vliv zonálního (levý obrázek) a meridionálního (pravý obrázek) proud¥ní
na tvorbu Es vrstev. Vlivem v¥tr· a magnetického pole B o vhodné kon�guraci dochází
k v×B driftovému pohybu nabitých £ástic. P°i st°ihu v¥tr· pak dochází ke konvergenci
iont· a ke vzniku tenké vrstvy. Upraveno podle [Haldoupis et al., 2004].

Ve sporadické vrstv¥ Es hrají dominantní roli sráºky ionizovaných a neutrálních
6A£koliv je mnoºné £íslo �vrstvy� £i výraz �zvrstvení� správn¥j²í, v literatu°e se b¥ºn¥ pouºívá i

jednotné £íslo �vrstva� .
7Sporadická vrstva je i p°es intenzivní studium ve v¥deckých kruzích b¥ºn¥ ozna£ována za ionosfé-

rickou záhadu.

17



£ástic, coº je p°í£inou relativn¥ rychlých rekombina£ních proces·. Mechanismus vzniku
sporadických vrstev je nej£ast¥ji vysv¥tlován p·sobením vertikálního st°ihu neutrálních
v¥tr·, jak je nazna£eno na obr. 1.7 [Whitehead, 1961, 1989; Mathews, 1998]. Ve vý²kách
vrstvy E dochází ke konvergenci kovových iont· (Na+, Ca+, Fe+) do tenkých vrstev
s mocností stovek metr· aº jednotek km s celkovou tlou²´kou cca 10 km [Clemesha,
1995]. Pro vý²ky pod cca 125 km jsou rozhodující zonální sm¥ry proud¥ní neutrálního
v¥tru. Vertikální drifty plazmatu v t¥chto niº²ích vý²kách podléhají sráºkám a pohyb
plazmatu je ovlivn¥n p°eváºn¥ zonálními v¥try. Nejefektivn¥j²í st°ih v¥tru pro vznik
Es vrstvy je východní (tedy vanoucí sm¥rem na západ) vítr naho°e a západní vítr dole,
protoºe východní sm¥r zp·sobuje klesající drift a západní sm¥r stoupající drift plazmatu.

Ve vý²kách nad cca 125�130 km je sráºková frekvence natolik malá, ºe je pohyb
plazmatu limitován zejména magnetickým polem. Dominantním £initelem ovliv¬ujícím
vertikální pohyby plazmatu je zde meridionální proud¥ní. Podmínky konvergence jsou na
severní polokouli spln¥ny p°i jiºním v¥tru naho°e a obráceném £i pomalej²ím proud¥ní
v niº²ích vý²kách.

Sporadické vrstvy jsou na ionogramu viditelné jako vodorovné £áry ve vý²ce od-
povídající vý²kám vrstvy E a vzhledem k £asto vysoké kritické frekvenci £áste£n¥ £i
pln¥ zasti¬ují vý²e leºící vrstvy. Morfologicky jde spí²e o útvary oblakovitého £i diskovi-
tého charakteru neº o souvislé zvrstvení. Pr·b¥h koncentrace kovových iont· zm¥°ených
pomocí raketové sondáºe je znázorn¥n na obr. 1.8.

Detek£ní limit ionosondy/digisondy je zdola omezen hodnotou gyrofrekvence (v okolí
této frekvence dochází k útlumu vyslaných vln), a proto se sporadická vrstva s niº²í
plazmovou frekvencí na ionogramu nezobrazí, p°estoºe m·ºe být v daném okamºiku
p°ítomna.

Ionogram ze stanice Pr·honice (obr. 1.9) zobrazuje situaci s dv¥ma p°ítomnými Es
vrstvami. Parametry vrstev jsou h'Es=100km, foEs=2,45 MHz pro niº²í a h'Es=110km,
foEs=4,5 MHz pro vy²²í detekovanou vrstvu.

Podle st°ihové teorie je efektivita vzniku Es vrstev nejv¥t²í ve st°edních ²í°kách, coº
je ve shod¥ s pozorováním (obr. 1.10).

Rychlost ioniza£ních a rekombina£ních proces· v Es se pohybuje v °ádu minut. Dy-
namika t¥chto proces· je demonstrována ionogramy na obr. 1.11. V £ase 03:15 ionogram
zobrazuje pouze odraz z vrstvy F2. V £ase 03:30 dochází ke vzniku Es s kritickou frek-
vencí foEs=2,0 MHz. O patnáct minut pozd¥ji je vid¥t vrstva Es s kritickou frekvencí
foEs=5,4 MHz a v £ase 04:00 pozorujeme pln¥ vyvinutou sporadickou vrstvu s foEs=7,0
MHz, která zcela brání pozorování vý²e leºících vrstev. �as mezi vznikem, poklesem a
následným zánikem jednotlivých sporadických vrstev je obvykle n¥kolik minut aº n¥kolik
hodin.
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Obrázek 1.8: Koncentrace iont· v oblasti vrstvy E. P°eru²ovaná £ára ozna£uje detek£ní
limit ionosondy (upraveno podle Roddy [2005]).

Obrázek 1.9: Detekce dvou sporadických vrstev pomocí digisondy DPS�4 na stanici
Pr·honice.
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Obrázek 1.10: Prostorová a sezónní závislost výskytu sporadické vrstvy. Nejvy²²í pravd¥-
podobnost výskytu Es vrstvy je v oblastech st°edních ²í°ek b¥hem lokálního léta (podle
Arras et al. [2011]).

Obrázek 1.11: Dynamika tvorby sporadické vrstvy (stanice Pr·honice). Sporadická
vrstva je detekována v £ase 00:30, v £ase 04:00 je jiº pln¥ vyvinuta a zasti¬uje vý²e
leºící vrstvy (dochází k tzv. blanketingu).
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2. Slune£ní aktivita a její vliv
na ionosféru
Slune£ní vítr je pokra£ování slune£ní korony do velkých vzdáleností. Je zp·soben obrov-
ským rozdílem tlaku mezi spodní £ástí korony a kosmickým prostorem (nap°. Gombosi
[1998]). Dnes je známo, ºe rychlost slune£ního v¥tru se ve vzdálenosti 1 AU od Slunce
pohybuje v¥t²inou v rozmezí 300�800 km/s s pr·m¥rnou rychlostí cca 400�500 km/s a
hustota elektron· je zhruba 5 cm−3. Rychlost zvuku pro tuto hustotu £ástic je asi 60
km/s, takºe rychlost slune£ního v¥tru je siln¥ nadzvuková. Rychlost £ástic se vzdáleností
od Slunce vzr·stá [Bisi, 2006]. P°edstava o existenci stálého proudu plazmatu pohybují-
cího se sm¥rem od Slunce byla popsána nap°. v [Chapman a Ferraro, 1930] a navazujících
pracích jako vysv¥tlení geomagnetických variací £i polárních zá°í [Biermann, 1951].

Tvar chvostu komet, který vºdy mí°í sm¥rem od Slunce, byl vysv¥tlen v [Bier-
mann, 1957] pomocí nep°etrºitého proudu nabitých £ástic proudících radiáln¥ sm¥rem
od Slunce do meziplanetárnícho prostoru jako výsledek nerovnováºného stavu slune£ní
korony, která se rozpíná vlivem rozdílu tlak· mezi slune£ním a meziplanetárním plazma-
tem. Detailn¥j²í popis expanze korony p°inesli Parker [1958]; Chamberlain [1960]. Za-
tímco Parker do²el k záv¥ru, ºe proud £ástic se od Slunce pohybuje vysokou rychlostí a
nazval ho slune£ním v¥trem (solar wind) s p°edpokládanou nadzvukovou rychlostí okolo
500 km/s, Chamberlain se p°iklán¥l k názoru, ºe rychlost £ástic je mnohem men²í (pod-
zvuková, kolem 10 km/s) a navrhl termín slune£ní vánek (solar breeze). Tato debata byla
roz°e²ena m¥°ením rychlosti £ástic po vypu²t¥ní druºic do kosmického prostoru (nap°.
Gringauz [1961]; Bonetti et al. [1963]; Snyder et al. [1963]; Neugebauer a Snyder [1966])
a zvít¥zila Parkerova teorie.

Vliv slune£ní aktivity na stav geomagnetického pole a periodické zm¥ny související
s 27denní periodicitou Slunce byly pozorovány nap°. v [Bartels, 1932, 1934; Newton,
1932]. Zdánliv¥ paradoxní vy²²í výskyt rekurentních (opakujících se a tedy evidentn¥
souvisejících s rotací Slunce) geomagnetických bou°í v období slune£ního minima (nap°.
Bartels [1934]) byl pozd¥ji vysv¥tlen jako d·sledek rychlého proudu £ástic, které mají
p·vod ve slune£ních koronálních d¥rách.

Vodivost reálného plazmatu je £asto moºné povaºovat za nekone£nou. V bezsráºko-
vém plazmatu (coº je nap°. slune£ní vítr) je pak moºné uplatnit koncept tzv. zamrzlého
magnetického pole v plazmatu [Alfven, 1967], kde platí

∂B
∂t

= ∇× (v ×B), (2.1)

kde v je rychlost plazmatu a B je vektor magnetického pole. To znamená, ºe magnetické
pole je uná²eno pohybujícím se plazmatem [Baumjohann a Treumann, 1997]. Pohybující
se slune£ní vítr s sebou nese magnetické pole, které se p°i vhodné konstelaci (Bz < 0,
tedy s obrácenou sloºkou Bz neº má zemské magnetické pole) na denní stran¥ propojuje
se zemským magnetickým polem. Uzav°ené zemské silo£áry se tak otevírají a jsou uná-
²eny ve sm¥ru slune£ního v¥tru. Na obr. 2.1 je znázorn¥no propojování magnetického
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pole slune£ního v¥tru se zemským (1�2), uná²ení silo£ar p°es polární oblasti sm¥rem na
no£ní stranu (3�6), propojení otev°ených silo£ar ve vzdálenosti kolem 100�200 RE (7).
Vzhledem k magnetické tenzi se nataºené spojené zemské silo£áry vracejí sm¥rem k Zemi
a silo£áry slune£ního v¥tru odcházejí sm¥rem od Slunce (8). Tímto zp·sobem vzniká ne-
ustálý konvek£ní proud plazmatu v magnetickém ohonu. Magnetické pole z no£ní strany
je nakonec dopraveno na denní stranu Zem¥ a celý kolob¥h se tak uzavírá. Spojování
silo£ar a rekonekce se odehrává zejména v blízkosti tzv. X�linie (ozna£ení pro denní i
no£ní stranu) nebo tzv. neutrální £áry (ozna£ení pro no£ní stranu).

Konvektivní pohyb plazmatu na no£ní stran¥ vytvá°í elektrické konvek£ní pole mezi
ranní a ve£erní stranou o velikosti cca 50�100 kV. Dal²ím polem, které je vytvá°eno,
je korotující elektrické pole (corotation electric �eld). To je zp·sobeno zemskou rotací.
Neutrální atmosféra, která rotuje spolu se Zemí, nutí k rotaci i plazma v d·sledku sráºek
mezi nabitými a neutrálními £ásticemi. Elektrické pole je vyjád°eno jako

Ecr = −(ΩE × r)×B, (2.2)

kde ΩE = 7, 27 · 10−5rad/s je úhlová rychlost zemské rotace. Za pouºití rovnice [Baumj-
ohann a Treumann, 1997]

Φcr = ΩEBER
2
E/L, (2.3)

kde index E ozna£uje rovník a L je McIlwain·v parametr1, je moºné vypo£ítat potenciál
v rovin¥ rovníku, který £iní zhruba 92 kV/L.

Na stav ionosféry má zásadní vliv poruchová sloºka meziplanetárního magnetického
pole (IMF). Podle tvaru a vzniku magnetického pole, které se ²í°í meziplanetárním
prostorem, je moºné rozd¥lit extrémní slune£ní události na dv¥ základní skupiny.

První skupina je charakterizována poloidálním magnetickým polem a vysokou rych-
lostí pohybu £ástic. Je typická pro maximum slune£ní aktivity a ozna£uje se jako vy-
sokorychlostní slune£ní proudy HSS (High Speed Solar Streams). HSS jsou formované
v oblastech slune£ních koronálních d¥r. Plazma má vysokou teplotu, nízkou hustotu a
vysokou rychlost. HSS zp·sobují v oblastech zemských vysokých zem¥pisných ²í°ek zvý-
²ení teploty v termosfé°e Joulovým oh°evem i £ásticovým oh°evem. To následn¥ vede
k redistribuci hustoty plynu a zm¥nám ve vý²ce maxima elektronové koncentrace, p°í-
padn¥ v elektronové koncentraci v oblasti F2 [Lei et al., 2008].

Pro druhou skupinu je typické toroidální magnetické pole. Výrony koronální hmoty
CME (Coronal Mass Ejections) a jejich podmnoºina, magnetická oblaka MC (Magnetic
Clouds) mají sv·j p·vod v oblastech uzav°ených magnetických silo£ar. CME mají níz-
kou protonovou teplotu (nízké β). Magnetická oblaka se vyzna£ují rotací magnetického
pole [Burlaga et al., 1981]. Hlavní efekt CME je prudký pr·nik zvý²eného elektrického
pole do ionosféry nízkých ²í°ek a tvorba silných subaurorálních elektrických polí, zvý-
²ení precipitace £ástic a rozpínání ionosféry vlivem zvý²ení její teploty. Precipitace £ástic
vede ke zvý²ené ionizaci a zvy²uje teplotu v oblasti pod maximem elektronové koncen-
trace i v jeho okolí. Vzhledem k del²ímu p·sobení negativní sloºky IMF se p°edpokládá

1McIlwain·v parametr, hodnota L, ozna£uje silo£áru, která se v oblasti rovníku nachází v L násobku
zemských polom¥r· od st°edu Zem¥.
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Obrázek 2.1: Propojování silo£ar, uná²ení otev°ených silo£ar a jejich uzavírání vlivem
slune£ního v¥tru s negativním Bz (p°evzato z Baumjohann a Treumann [1997] se svole-
ním autor·)

siln¥j²í efekt (vy²²í geoefektivita, tedy citlivost zemského magnetického pole na p·so-
bení vn¥j²ího magnetického pole slune£ního p·vodu) pro události typu MC oproti CME
bez rotace magnetického pole [Georgieva et al., 2006]. Z hlediska odezvy magnetosféry
na poruchu IMF byly jako nejvíce geoefektivní detekovány HSS následované MC a jako
nejmén¥ geoefektivní jsou povaºovány CME.

2.1 Bou°e a subbou°e

Ionosférické poruchy, subbou°e a bou°e p°edstavují extrémní formu kosmického po£así
(space weather) a projevují se nezanedbatelnými vlivy na pozemní a kosmické tech-
nologické systémy. Jsou iniciovány vysoce variabilními slune£ními a magnetosférickými
vstupy do zemské vrchní atmosféry [Buonsanto, 1999; Prölss, 1995]. Na rozdíl od pravi-
delných ionosférických variací nelze jednodu²e p°edpovídat jejich nástup. Termín �po-
ruchy� vyjad°uje nepravidelnost a do£asnost takových jev·. Termín �bou°e� nazna£uje
závaºnost událostí. A£koliv od doby objevu ionosférických poruch jsou tyto jevy neustále
a intenzivn¥ studovány, jejich vznik a chování nejsou doposud vy£erpávajícím zp·sobem
popsány (Prölss [1995]; Buonsanto [1999]; Cander a Mihajlovic [2005]; Krankowski et
al. [2012] a dal²í).
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2.1.1 Mechanismus vzniku ionosférických poruch

Ionosférická elektronová hustota Ne závisí na toku slune£ního zá°ení, sloºení neutrální
atmosféry a dynamickém p·sobení neutrálních v¥tr· a na p·sobení elektrických polí. Za-
tímco slune£ní zá°ení (zejména v oblasti UV a krat²ích vlnových délek) je zodpov¥dné
spí²e za formování �neporu²ené� ionosféry, slune£ní vítr se podílí na poruchové sloºce io-
nosféry. Uvádí se, ºe rozdíly mezi p°ísunem energie ze slune£ního v¥tru do magnetosféry
v klidném a neklidném období mohou £init i 500 a více procent. B¥hem geomagnetické
bou°e dochází k deformaci zemské magnetosféry p·sobením zm¥ny rychlosti a koncent-
race £ástic a magnetického pole ve slune£ním v¥tru a vzniklá intenzivní elektrická pole se
promítají podél geomagnetických silo£ar do ionosféry vysokých geomagnetických ²í°ek.
B¥hem tohoto procesu dochází k výrazné konvekci plazmatu, které následn¥ ovliv¬uje
proud¥ní neutrálního v¥tru pomocí sráºek nabitých £ástic s neutrály.

Dále dochází k vysypávaní energetických £ástic v niº²í termosfé°e a níºe (dochází
ke spr²kám energetických a druhotných £ástic) a tím k oh°ívání a roz²i°ování aurorální
zóny, zvý²ení vodivosti ionosféry a nár·stu proudu ve vysokých ²í°kách. Mezi ionosfé-
rou vysokých ²í°ek a magnetosférou te£ou intenzivní elektrické proudy a dochází tak ke
zvý²enému oh°evu plazmatu i neutrální atmosféry. Termosférická expanze vyvolává silné
neutrální v¥try a zárove¬ dochází ke zm¥n¥ ioniza£n¥�rekombina£ních pom¥r·, bu¤ p°í-
sunem t¥º²ích £ástic z niº²ích vrstev (N2, O2, které urychlují rekombinaci), nebo naopak
k p°ísunu atomárního kyslíku (O-atomární kyslík je prekurzor ioniza£ních proces·).

2.1.2 Typy ionosférických poruch

Náhlá ionosférická porucha SID (Sudden Ionospheric Disturbance) se projevuje b¥hem
silné slune£ní erupce náhlým p°eru²ením radiové komunikace (cca jednohodinový vý-
padek) na denní stran¥ Zem¥. Výpadek v oblasti krátkých vln je zp·soben okamºitým
silným zvý²ením elektronové koncentrace ve spodní £ásti vrstvy D díky zesílení emise
tvrdého a ultratvrdého rentgenového zá°ení ze Slunce. Krátké vlny, které normáln¥ pro-
chází vrstvou D, jsou v t¥chto okamºicích siln¥ utlumeny (Short wave fadeout, nazývá se
téº Mögel�Dellinger·v jev). K p°esun·m poruchy do no£ních oblastí vzhledem k velmi
rychlé rekombinaci nedochází.

Ionosférická bou°e je charakterizována pozvoln¥j²ím nástupem a del²ím trváním, neº
je tomu u SID. Ionosférické bou°e se d¥lí na absorpci v polárních oblastech PCA (Polar
Cup Absorption) a geomagneticky indukovanou bou°i. Absorpce v polárních oblastech,
jak napovídá název, je pozorována pouze ve vysokých geomagnetických ²í°kách v oblasti
aurorálního oválu. Je doprovázena výpadkem komunika£ních za°ízení v d·sledku zvý²ení
elektronové hustoty ve vý²kách mezi 55 a 90 km (tedy oblast vrstev D a E). Dochází
k ní p°íchodem velmi energetických proton· b¥hem slune£ních erupcí (energie £ástic<10
MeV). Tyto £ástice po nárazu na magnetické pole sm¥°ují podél magnetických silo£ar
do polárních oblastí, kde p°edávají svoji energii a ionizují neutrální £ástice. Protoºe
p°icházející protony mají ²iroké spektrum energií, k jejich p°íchodu dochází postupn¥, a
tak oblast PCA postupn¥ zv¥t²uje svoji velikost a zapl¬uje polární region. Trvání PCA
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je mnohem del²í neº v p°ípad¥ SID a je typicky v rozmezí desítek hodin aº po n¥kolik
dn·.

Druhým typem ionosférických bou°í je geomagneticky indukovaná bou°e. Na rozdíl
od PCA je mnohem intenzivn¥j²í b¥hem noci. Aurorální subbou°e za£íná náhlým rozsví-
cením jednoho z klidných aurorálních oblouk·, p°ípadn¥ rychlou tvorbou oblouku.Poté
následuje rychlý pohyb sm¥rem k pólu a vydutí do p·lno£ní oblasti. Pokra£ování au-
rorální subbou°e p°iná²í vydouvání oblouku do v²ech sm¥r·. V odpoledním sektoru se
objevuje vzdouvání a jeho pohyb sm¥rem na západ. V ranním sektoru se oblouk rozpadá
a aktivní oblasti se pohybují sm¥rem na východ rychlostí cca 300 m/s. Poru²ená zóna
se roz²i°uje i do niº²ích geomagnetických ²í°ek [Tascioni, 1994].

�í°ení ionosférických poruch je moºné pozorovat jako tzv. putující ionosférické poru-
chy TID (Traveling Ionospheric Disturbances). Oh°ev aurorální oblasti generuje akusticko�
gravita£ní vlny2 v neutrální atmosfé°e, které mají silný dopad na chemické sloºení ne-
utrální atmosféry i iont· a tím i koncentraci elektron· v ionosfé°e [Werner, 1999]. Jejich
pohyb z polárních oblastí sm¥rem do niº²ích ²í°ek je moºné pozorovat nap°íklad pomocí
sít¥ ionosond jako poruchu postupn¥ se ²í°ící rychlostí stovek m/s podél silo£ar.

2.2 Negativní a pozitivní bou°e

Hlavním znakem ionosférické bou°e jsou rychlé zm¥ny elektronové koncentrace a vý²ky
vrstvy F2. Tyto zm¥ny se dají vyjád°it pomocí rovnice kontinuity (rov. 1.15), ve které
vystupuje transportní £len. Ke zm¥n¥ koncentrace ionizovaných £ástic N , a tedy k efektu
ionosférické bou°e, p°ispívá kaºdý ze t°í £len· na pravé stran¥ rovnice (tzn. ioniza£ní,
ztrátový i transportní £len). Kompletní popis historicky uvaºovaných £i navrhovaných
mechanism· p°ispívajících k pozitivní £i negativní bou°i, je uveden v knize Prölss [1995].
D·raz je zde dán na následující model vzniku bou°í: Negativní efekty jsou zp·sobeny
zejména zm¥nami ve sloºení neutrálního v¥tru (p°ínos plyn· zvy²ující rekombinaci).
Denní pozitivní efekty jsou p°ipisovány TID a zm¥nám v cirkulaci v¥tr· ve velkém
m¥°ítku a dále poruchám elektrického pole.

2.2.1 Negativní bou°e vyvolaná zm¥nami sloºení neutrální at-

mosféry

Disipace slune£ního v¥tru soustavn¥ ovliv¬uje hustotní rozloºení polární horní atmosféry.
I za magneticky klidných podmínek je dostate£n¥ efektivní, aby formovala stálou poru-
²enou zónu. P°i zvý²ené aktivit¥ slune£ního v¥tru m·ºe dojít k nár·stu obsahu t¥º²ích
plyn· a sníºení obsahu leh£ích plyn· [Seaton, 1956; Prölss, 1988]. Dochází také k ex-
panzi zm¥ny sloºení neutrální atmosféry do oblastí st°edních ²í°ek [Rishbeth a Edwards,

2Akusticko�gravita£ní vlny jsou atmosférické vlny s periodami °ádov¥ desítky minut aº hodiny, ve
kterých se významn¥ uplat¬uje gravita£ní síla. V troposfé°e jsou generovány nap°íklad frontálními
systémy nebo v¥try proudícími p°es velká poho°í a tyto vlny se ²í°í do vy²²ích oblastí atmosféry, kde
p°edávají svoji energii.

25



1989]. Sníºením koncentrace O tak dochází k niº²í tvorb¥ O+ podle rov. 1.21 a následkem
vy²²í koncentrace N2 k p°enosu náboje z O+ (rov. 1.22) a následn¥ k rekombinaci podle
rov. 1.6). Tyto zm¥ny spole£n¥ p°ispívají ke sníºení elektronové koncentrace. Pozorovaná
korelace mezi zm¥nami sloºení neutrální atmosféry a efektu negativních ionosférických
bou°í potvrzuje existenci vlivu neutrální atmosféry na ionosféru [Prölss, 1980].

2.2.2 Pozitivní bou°e zp·sobené meridionálními v¥try

Jako nejpravd¥podobn¥j²í vysv¥tlení pozitivních ionosférických bou°í je uvád¥na odezva
na náhlý vstup energie do atmosféry polárních oblastí (pozorovaná pomocí AE indexu),
následkem £ehoº dochází k dob°e rozvinuté pozitivní bou°i ve st°edních ²í°kách. Nejprve
dochází ke zdvihu vrstvy F spojené se sníºením hustoty ionizovaných £ástic. Po dosaºení
maxima vý²ky dochází k následnému zvý²ení koncentrace iont· a elektron· [Tanaka a
Hirao, 1973; Spurling a Jones, 1992; Prölss a Jung, 1978]. Tento jev je vysv¥tlován
pom¥rem koncentrací N2 a O2 a koncentrací O. Koncentrace molekulárního kyslíku a
dusíku (rekombina£ní £leny) s vý²kou klesá rychleji neº koncentrace atomárního kyslíku
(ioniza£ní £len) a tudíº dochází ke zvý²ení hustoty v oblasti maxima NmF2. Rovnice
1.28 se dá p°epsat do tvaru

L = β[O+], (2.4)

kde β závisí na koncentrací molekulárních plyn· β = k1[N2] + k2[O2]. Maximální hustota
NmF2 ∼ q

β
, takºe se p°i poklesu β zvy²uje koncentrace NmF2. Rekombinace v oblasti

F pak probíhá podle rov. 1.6 a rov. 1.7 [Danilov, 2001].
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3. Scaling � invariance délek
Chování geofyzikálních systém· se £asto popisuje pomocí konceptu tzv. scale invari-
ance.Geofyzikální data jsou v¥t²inou �uktuující signály s velmi výraznou prom¥nlivostí
ve velkém rozp¥tí period. Takovéto procesy vykazují do velké míry nepravidelnosti a
jejich statistické vlastnosti se s £asem (délkou vybraného intervalu) m¥ní. Prom¥nlivost
systému souvisí jednak s p·sobením externích vliv· na systém a dále s jeho vlastní
nestabilitou. Problémy p°i analýze dat zahrnují nelinearitu jev·, dlouhodobou pam¥´,
p°ekryvy trend·, nestacionaritu atd. a pro analýzu dat je tedy obtíºné pouºít �klasické�
metody jako spektrální analýzy £i (auto)korelace [Davis et al., 1994a]. Teoretický kon-
cept popisu turbulence [Kolmogorov, 1962] a teorie fraktál· [Mandelbrot, 1967] daly
podn¥t pro novou interpretaci proces·, které vykazují turbulentní £i chaotické chování.

3.1 Fraktály a sob¥podobnost

Fraktály (z latinského slova fractus, zlomený) jsou objekty, jejichº fraktální dimenze je
odli²ná od topologické dimenze (tzn. není celo£íselná). Výraznou vlastností fraktál· je
sob¥podobnost. Sob¥podobnost je vlastnost objektu, který p°i zm¥n¥ m¥°ítka vykazuje
stále podobné vlastnosti. Termín scale invariance neboli invariance (nezávislost) délek £i
²kálová invariance popisuje následující vlastnost £asové °ady: V dané £asové °ad¥ (nebo
prostorovém rozloºení), p°ípadn¥ v jejich £ástech, se nenachází významné £asové (£i
prostorové ) periody1 [Wendt et al., 2007]. Bu¤ v celém rozsahu studovaného objektu,
nebo v jeho významné £ásti £i £ástech pak neexistují charakteristické periody. Neexis-
tence charakteristických period se dá ekvivalentn¥ vyjád°it i tak, ºe v²echny periody
jsou rovnocenné.

Tato p°edstava je pouze teoretická; v prakticky kaºdém reálném (geo)fyzikál-ním
systému je moºné nalézt významn¥j²í periody (nap°. jednodenní, ro£ní atd.), které jsou
spojeny s vnit°ními £i vn¥j²ími procesy, nap°. rotace Zem¥ nebo slune£ní aktivita. Sca-
ling analýza v²ak zkoumá p°edev²ím oblasti period a ne jen jednotlivé periody. Oblasti,
ve kterých neexistuje ºádná význa£ná charakteristická délka procesu, p°edstavují do-
mény ²kálové invariance (angl. scale invariance). Místo hledání charakteristických ²kál,
jak je tomu nap°íklad u metod odvozených z Fourierovy transformace, pak zkoumáme
vlastnosti zvoleného rozmezí period (a p°ípadn¥ pomocí scaling analýzy potenciálních
na systém p·sobících proces· identi�kujeme mechanismus, který je ovliv¬uje).

Termín �scale invariance� je chápán ve smyslu mocninné rovnice

P (X) ∼ Xα, (3.1)

kde P (X) je výkonové spektrum signálu X. Výkonové spektrum £i jeho podstatnou £ást
£i £ásti je tedy moºné v logaritmické form¥ �proloºit� p°ímkou.

1Termín ²kála je podle pot°eby autor· v literatu°e pouºíván obecn¥ bu¤ v prostorovém nebo £asovém
smyslu, mluví se tedy o délkových nebo £asových ²kálách. Vzhledem k tomu, ºe se tato práce zabývá
popisem £asových °ad, budu dále pouºívat tento termín v £asovém smyslu.
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Obrázek 3.1: Výkonové spektrum slune£ního toku F10.7 (x�ová a y�ová osa jsou v loga-
ritmickém zobrazení). Toto výkonové spektrum je moºné aproximovat vztahem 3.3 pro
oblast period cca 3�27 dní.

Scale invariance vyjad°uje i nezávislost vlastností studovaného systému nebo signálu
na zm¥n¥ m¥°ítka.

[Mandelbrot, 1983] ukázal, ºe mnoho p°írodních jev· je moºné modelovat pomocí
frakcionálního Gaussovského ²umu fGn, který je charakterizován tzv. Hurstovým expo-
nentem H. Fraktální procesy X(t) a X(ct), pro které platí

X(t) = X(ct)/cH , (3.2)

mají stejné statistické vlastnosti. Spektrum fGn se °ídí obecným vztahem

P (f) ∼ f−β, (3.3)

kde f je frekvence a exponent β je svázán s Hurstovým exponentem H rovnicí

β = 2H − 1. (3.4)

Hurst·v exponent H popisuje míru dlouhodobé pam¥ti systému/£asové °ady. Brown·v
pohyb s hodnotou H = 0, 5 je p°íkladem systému s navzájem nezávislými daty, tedy
autokorelací limitn¥ se blíºící nule. Hodnoty 0, 5 < H < 1 charakterizují systém s pozi-
tivní korelací, zatímco Hurst·v exponent v rozmezí 0 < H < 0, 5 ukazuje na tendenci
systému/£asové °ady st°ídat vysoké a nízké hodnoty.

Tradi£ním p°ístupem po identi�kaci invariance délek p°írodních proces· je studium
výkonového spektra signálu P (X), které se °ídí mocninnou rovnicí 3.3. Takové výkonové
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Obrázek 3.2: Výkonové spektrum kritických frekvencí foF2 ze stanice Pr·honice (x�
ová a y�ová osa jsou v logaritmickém zobrazení). Toto výkonové spektrum je moºné
aproximovat vztahem 3.3 pro oblast period cca 2�40 dní (s výjimkou period v okolí 30
denní oblasti).

spektrum £i jeho £ást je moºné v logaritmické form¥ �proloºit� p°ímkou. P°íkladem reál-
ného signálu vykazujícího invarianci délek je spektrum slune£ního toku F10.7 (obr. 3.1)
nebo spektrum kritických frekvencí ze stanice Pr·honice (obr. 3.2), ve kterých je moºné
nalézt oblast ²kálové invariance v rozmezí period p°ibliºn¥ 3�30 dn· pro F10.7 a v roz-
mezí p°ibliºn¥ 2�50 dn· pro foF2. Oblast scale invariance je �naru²ena� oblastí okolo 27
dní.

P°íkladem pouºití scaling analýzy je nap°. £lánek [Burlaga a Klein, 1986], ve kte-
rém auto°i studovali vlastnosti meziplanetárního magnetického pole m¥°eného sondou
Voyager 2 ve vzdálenosti 8,5 AU a prokázali, ºe spektrum magnetického pole pro peri-
ody 20 s aº 3× 105 s odpovídá Kolmogorov¥ spektru homogenní izotropické stacionární
turbulence s fraktální dimenzí D = 5/3.

[Consolini et al., 1996] pomocí analýzy výkonových spekter slune£ního v¥tru a geo-
magnetického indexu AE prokázali vazbu mezi slune£ním v¥trem a magnetosférou v roz-
sahu period cca 103 − 10−4 Hz, ve kterých spektrální exponent indexu AE odpovídá
spektrálnímu exponentu pro slune£ní vítr, tedy hodnot¥ −5/3. Pro krat²í a del²í peri-
ody je spektrální exponent indexu odli²ný (cca -1,1 pro del²í periody a cca -2 pro krat²í
periody neº uvedený rozsah). Stejnou hodnotu v uvedených periodách povaºovali za
d·kaz vazby mezi IMF a AE na daných periodách.

[Vörös et al., 2002] pouºili £tvrtý moment (²pi£atost) p°ír·stk· δX = X(t+τ)−X(t)
vypo£ítaný z index· AE, AU a AL a meziplanetárního magnetického pole nam¥°eného
na satelitech WIND a ACE pro hledání vazby mezi IMF a geomagnetickou aktivitou.
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[Hnat et al., 2003] analyzovali �uktuace geomagnetických index· AE, AU a AL a
parametru slune£ního v¥tru. Sob¥podobnost byla pro AU index prokázána na periodách
krat²ích neº 1 h a pro AL, AE a parametr slune£ního v¥tru na periodách do 2 h. A£koliv
jsou slune£ní vítr a polární geomagnetická aktivita dob°e korelované na del²ích periodách
[Tsurutany et al., 1990], rozdílná pravd¥podobnostní funkce (PDF) pro geomagnetické
indexy a pro slune£ní vítr pro periody krat²í neº 1 h nazna£uje rozdílný fyzikální p·vod
turbulence pro oba procesy.

Analýza distribuce vodní fáze v mo°ských oblacích [Davis et al., 1996; Marshak,
1997] poskytuje p°ehled vztah· mezi scaling funkcí ζ(q) a mírou singularity, kritéria pro
kvanti�kaci a odhad míry nestacionarity a návrh model· pro popis struktury obla£nosti.
Stratosférická a troposférická dynamika byla studována nap°. v pracích [Lovejoy, 2004;
Lovejoy a Schertzer, 2007].

Uvedené práce jsou jen p°íklady £etnosti pouºití metod odvozených ze scaling analýzy
a je moºné najít mnoho dal²ích (nap°. Roux et al. [2008]; Abry a Veitch [1998]). Scaling
analýza pro popis ionosféry je zatím ov²em mnohem mén¥ pouºívaná. Problémem m·ºe
být kvalita £asových °ad, popisujících vlastnosti ionosféry, daná technickými problémy
(p°ístrojová omezení) nebo fyzikálními jevy bránícími m¥°ení (nap°. blanketing).

3.2 Scaling funkce ζ(q)

Scaling analýza je matematický nástroj pro studium vnit°ní struktury dat [Davis et
al., 1994]. Strukturou jsou my²leny statistické vlastnosti dat a jejich zm¥na se zm¥nou
m¥°ítka. Na základ¥ podobnosti této struktury je moºné nap°. pro geofyzikální ú£ely
usuzovat na souvislost mezi geofyzikálními jevy a detekovat periody, na kterých p°ípadná
souvislost/vazba existuje. Pro jednorozm¥rnou °adu X(t), kde t ozna£uje £as, de�nujme
funkci

Tx(a, t) = X(t+ a)−X(t), (3.5)

kde a je ²kála (m¥°ítko). O£ekávaná hodnota E|Tx(a, t)| se bude pro geofyzikální signály
m¥nit se zm¥nou m¥°ítka a. To, jak se bude m¥nit, je dáno vlastnostmi této £asové
°ady. Intuitivní p°edstava je, ºe se vzr·stem m¥°ítka budou spolu body £asové °ady bez
výrazných period mén¥ a mén¥ souviset a hodnota E|Tx(a, t)| bude r·st spolu s m¥°ítkem
a. P°i popisu dat nás bude dále zajímat chování statistických moment·

E(|Tx(a, t)|q), (3.6)

kde exponent q je °ád momentu.
Ukazuje se, ºe mnoho geofyzikálních systém· se dá popsat rovnicí

E(|Tx(a, t)|q) = cqa
ζ(q), (3.7)

kde cq je obecný koe�cient a a je m¥°ítko (nap°. Mandelbrot [1967]; Muzy et al. [1994];
Davis et al. [1994, 1996]; Abry et al. [2000]). Scaling funkcí ζ(q) potom nazýváme takovou
funkci, která vystupuje v exponentu na pravé stran¥ rovnice 3.7. Obor hodnot moment·
q je moºné roz²í°it na mnoºinu reálných £ísel.
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Funkce ζ(q) je charakteristickou vlastností studované £asové °ady. Podobnost funkce
ζ(q) u r·zných proces· pak indikuje moºnou spojitost na daných ²kálách. Procesy, které
se °ídí rovnicí 3.7 jsou nazývány jako ²kálov¥ invariantní. �asové °ady, které je moºné
touto rovnicí popsat, nemají dominantní £i význa£né periody a ekvivalentn¥ se dá tvrdit,
ºe v²echny ²kály jsou v daných °adách stejn¥ významné.

Na obr. 3.3 je znázorn¥n p°íklad výpo£tu Tx(a, t) se vzr·stajícím m¥°ítkem a (horní
panely a levý spodní panel).

Obrázek 3.3: Závislost Tx(a, t) na ²kále a: se vzr·stající hodnotou a (horní levý panel,
horní pravý panel a spodní levý panel) se dá o£ekávat zvý²ení E(|Tx(t)|). Roz²í°ením
této analýzy je studium moment· |Tx(a, t)|q. Strukturní funkce ζ(q) je bu¤ lineární
nebo nelineární funkcí (schematicky znázorn¥no na panelu vpravo dole). Obor hodnot
moment· q je moºné z N roz²í°it na R, viz text. Na obou horních a levém spodním
panelu jsou zobrazeny indexy foF2 ze stanice Pr·honice s jednodenním rozli²ením. Pravý
spodní panel je schematické zobrazení teoretické monofraktální (vlevo) a multifraktální
(vpravo) funkce ζ(q).

31



3.3 Výpo£et scaling funkce ζ(q)

Scaling funkce ζ(q) je prakticky ur£ována následujícím postupem: nejprve jsou vypo£í-
tány hodnoty Tx(a, t). Místo rovnice 3.5 je moºné pouºít waveletové koe�cienty, které
jsou de�novány pomocí rovnice

dx(a, k) =
∫
X(t)ψa,k(t)dt, (3.8)

kde ψa,k je waveletová funkce [Daubechies, 1992]. Pouºití dx místo Tx je pro praktické
aplikace výhodn¥j²í, protoºe koe�cienty waveletové transformace tvo°í stacionární sek-
vence (sekvence s krátkodobou pam¥tí a s krátkodobými závislostmi) a p°esn¥ repro-
dukují scaling vlastnosti signálu i p°es to, ºe p·vodní signál m·ºe být nestacionární,
se vzájemným p°ekryvem trend· a dlouhou pam¥tí [Abry et al., 2000; Chainais et al.,
2000; Lashermes et al., 2005]. Scaling funkce ζ(q) je tedy uvaºována místo rov. 3.7
v modi�kované podob¥ jako

E(|dx(a, t)|q) = cqa
ζ(q). (3.9)

Dal²ím krokem po výpo£tu hodnot Tx(a, t), resp. dx(a, t) pro výpo£et ζ(q) je výpo£et
tzv. strukturní funkce

Sn(q, a) =
1
nj

nj∑
k=1

|Tx(aj, tj)|q, (3.10)

kde n ozna£uje délku pozorování (0, n] procesu X (pro vzorkování X(1), . . . , X(n)) a
nj je po£et koe�cient· (strukturních funkcí) Tx(aj, tj,k) na ²kále aj, tedy p°ibliºn¥ nj '
n/aj. Podobn¥ jako v p°ípad¥ FFT (rychlá Fourierova transformace) £i DWT (diskrétní
waveletová transformace) je moºné sníºit po£et koe�cient· a po£ítat TX(aj, tj; f0) pouze
na (diskrétní�diadické) podmnoºin¥ (aj, tj,k) = (2j, k2j). V p°ípad¥, ºe TX nahradíme
waveletovými koe�cienty dX , výpo£et TX nahradíme provedením DWT.

Odhad ζ̂(q) je potom po£ítán jako sm¥rnice na log�log grafu log2 Sn(q, 2j) vs. log2 2j =
j pro jednotlivé hodnoty q za pouºití metody nejmen²ích £tverc· pro vybraný rozsah
period j ∈ [j1, j2], ve kterých se strukturní funkce dá v logaritmickém zobrazení inter-
pretovat pomocí lineární funkce. Tím dostaneme vymezení period, pro které platí scale
invariance. Jednotlivé hodnoty ζ(q) se pak vypo£ítají jako sm¥rnice Sn(q) na log�log
grafu. P°íklady skute£ných strukturních funkcí pro q = 1, 2, 3, 4 pro foF2 ze stanice
Sodankylä jsou znázorn¥ny na obr. 9.2.

O£ekávaná hodnota E(|Tx(a, t)|q) se °ídí mocninným vztahem podle rovnice 3.7 a
exponent ζ(q) je lineární nebo nelineární funkcí.

3.4 Multifraktalita a monofraktalita

Pokud rovnice 3.7 platí pro rozmezí period am ≤ a ≤ aM a °ády momentu qm ≤ q ≤ qM ,
kde indexy m a M ozna£ují minimální a maximální hodnoty intervalu, pak je proces
na intervalu t¥chto period multifraktální [Lashermes et al., 2004]. Scaling funkce ζ(q)

32



Obrázek 3.4: Strukturní funkce ζ(q) pro simulaci Brownova pohybu (levý panel) zob-
razuje monofraktalitu £asové °ady. Kritické frekvence foF2 ze stanice Sodankyla p°ed-
stavují multifraktální d¥j (pravý panel). �ervené vertikální £áry zobrazují 95% inverval
spolehlivosti.

je (obecná) funkce q. Monofraktální proces je de�nován tak, ºe pro scaling funkci platí
ζ(q) = qH, kde H je Hurst·v fraktální exponent. P°edpona mono odkazuje na jediný
fraktální exponent H. Pomocí této de�nice je tedy monofraktalita speciálním p°ípadem
multifraktality. Takové rozd¥lení je do jisté míry matoucí2, proto je ve zmín¥né práci
[Lashermes et al., 2004] pouºit pro speci�kaci proces· s nelineární funkcí ζ(q) termín
víceexponentový multifraktální proces (MEMF) jako speciální p°ípad multifraktálních
proces·, pro který platí ζ(q) 6= qH.

Pro ú£ely této práce je pouºíván termín monofraktální pro procesy, kde platí

ζ(q) = qH. (3.11)

(takové procesy se v literatu°e také nazývají sob¥podobné). Jako multifraktální budou
ozna£ovány procesy, kde v daném rozmezí period existuje funkce ζ(q) podle rov. 3.9,
kde platí

ζ(q) 6= qH. (3.12)

Ukázka monofraktální a multifraktální £asové °ady je uvedena na obr. 3.4. Levý panel
zobrazuje Brown·v pohyb vypo£ítaný pro 10 000 bod· daný rovnicí xk+1 = xk+dxk, kde
dxk = ±1 se stejnou (50%) pravd¥podobností. Scaling funkce je v tomto p°ípad¥ p°ísn¥
lineární s jedním Hurstovým exponentem H (vypo£tená hodnota je blízká o£ekávané
hodnot¥ 3/2) a °ada je monofraktální. �asová °ada kritických frekvencí foF2 ze stanice
Sodankyla s jednodenním rozli²ením je p°íkladem °ady s multifraktáním charakterem
podle rovnice 3.12 (pravý panel obrázku 3.4).

2P°edpona multi vede k explicitní p°edstav¥ více Hurstových exponent· H, coº je v p°ípad¥ mo-
nofraktality v rozporu.
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3.4.1 Multifraktální analýza a spektrum singularit

Multifraktální analýza slouºí k popisu takových proces·, kde scaling funkce ζ(q) není
lineární. Multifraktální formalismus je vytvo°en pomocí de�nice lokálního exponentu
singularity h(X). V kaºdém bod¥ analyzované £asové °ady X(t) m·ºeme psát

Tx(a, t) = C|a|h(X), (3.13)

kde h(X) je Hölder·v exponent, který popisuje pr·b¥h X(t), resp. singulárnost X(t).
Analogicky k rovnicím 3.7 a 3.9 je moºné pouºít místo Tx(a, t) waveletový koe�cient

dx(a, t) (rov. 3.8) a místo rov. 3.13 pouºít

dx(a, t) = C|a|h(X), (3.14)

�ím v¥t²í je hodnota h(X), tím �hlad²í� je X(t). Statistické rozloºení jednotlivých
exponent· na kaºdém míst¥ funkce (£asové °ady) h(X) je ur£eno pomocí spektra singu-
larit D(h). To je de�nováno jako

D(h) = dHX|h(X) = h, (3.15)

kde dH ∈ R je Haussdorfova dimenze, D(h) je tedy de�nováno jako Haussdorfova
dimenze mnoºiny bod· X takových, ºe h(X) = h.

Strukturní funkce ζ(q) i spektrum singularit D(h) jsou p°ímo spojeny Legendreovou
transformací a ob¥ zobrazení jsou si rovnocenná. Tak je moºné psát

q = dD(h)/dh (3.16)

a stejn¥ tak
h = ζ(q)/dq. (3.17)

Hodnota E|hx| je ozna£ena jako 〈h〉. Monofraktální funkce, jejíº strukturní funkce ζ(q) =
qH, bude mít jedinou hodnotu h = 〈h〉 = H. Multifraktalita f(x) je potom dána
nenulovou ²í°kou spektra (£ím ²ir²í interval [hmin, hmax], tím výrazn¥j²í je multifraktalita
dat) (obr. 3.5). Výhodou zobrazení D(h) je názorn¥j²í náhled na to, zda je analyzovaná
£asová °ada multifraktální, nebo monofraktální (podle ²í°ky distribuce) a je také dob°e
z°etelná nej£ast¥j²í hodnota fraktálního koe�cientu pomocí hodnoty 〈h〉.
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Obrázek 3.5: Teoretická distribuce D(h) s nejpravd¥podobn¥j²í hodnotou E|hx| = 〈h〉
v bod¥, kde dD(h) = 0. �í°ka spektra ur£uje rozptyl hodnot hx a interval [hmin, hmax]
udává minimální a maximální hodnoty hx. �í°ka intervalu dále ur£uje, zda je studovaný
proces mono £i multifraktální.
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4. Data

4.1 Slune£ní indexy

Existence slune£ních skvrn je lidem známa n¥kolik tisíc let. Slune£ní skvrny se proje-
vují jako tmavé skvrny na slune£ním disku. Jejich teplota je zhruba 4 100 K a velikost
dosahuje aº 105 km2. Zhruba v polovin¥ devatenáctého století byla prokázána p°ibliºn¥
jedenáctiletá periodicita v po£tu slune£ních skvrn (slune£ní cyklus). Po£ítání period má
po£átek v období 1755 � 1766 s £íslem cyklu 1, v roce 2008 za£al cyklus £. 24. Pr·m¥rná
délka slune£ního cyklu je 11,1 let (Schwabeho cyklus), ov²em tato hodnota je £asové pro-
m¥nlivá, udává se 7�15 let. M¥°ení doby mezi jednotlivými minimy poskytuje zhruba
o 1,5 � 2 roky krat²í periodu neº m¥°ení doby mezi výskytem prvních skvrn ve vy²²ích
²í°kách slune£ního povrchu a jejich zánikem v blízkosti rovníku, protoºe skvrny souvise-
jící se starým cyklem jsou p°ítomné je²t¥ v dob¥, kdy se za£ínají objevovat skvrny °azené
do cyklu nového [Maunder, 1904; Mursula et al., 1998]. Výpo£tem délky jednotlivých
cykl· se podrobn¥ zabýval Ulich [1996].

B¥hem jednoho cyklu slune£ních skvrn zm¥ní magnetické pole Slunce svoji polaritu
a v následujícím cyklu se vrátí do výchozí polarity (dva Schwabeho cykly tvo°í jeden
Hale·v cyklus). Po£et slune£ních skvrn v del²ím m¥°ítku je °ízen Gleissbergovým cyk-
lem [Gleissberg, 1944], který má periodu 80�90 let. Dva nejpouºívan¥j²í indexy po£tu
slune£ních skvrn jsou Wolfovo £íslo (Zurich)

Rz = k(10G+N), (4.1)

kde G ozna£uje po£et skupin skvrn a N po£et jednotlivých skvrn a k je normaliza£ní
faktor, zatímco druhým indexem je tzv. po£et skupin slune£ních skvrn (Group sunspot
number),

Rg =
12, 08
n

∑
i

k′iGi, (4.2)

kde Gi je po£et skupin skvrn zaznamenaných i-tým pozorovatelem, k′ je individuální
korek£ní faktor pozorovatele, n je po£et pozorovatel· a 12,08 je normaliza£ní hodnota
pro p°evod Rg na Rz pro období 1874�1976 [Hoyt a Schatten, 1998].

Index slune£ního toku F10.7 udává intenzitu slune£ního zá°ení na vlnové délce 10,7
cm (2,8 GHz), coº je vlnová délka v blízkosti emisního maxima Slunce (frekvence odpo-
vídá Larmorov¥ frekvenci pro |B| = 103 G). Soustavn¥ je m¥°ena od roku 1947 a vedle
ukazatel· odvozených z po£tu slune£ních skvrn je nejpouºívan¥j²ím indexem slune£ní
aktivity. A£koliv po£et slune£ních skvrn i hodnota F10.7 popisují jiné fyzikální procesy
(index R je formován ve fotosfé°e, zatímco radiový tok F10.7 je ovliv¬ován procesy ve
velkém rozsahu vý²ek slune£ní atmosféry - chromosféra, p°echodová oblast, korona),
je moºné vysledovat pom¥rn¥ výraznou statistickou závislost mezi m¥sí£ními pr·m¥ry
F10.7 a R. Ta se dá zhruba popsat lineární funkcí. Zajímavé je, ºe i tento empirický
vztah je moºné rozd¥lit do dvou £asových období, pro období 1951 aº 1990 a pro období
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po roce 19961 (obr. 4.1, Svalgaard a Hudson [2010]).

Obrázek 4.1: Závislost mezi m¥sí£ními pr·m¥ry indexu slune£ního toku F10.7 (hori-
zontální osa) a po£tu slune£ních skvrn R (vertikální osa). Období 1951�1990 (mod°e) a
1996�2009 (£erven¥) se od sebe výrazn¥ odli²ují a je moºné je rozd¥lit na oblasti p°eváºn¥
nad a pod d¥lící £árou. P°evzato z [Svalgaard a Hudson, 2010] se svolením autor·.

V krátkodobém pohledu (nap°. krat²í interval pro výpo£et pr·m¥r· F10.7 neº jeden
m¥síc) v²ak m·ºe být korelace velmi slabá aº negativní.

Data popisující meziplanetární magnetické pole (IMF) pocházejí z databáze http:

//cdaweb.gsfc.nasa.gov. Rychlost slune£ního v¥tru je d·leºité kritérium ur£ující typ
slune£ní události a za£átek poruchy. Dále jsme sledovali velikost vektoru magnetického
pole B a jednotlivé sloºky magnetického pole B(x,y,z).

4.2 Geomagnetické indexy

4.2.1 AE�indexy

AE�indexy popisují aktivitu v aurorální oblasti severní hemisféry (zkratka AE pochází
ze slov Auroral Electrojet). Na síti observato°í umíst¥ných v aurorálním oválu je s jedno-
minutovým (do roku 1975 2, 5 min) rozli²ením m¥°ena horizontální sloºka magnetického
pole H. Data jsou normalizována ode£tením hodnot z p¥ti nejklidn¥j²ích dn· daného
m¥síce. Poté se pro kaºdý £as vybere maximální (AU) a minimální (AL) hodnota ze
v²ech m¥°ících stanic. AU a AL tak tvo°í horní a spodní obálku ze v²ech nam¥°ených

1Tento fakt je vedle neobvykle nízkého minima v cyklu 24 jedním z d·vod· se domnívat, ºe dochází
ke zm¥n¥ ve slune£ní aktivit¥ (Georgieva, osobní diskuze).
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hodnot. Vlastní hodnota AE se vypo£ítá jako rozdíl obou hodnot, jejich pr·m¥r pak
dává hodnotu AO. Termín �AE�indexy� je £asto pouºíván jako reprezentace v²ech £ty°
index· AU, AL, AE a AO. AU a AL dávají informace o maximální intenzit¥ východ-
ního, resp. západního zonálního aurorálního elektrického proudu, AE reprezentuje celko-
vou aktivitu proud· a AO udává výsledný zonální proud (http://wdc.kugi.kyoto-u.
ac.jp/aedir/ae2/onAEindex.html). Hlavním problémem tohoto indexu je rozmíst¥ní
stanic, které není ideální. B¥hem silných geomagnetických bou°í m·ºe aurorální ovál
expandovat mimo m¥°ící stanice a tím dojde k nam¥°ení niº²ích hodnot neº odpovídá
skute£nému rozsahu bou°e. Dal²ím významným problémem jsou souvisle chyb¥jící data
1989�1991. V t¥chto letech bylo omezeno nebo úpln¥ zru²eno m¥°ení na sov¥tských (rus-
kých) stanicích, které jsou pro m¥°ení AE index· klí£ové.

4.2.2 K�, Kp� indexy

Tato skupina index· je pouºívána pro popis geomagnetické aktivity ve st°edních ²í°kách.
K�index odráºí poruchy v horizontální sloºce H a deklinaci D zemského magnetického
pole na daném míst¥. Porucha geomagnetického pole se vypo£ítá ode£tením pr·m¥rné
poru²enosti magnetického pole (p¥t nejklidn¥j²ích dn· z daného m¥síce) od aktuálních
hodnot na magnetometru a tato hodnota je p°evedena na kvazilogaritmickou devítistup-
¬ovou ²kálu 0�9, kde nízké hodnoty ozna£ují klidnou geomagnetickou situaci. Kp index
je pr·m¥rný standardizovaný K�index z 13 geomagnetických stanic situovaných mezi
44◦ a 60◦ severní nebo jiºní ²í°ky. �kála 0�9 je rozd¥lena na t°etiny, takºe nap°. 2- ozna-
£uje 123 , 2o je 2 a 2+ znamená 213 . Sou£et v²ech osmi denních hodnot (sumární denní
index Kp) se ozna£uje jako

∑
Kp.

4.2.3 Dst index

Pro popis geomagnetické aktivity nízkých ²í°ek je pouºíván index Dst. Zm¥ny Dst (ho-
rizontální komponenta magnetického pole v [nT]) m¥°ené na £ty°ech stanicích poblíº
rovníku s hodinovým rozli²ením odráºejí aktivitu prstencového (rovníkového) proudu.
Vysoké záporné hodnoty Dst indikují zvý²ení prstencového proudu a trvají kolem jedné
hodiny, ov²em £asto p°etrvávají déle, °ádov¥ n¥kolik hodin aº dn·. Okamºitá (p°ed-
b¥ºná) i upravená data jsou uloºena nap°. na adrese http://wdc.kugi.kyoto-u.ac.

jp/dstdir/. Typická geomagnetická odezva zahrnuje iniciální, hlavní a zotavující (re-
covery) fázi zp·sobenou zvý²eným dynamickým tlakem slune£ního v¥tru p·sobícího
na magnetosféru. Ten stla£uje magnetosféru na denní stran¥, tím dochází k p°iblíºení
proudu v magnetopauze k Zemi a zárove¬ ke zvý²ení jeho intenzity. Velikost iniciální
fáze je zhruba úm¥rná odmocnin¥ dynamického tlaku slune£ního v¥tru, tedy nV 2, kde
n a V jsou hustota a rychlost slune£ního v¥tru [Ogilve et al., 1968; Siscoe et al., 1968].
Hlavní fáze je zp·sobena vzr·stem koncentrace energetických £ástic (elektron· a iont·
H+ a O+) ve vnit°ní magnetosfé°e, které jsou vázány uzav°eným magnetickým polem
a dochází tak k driftovému pohybu�tzv. prstencovému proudu [Kugblenu et al., 1999].
K poklesu prstencového proudu v následné zotavující fázi dochází ztrátou iont· vým¥-
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nami náboje a Coulombovským rozptylem [Fok et al., 1991] a tato fáze trvá hodiny aº
dny.

4.3 Ionosférická data

V na²í práci vyuºíváme data z ionosférických stanic st°edních a vy²²ích zem¥pisných
²í°ek euroasijského sektoru. Konkrétn¥ jde o kritické frekvence foEs a foF2 a vý²ky vrstev
hEs, hmF2 a h'F2. Princip m¥°ení pomocí pozemního ionosférického sondování je popsán
v kapitole 1.2. Vlastní data pro dlouhodobou analýzu pocházejí ze stanice Pr·honice,
dále z databází http://spidr.ngdc.noaa.gov/spidr/ a http://www.ukssdc.ac.uk/. Data ze
stanice Sodankylä byla poskytnuta díky laskavosti Dr. T. Ulicha, Dr. T. Raity a dal²ích
koleg· z observato°e Sodankylä.

Krátkodobé analýzy (slune£ní události, vliv neutrální atmosféry, porovnání NHPC a
POLANu) byly provedeny s vyuºitím vý²e uvedených ionosférických parametr·, které
byly vºdy porovnány s nam¥°enými ionogramy. Procento nesprávného vyhodnocení na-
r·stá zejména v období ionosférické poruchy, a proto bylo nezbytné kaºdé jednotlivé
m¥°ení zkontrolovat a p°ípadn¥ ru£n¥ upravit (obr. 4.2).

Obrázek 4.2: P°íklad automaticky chybn¥ vyhodnoceného ionogramu v d·sledku p°eru-
²ení stopy odrazu vrstvy F2. Nesprávná hodnota foF2(A) uvádí automaticky ode£tenou
hodnotu pomocí software ARTIST, správná hodnota foF2(B) je manuáln¥ opravena.
Zobrazeny jsou chybný (A) a správný (B) pro�l elektronové koncentrace.

Kvalit¥ dat z hlediska pouºitých algoritm· NHPC a POLAN je v¥nována kapitola 6
na stran¥ 43.
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5. Cíle práce
Z p°edchozích kapitol vyplývá, ºe stav ionosféry je závislý zejména na slune£ní a geo-
magnetické aktivit¥ a dále je ovlivn¥n vlnovými procesy v neutrální atmosfé°e. Hlavním
cílem práce bylo popsat variace ionosférických parametr· a jejich p°ípadnou vazbu na
zmín¥né procesy. Tento cíl je vymezen konkrétn¥ takto:

1. Sledovat vzájemnou vazbu vlnové aktivity v neutrální atmosfé°e a v ionosfé°e
v oblasti sporadické vrstvy E.

2. Analyzovat vliv extrémních slune£ních událostí na chování ionosféry v oblasti
vrstvy F2.

3. Vymezit oblasti period, na kterých dochází k výrazn¥j²ímu vlivu slune£ní a geo-
magnetické aktivity na chování ionosféry s vyuºitím dlouhodobých £asových °ad
maxima elektronové koncentrace ve vrstv¥ F2 z období n¥kolika slune£ních cykl·.
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6. Porovnání ionosférických algoritm·
Polan a NHPC
Práce [�auli et al., 2007, A1] se zabývá srovnáním dvou roz²í°ených algoritm· pro výpo-
£et elektronové koncentrace Ne(h) z pozemního ionosférického m¥°ení. POLAN (POLy-
nomical ANalyse, [Titheridge, 1985] je b¥ºn¥ pouºívaný algoritmus, který byl na stanici
Pr·honice vyuºíván v kombinaci s australskou sondou KEL. Druhý ze srovnávaných
algoritm·, NHPC [Huang a Reinisch, 1996], je v sou£asné dob¥ vyuºíván v automatic-
kém software ARTIST zabudovaném do digisond DPS�256 a nov¥j²ích DPS�4/DPS�4D,
které tvo°í celosv¥tovou sí´ digisond (http:\umlcar.edu). Jednou z nich je i digisonda
Pr·honice (http:\digisonda.ufa.cas.cz, od ledna 2004 v Pr·honicích fungoval typ
DPS�4, která byla v roce 2010 zm¥n¥na na variantu DPS�4D).

Ú£elem srovnání bylo zjistit, jak se li²í výstupy z obou metod p°i stejných vstupních
datech pro dv¥ ionosférické stanice Ebro (40,8◦ s.²., 0,5◦ v.d.) a Pr·honice (50◦ s.²., 14,5◦

v.d.) v období klidných a rozbou°ených geomagnetických situací. Podn¥tem pro �auli
et al. [2007, A1] byla mimo jiné práce [�auli et al., 2006], ve které byly na dvou stani-
cích (Pr·honice a Ebro) detekovány odli²né pr·b¥hy elektronové koncentrace. Stanice
Ebro (algoritmus NHPC) vykazovala výrazn¥ hlad²í pr·b¥hy elektronové koncentrace
vykreslené na zvolených vý²kách oproti stanici Pr·honice (algoritmus POLAN). Bylo
tedy d·leºité vy°e²it otázku, zda je tento rozdíl zp·soben r·znými algoritmy, nebo zda
je to d·sledek odli²ných fyzikálních proces· v ionosfé°e nad ob¥ma stanicemi (nap°.
v d·sledku odli²né polohy stanic). Autory zajímaly i systematické rozdíly mezi ob¥ma
algoritmy pro r·zný typ zvrstvení a pro r·zné podmínky geomagnetické situace (geo-
magnetický klid vs. rozbou°ená situace). Interpretace výsledk· rozdíl· obou metod není
jednozna£ná a pravd¥podobn¥ je jen velmi obtíºné ur£it, která z metod je v¥rohodn¥j²í.
Po£et m¥°ení in situ pomocí raket je velice omezený a na sledovaném intervalu (pro
vý²ky niº²í neº hmF2) je velmi obtíºné ur£it skute£né hodnoty elektronové koncent-
race/plazmové frekvence.

Zkontrolován a ru£n¥ vyhodnocen byl celkový po£et 10361 ionogram·, zejména z ob-
dobí 1992�2001 s £asovým rozli²ením 15 min. �asové °ady dále obsahují i m¥°ení z kam-
pan¥ HIRAC z období 23.�29. dubna 2001 [Feltens et al., 2001] s p¥timinutovým £asovým
rozli²ením. Ionogramy byly rozd¥leny do t°í skupin podle po£tu vrstev v pro�lu. První
skupinu tvo°í no£ní ionogramy s jednou vrstvou F, druhou skupinu denní ionogramy
s vrstvami E a F a t°etí skupina obsahuje denní ionogramy s t°emi vrstvami E, F1 a F2.

Statistické zhodnocení zahrnuje výpo£et prvního a druhého momentu rozdílu mezi
ob¥ma metodami na frekven£ním intervalu sondování s krokem 0,1 MHz (pouºity byly
pouze frekvence s více neº 100 m¥°eními pro tuto frekvenci), tedy pr·m¥r a sm¥rodatnou
odchylku. Obdobn¥ byl sledován frekven£ní rozdíl pro vý²ky pro�lu s ekvidistantním
krokem 5 km.
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6.1 Pro�ly elektronové koncentrace

Typické pro�ly vypo£ítané ob¥ma algoritmy pro klidnou situaci (no£ní pro�l s vrstvou
F a denní pro�ly s dv¥ma a t°emi vrstvami) jsou uvedeny na obr. 6.1�6.3.
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Obrázek 6.1: Typický no£ní pro�l plazmové frekvence � jedna vrstva F, (geomagneticky
klidná situace, stanice Pr·honice). Z°etelné jsou rozdíly pro spodní £ást pro�lu (<3
MHz) i oblast maxima plazmové frekvence.

Na obr. 6.1 je patrný vliv pouºití rozdílného modelování v dolní £ásti no£ního pro-
�lu (v oblasti okolo 200 km) i odli²ný výpo£et pro oblast v blízkosti kritické frekvence
foF2. Pr·b¥h elektronové koncentrace pod minimální sondovací frekvencí je principiáln¥
nemoºné odvodit z dat ze sondování a ve²keré informace jsou dány pouºitým/zvoleným
modelem. Hodnota gyrofrekvence pro stanici Pr·honice je ∼1,2 MHz a p°i sondování
na této frekvenci dochází k prakticky totální absorpci signálu. Jak je vid¥t z obrázku,
výpo£et pro�lu POLANem udává pro nízké frekvence niº²í vý²ky neº NHPC. Ob¥ me-
tody se postupn¥ vyrovnávají okolo 3 MHz. Oblast kritické frekvence je pak citlivá na
ur£ení asymptot stopy odrazu (p°i sondování v oblasti kritické frekvence nastává stojaté
vln¥ní a doba návratu signálu zp¥t do p°ijíma£e je teoreticky nekone£ná) i na paramet-
rech polynomu prokládajícího elektronový pro�l. V tomto p°ípad¥ POLAN udává vy²²í
hodnoty vý²ky maxima hmF2 neº NHPC, sm¥rem k niº²ím frekvencím se rozdíl sniºuje.

Pro�ly Ne(h) jsou si naopak velice blízké v p°ípad¥ denního zvrstvení do dvou vrstev
E a F (tato strati�kace je typická zejména pro zimní dny, obr. 6.2). Denní pr·b¥h vrstvy
E je snáze popsatelný (má mnohem men²í variabilitu neº vrstva F) [Davies, 1990], coº
sniºuje i variabilitu model· pro nízké plazmové frekvence. P°i tomto zvrstvení se oba
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Obrázek 6.2: Typický denní pro�l plazmové frekvence � dv¥ vrstvy E a F (geomagneticky
klidná situace, stanice Pr·honice). Dobrá shoda pro celou studovanou £ást pro�lu.

algoritmy shodují prakticky na celém pro�lu v£etn¥ oblasti vrstvy E i v blízkosti foF2.
Ve t°etím p°ípad¥, p°i strati�kaci ionosféry do vrstev E, F1 a F2, vykazují pouºité

metody rozdílné výsledky, zejména v tzv. údolí, tedy v oblastech (p°edpokládaného)
lokálního minima Ne. Tyto oblasti jsou pro pozemní sondování �neviditelné� . Mezi vrst-
vou F1 a F2 algoritmus POLAN údolí oproti NHPC prohlubuje (obr. 6.3 oblasti v okolí
4,5 MHz).

Obr. 6.4, 6.5 a 6.6 ukazují pr·b¥hy elektronové koncentrace na vý²kách 150�250
km vypo£tené jednotlivými algoritmy na obou stanicích s p¥timinutovým rozli²ením.
Výpo£et Ne(h) algoritmem POLAN vede k mén¥ plynulým pr·b¥h·m oproti výpo£tu
pomocí algoritmu NHPC. Na obr. 6.6 z geomagneticky poru²ené situace je z°eteln¥ vid¥t
vlnová aktivita (TID). Na stanici Pr·honice je efekt TID, které se ²í°í z aurorální oblasti,
výrazn¥j²í. Stanice Pr·honice se tedy jeví jako více ovlivn¥na aktivitou aurorální oblasti
a pr·chodem TID, neº jiºn¥ji poloºená stanice Ebro.

6.2 Statistické výsledky

Pr·m¥rné rozdíly mezi ob¥ma algoritmy a sm¥rodatné odchylky pro období geomagne-
tického klidu (Kp<4) vs. období geomagnetické bou°e (Kp≥4) jsou uvedeny na obr. 6.7
(geomagneticky klidná situace) a 6.8 (geomagnetická bou°e).

Rozdíl skute£ných vý²ek elektronového pro�lu je pro kaºdý frekven£ní krok de�no-
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Obrázek 6.3: Typický denní pro�l plazmové frekvence � t°i vrstvy E, F1 a F2 (geomag-
neticky klidná situace, stanice Pr·honice). Z°etelný rozdíl v oblasti údolí mezi vrstvou
F1 a F2 i v pr·b¥hu celého pro�lu nad 4, 5 MHz (v¥t²í hodnoty vý²ek z algoritmu
POLAN).

ván jako ∆hPN = hPOLAN − hNHPC , kde hPOLAN a hNHPC ozna£ují skute£nou vý²ku
elektronového pro�lu vypo£tenou jednotlivými algoritmy. Statistická analýza ∆hPN pro-
kázala systematické rozdíly z výstup· obou metod. Zatímco nebyl nalezen výrazný rozdíl
mezi obdobím geomagnetického klidu a bou°e, byly detekovány rozdíly v ur£ení skute£né
vý²ky odrazu na jednotlivých stanicích. Obr. 6.7 a 6.8 demonstrují rozdíly v m¥°eních na
observato°i Ebro a Pr·honice b¥hem geomagneticky klidné a geomagneticky rozbou°ené
situace. Horní panely p°edstavují no£ní situaci s jednou vrstvou F. Prost°ední panely
jsou z denních období s dv¥ma vrstvami E a F a spodní panely z denní doby, kdy jsou
detekovány t°i vrstvy, E, F1 a F2.

B¥hem noci (obr. 6.7 a obr. 6.8, horní panely), kdy je vyvinuta pouze vrstva F, jsou
hodnoty ∆hPN negativní pro spodní £ást pro�lu a pozitivní pro frekvence blízké foF2.
St°ední £ást pro�lu vykazuje nízké hodnoty ∆hPN . Hodnota ∆hPN v horní £ásti pro�lu
pro stanici Pr·honice £iní p°ibliºn¥ 7 km, pro stanici Ebro je rozdíl mén¥ výrazný (mén¥
neº 3 km). Systematická odchylka σ sm¥rem ke kritické frekvenci foF2 klesá k hodnot¥
okolo 5 km.

Na prost°edních dvou panelech (obr. 6.7 a obr. 6.8) je srovnání v období, kdy je
ionosféra zvrstvena do vrstev E a F. Na stanici Ebro je ∆hPN zhruba 5 km (nejv¥t²í
rozdíly jsou ve spodní £ásti pro�lu). V¥t²í shoda v Ne(h) pro ob¥ metody je pozorována
u stanice Pr·honice, ale i zde je vid¥t nadhodnocení vý²ky v Ne(h) pro�lu algoritmem
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Obrázek 6.4: Elektronová koncentrace ve vý²kách 150�250 km s krokem 5 km pro stanice
Ebro a Pr·honice. Geomagneticky klidná situace. Kp<4.

POLAN oproti NHPC. Systematická odchylka σ je stabiln¥ nízká a blíºí se hodnot¥ 5
km prakticky pro celou sledovanou £ást pro�lu Ne(h).

Spodní panely obr. 6.7 a obr. 6.8 (t°i vyvinuté vrstvy E, F1 a F2) ukazují pom¥rn¥
vysoké nadhodnocení ve vrstv¥ F2 pomocí POLANu oproti NHPC. Pro vrstvu F1 je
nadhodnocení men²í, ale je z°etelné, stejn¥ tak je tomu i pro vrstvu E.

Maximální rozdíly mezi ob¥ma algoritmy (∆hPN) jsou pozorovány u no£ních m¥°ení
s jednou vrstvou pro plazmové frekvence < cca 3 MHz (nadhodnoceny skute£né vý²ky
pro�lu vypo£tené NHPC oproti pro�lu vypo£teném POLANem), navíc jsou doprovázeny
velkými sm¥rodatnými odchylkami. To je moºné interpretovat jako nejistotu výpo£tu
pro�lu pomocí uplatn¥ní modelu pro plazmové frekvence niº²í neº minimální sondovací.
Ob¥ metody jsou pro oblasti s nízkou elektronovou koncentrací ve vrstv¥ F2 výrazn¥
odli²né (obr. 6.1). Pro vy²²í £ásti elektronového pro�lu pak postupn¥ dochází ke zmen²ení
∆hPN a sm¥rem k maximu elektronové koncentrace naopak k jeho zvý²ení. Podobn¥
v situaci se dv¥ma a t°emi vrstvami pozorujeme nadhodnocení ve prosp¥ch POLANu
(kladné hodnoty ∆hPN), v tomto p°ípad¥ se neuplat¬uje rozdílné modelování spodní
£ásti pro�lu pro plazmové frekvence (resp. modelována není vrstva F2, ale vrstvy E £i
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Obrázek 6.5: Elektronová koncentrace ve vý²kách 150�250 km s krokem 5 km pro sta-
nice Ebro a Pr·honice. Geomagneticky mírn¥ poru²ená situace (4≤Kp≥6). Pr·b¥hy
na jednotlivých vý²kách jsou v p°ípad¥ algoritmu POLAN (naho°e) mén¥ plynulé, neº
v p°ípad¥ NHPC, zejména pro stanici Pr·honice (vpravo naho°e).

F1). Z t¥chto t°í p°ípad· je nejlep²í shoda obou metod pro denní ionogramy s p°ítomností
dvou vrstev, kde je pr·m¥rné ∆hPN pro v¥t²inu pro�lu prakticky v²ude men²í neº 7 km.
Situace se t°emi vrstvami ukazuje relativn¥ dobrou shodu pro oblast E, av²ak významné
rozdíly pro oblasti F1 a F2.

6.3 Shrnutí porovnání algoritm· POLAN a NHPC

• Práce [�auli et al., 2007, A1] ukázala, ºe existují systematické rozdíly mezi ob¥ma
analyzovanými metodami a li²í se podle typu strati�kace.

• Nejlep²í shoda algoritm· je pro p°ípad dvou vrstev E a F2, naopak nejv¥t²í rozdíly
jsou pozorovány pro oblasti nízkých plazmových frekvencí pod cca 3 MHz v p°ípad¥
no£ní situace (vrstva F).
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Obrázek 6.6: Elektronová koncentrace ve vý²kách 150�250 km s krokem 5 km pro sta-
nice Ebro a Pr·honice. Geomagneticky poru²ená situace (Kp>6). Algoritmus POLAN,
podobn¥ jako v obr. 6.5 vykazuje více neuspo°ádané pr·b¥hy elektronové koncentrace
oproti NHPC (výrazn¥ji pro Pr·honice oproti stanici Ebro).

• V situaci, kdy jsou p°ítomné t°i vrstvy, je nejv¥t²í rozdíl mezi algoritmy lokalizován
do p°echodové oblasti mezi vrstvami E a F1, p°ípadn¥ F1 a F2.

• V období zvý²ené geomagnetické aktivity byly pozorovány zm¥ny pro�lu Ne vlivem
poruchy geomagnetického pole p·sobícího na ionosféru. Byl detekován pr·chod
TID ²í°ících se z aurorální oblasti.
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Obrázek 6.7: Pr·m¥rný rozdíl skute£ných vý²ek pro�lu elektronové koncentrace (µ) a
sm¥rodatná odchylka (σ) (POLAN - NHPC) v období geomagneticky klidné situace
(Kp<4). Horní °ada reprezentuje no£ní ionogramy (vrstva F2), prost°ední situaci s p°í-
tomností dvou vrstev (vrstvy E, F), spodní je pro výskyt t°í vrstev (vrstvy E, F1, F2).
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Obrázek 6.8: Pr·m¥rný rozdíl skute£ných vý²ek pro�lu elektronové koncentrace (µ) a
sm¥rodatná odchylka (σ) (POLAN - NHPC) v období poru²ené geomagnetické situ-
ace (Kp≥4). Horní °ada reprezentuje no£ní ionogramy (vrstva F2), prost°ední situaci
s p°ítomností dvou vrstev (vrstvy E, F), spodní je pro výskyt t°í vrstev (vrstvy E, F1,
F2).
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7. Analýza sporadického zvrstvení

7.1 Sporadické zvrstvení a vazba na neutrální atmo-
sféru

Tato kapitola shrnuje výsledky práce Mo²na a Koucká Kníºová [2012, A8], která pomocí
kontinuální waveletové transformace (CWT), cross waveletové transformace (XWT) a
waveletové koherence (WTC) popisuje vztah mezi neutrální atmosférou (teplota plynu
na hladin¥ 10 hPa, coº odpovídá vý²ce cca 30 km) a parametry sporadických vrstev
foEs (kritická frekvence) a hEs (vý²ka vrstvy). Pro analýzu dynamiky tvorby sporadické
vrstvy byla dále pouºita Automatická vizualiza£ní metoda [Mo²na a Koucká Kníºová,
2010, A4; �indelá°ová et al., 2012].

Data reprezentující stav neutrální atmosféry jsou stratosférické teploty z modelu
ERA-40 [Uppala et al., 2005]. Prostorové rozli²ení je 2,5×2,5 stupn¥. �asové rozli²ení
modelu je 6 hodin, pro £asy 00, 06, 12 a 18 UT. Pro analýzu byly pouºity hodnoty
nejblíºe odpovídající pozici stanice Pr·honice (50◦ s.²., 14,5◦ v.d.

Data pouºitá pro ionosféru jsou kritické frekvence foEs a vý²ky vrstvy hEs ze stej-
ných £as·, tedy 00, 06, 12 a 18 UT, z období letních m¥síc· 2004, 2006 a 2008. Zvolené
£asové rozli²ení umoº¬uje detekci spole£ných vlnových projev· na periodách 12 hodin a
del²ích. Pro analýzu periodicit byly pouºity kontinuální waveletová transformace, cross
waveletová transformace a waveletová koherence p°evzaté z prací Grinsted et al. [2004]
a Torrence a Compo [1998]. Cross waveletová analýza a waveletová koherence byla pro-
vedena na normalizovaných datech s nulovou st°ední hodnotou a jednotkovou variancí
podle zmín¥ných prací.

7.1.1 Kontinuální waveletová transformace, cross waveletová

transformace a waveletová koherence

Ve v²ech waveletových metodách byl pouºit komplexní wavelet (Morlet). Kontinuální
waveletová transformace (CWT � Continuous Wavelet Transform) byla pouºita pro vý-
po£et výkonu na jednotlivých periodách, tedy pro zobrazení dominantních period na
jednotlivých £asových °adách. Cross waveletová transformace (XWT � Cross Wavelet
Transform) a waveletová koherence (WTC � WaveleT Coherence) slouºí pro detekci spo-
le£ných vlnových projev·. WTC i XWT p°iná²ejí informaci o spole£ných periodách a
o fázích. WTC udává, na jakých periodách a v jakém okamºiku ob¥ sady dat korelují bez
ohledu na jejich výkon, XWT pak up°ednost¬uje spole£né oblasti s vysokým výkonem.
Krom¥ standardního zobrazení spole£ného výkonu je zobrazena i fáze mezi jednotlivými
dvojicemi dat pomocí ²ipek, které se nachází v daných oblastech diagram·. Fáze je zob-
razena v rozmezí 0�2π na dané period¥, proti sm¥ru hodinových ru£i£ek. To znamená,
ºe nap°íklad ²ipka sm¥°ující kolmo vzh·ru v oblasti period 4 dny pro dvojici T�foEs
odpovídá fázovému zpoºd¥ní foEs oproti T o jeden den (p°ípadn¥ o jeden den + 4n
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dní). Podrobnosti o metodách jsou uvedeny v Mo²na a Koucká Kníºová [2012, A8] a
dal²ích tam citovaných pracích.

Výsledky waveletové analýzy jednotlivých £asových °ad T, hEs a foEs pro t°i kam-
pan¥ 2004, 2006 a 2008 (CWT) a dále WTC a XWT pro dvojice T�hEs a T�foEs pro
tyto t°i kampan¥ jsou souhrnn¥ zobrazeny v P°íloze B1 (CWT) a B2 (WTC,XWT).
Obr. 7.1 zobrazuje periodicitu vzniku Es vrstvy v 6�12 hodinových periodách pomocí

Průběh vrstvy Es a její charakteristiky
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Obrázek 7.1: Automatická vizualiza£ní metoda s pouºitým frekven£ním oknem 3,1�
4,1 MHz (horní panel). Kritická frekvence foEs (prost°ední panel) a vý²ka vrstvy hEs
(spodní panel).

Automatické vizualiza£ní metody [Mo²na a Koucká Kníºová, 2010, A4]. Identi�kace pe-
riodicity tvorby a poklesu je p°i pouºití AVM názorn¥j²í neº vykreslení ionosférických
charakteristik kritické frekvence foEs nebo vý²ky vrstvy hEs. Zobrazené periody o délce
8�12 hodin odpovídají planetárním vlnám. Pokles vrstev pro dal²í kampan¥ z roku 2004
a 2006 je znázorn¥n i na obr. 7.2.

Obr. 7.3 zobrazuje XWT pro dvojici (T;foEs) z 29.5.�31.8. 2008. Oblasti spole£ného
výkonu se vyskytují stabiln¥ na period¥ 1 den, odpovídající p°ílivovým vlnám. Jsou zde
vid¥t oblasti se spole£ným vysokým výkonovým spektrem na periodách odpovídajících
mód·m planetárních vln (Rossbyho módy). Pozorované periody (cca 4, 8�10, 16�20
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Obrázek 7.2: Zm¥na vý²ky sporadické vrstvy v pr·b¥hu £asu (kampan¥ 2004 a 2006).
Automatická vizualiza£ní metoda [Mo²na a Koucká Kníºová, 2010, A4] s pouºitým frek-
ven£ním oknem 3,1�4,1 MHz .

dní) jsou výsledkem modulace vlny atmosférickými v¥try p°evládajícími v dob¥ m¥°ící
kampan¥. Fáze pro popisované periody nejsou stálé a nazna£ují nelineární vazby mezi
oblastí stratosféry a Es vrstvy. Kompletní analýzy pomocí CWT, XWT a WTC jsou
uvedeny v P°íloze B.

7.2 Shrnutí vazby neutrální atmosféra�Es vrstva

Mezi nejvýznamn¥j²í výsledky práce [Mo²na a Koucká Kníºová, 2012, A8] uvádíme:

• Nejvýrazn¥j²í periodou detekovanou v parametrech foEs a hEs pomocí CWT je
jednodenní perioda, která je p°ítomna i v datech teplot (P°íloha B 1).

• Fázový posun mezi stratosférickými a ionosférickými daty pro periodu jeden den
(p°ílivové/planetární vlny) je stabilní a má hodnotu π/4 − π/2, coº odpovídá 3�
6 hodinám. Fázová rychlost vln vypo£ítaná za zjednodu²ených p°edpoklad·1 vln
o period¥ 24 hodin pohybujících se mezi hladinami 10hPa a Es (tzn. mezi cca
30km a 100�130 km) tedy £iní cca 6�9 m/s, coº je realistická hodnota pro tento
druh vln2 (P°íloha B 2).

• Detekované spole£né periody (T, hEs) a (T, foEs) v oblasti planetárních vln
se vyskytují zejména na periodách odpovídajících vlastním oscilacím atmosféry
(Rossbyho módy).

1nap°. pohyb kolmo vzh·ru, konstantní rychlost atd.
2nap°. podle Yu, http://www.ess.uci.edu/�yu/class/ess228/lecture.5.waves.all.pdf, který udává pro

Rossbyho mód o vlnové délce 6000 km rychlost 8 m/s
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Obrázek 7.3: Cross waveletová transformace pro stratosférickou teplotu a kritickou frek-
venci foEs z léta 2008. Na obrázku jsou vid¥t vysoké spole£né výkony v oblasti 1, 4�5,
8�10 a 16�20 denních period.

• Planetární vlny ²í°ící se ze stratosféry do ionosféry ovliv¬ují významným zp·sobem
vznik a trvání sporadické vrstvy Es. Tento záv¥r potvrzuje pozorování autor·
[Pancheva, 2003; �auli a Bourdillon, 2008; Voiculescu et al., 2000].
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8. Ionosférická odezva na poruchy
ve slune£ním v¥tru
Tato kapitola se zabývá vlivem HSS, CME a MC na chování ionosféry v oblasti vrstvy F2
ovlivn¥né p·sobením poru²eného meziplanetárního pole na magnetosféru Zem¥. Sledova-
nými ionosférickými parametry jsou vý²ka maxima elektronové koncentrace hmF2, p°í-
padn¥ virtuální vý²ka h'F2 (h'F) a kritická frekvence vrstvy foF2. Výsledky pro p°ípady
1�6 (viz tab. 8.1) byly publikované v [Mo²na et al., 2009a, A2] a [Mo²na et al., 2009b, A3].
Data ze slune£ního v¥tru pocházejí ze satelitu ACE (http://cdaweb.gsfc.nasa.gov).

Parametry slune£ního v¥tru ze sondy ACE, geomagnetické indexy Dst (minimální
hodnota pro kaºdou událost) a Kp (maximální hodnota) jsou uvedeny v Tab. 8.1. V této
kapitole rozli²ujeme mezi CME (bez rotace magnetického pole) a MC (s rotací magne-
tického pole).

Tabulka 8.1: P°ehled slune£ních událostí

�. Datum Typ vmax Bzmin B Dstmin Kpmax
1 11.2. 2004 MC 730 -12.4 21 -93 6+
2 9.3. 2004 HSS 745 -8.6 10 -78 6+
3 7.11. 2004 MC 730 -44.6 47 -374 9-
4 7.10. 2005 HSS 716 -9.8 11 -50 5-
5 31.10. 2005 CME 386 -8.1 13 -74 5
6 3.8. 2010 MC 598 -10.7 17 -66 7-
7 30.9. 2012 MC 395 -20 21 -119 7

Tabulka 8.2: Seznam analyzovaných slune£ních událostí. Maximální rychlost slune£ního
v¥tru vmax (km/s), minimální hodnoty z�sloºky magnetického pole slune£ního v¥tru
Bzmin, maximální hodnoty vektoru magnetického pole B a minimální hodnoty Dst (nT).
HSS=High Speed Solar Stream, CME=Coronal Mass Ejection, MC=Magnetic Cloud.

Kritéria pro výb¥r slune£ních událostí byla jednak p°ítomnost negativní sloºky mag-
netického pole Bz a dále bylo pro skupinu událostí 1�5 a 7 pouºito £asové omezení
událostí na jarní/podzimní výskyt vzhledem k tomu, aby byl minimalizován vliv se-
zónní variabilita ionosféry Události 4 a 5, HSS (7. 10. 2005) a CME (31. 10. 2005) byly
analyzovány pro porovnání ionosférické odezvy nad ²esti r·znými evropskými stanicemi.
Odezva na magnetický oblak MC (3. 8. 2010) byla porovnána pro t°i ionosférické stanice.

Pro kaºdý p°ípad byla vybrána kontinuální série ionogram· z doby n¥kolika dn· p°ed
a po události s £asovým rozli²ením 15 minut. Ionogramy z doby p°ed událostí slouºí
jako referen£ní ionogramy. Ionogramy byly zkontrolovány a p°ípadn¥ ru£n¥ zpracovány
a byly vypo£teny pro�ly elektronové koncentrace pomocí algoritmu NHPC [Reinisch et
al., 2005].
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8.1 HSS a MC, 2004

Události z roku 2004 byly vybrány tak, aby (i) porucha meziplanetárního pole násle-
dovala po del²ím období klidu (minimáln¥ 14 dní), (ii) hodnota magnetického pole Bz
m¥la záporné hodnoty, (iii) od�ltroval se sezonní vliv na ionosféry výb¥rem £as· s po-
dobným chováním ionosféry (Rishbeth [2001]; Forbes [2000]; Prölss [2004] dal²í). Po
zji²t¥ní dostupných ionosférických dat byly vybrány události magnetický oblak (MC)
(11. 2. 2004), HSS (9. 3. 2004) a magnetický oblak (7. 11. 2004). MC (7. 11. 2004) má
cca dvojnásobnou velikost B a Bz oproti zbývajícím dv¥ma p°ípad·m. Charakteristiky
slune£ního v¥tru jsou zakresleny na obr. 8.1. Geomagnetická situace pomocí indexu Dst
je znázorn¥na na obr. 8.2. Geomagnetická situace z hlediska index· Dst a Kp je st°edn¥
(MC, 11. 2. 2004, HSS, 9. 3. 2004) a siln¥ poru²ena (MC, 7. 11. 2004).
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Obrázek 8.1: Velikost vektoru magnetického pole B (naho°e), komponenty magnetického
pole Bx, By a Bz (uprost°ed) a rychlost slune£ního v¥tru (dole). Svislé £áry ozna£ují
£asy událostí.

Ionosférická odezva je v p°ípad¥ HSS (9.3. 2004) i MC (7.11. 2004) výrazná a je
pozorovatelná na virtuální vý²ce vrstvy F2, kde do²lo k jejímu k vzr·stu, i na pr·b¥hu
foF2 (výrazný pokles denních i no£ních hodnot, viz obr. 8.4 a obr. 8.4). Událost MC
(7. 11. 2004) je extrémní z hlediska poruchy IMF i velikosti minimální honoty Dst a
stejn¥ tak mimo°ádná je i ionosférická odezva. Kritické frekvence se den po poklesu
hodnot vrátily na p°edchozí denní pr·b¥h, coº je rozdílné chování ionosféry oproti HSS
(9. 3. 2004), kdy denní pokles trvá po t°i dni po poru²e IMF. Dal²í extrémní pokles
v p°ípad¥ MC (7. 11. 2004), tedy 9. 11. 2004, je zp·soben dal²í poruchou v IMF (obr.
8.1, prost°ední panel), která op¥t vede v výrazným zm¥nám (pokud by nedo²lo k této
následné poru²e IMF, tak bylo by zajímavé sledovat nap°. dobu trvání oscilací vý²ek
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Obrázek 8.2: Index Dst pro HSS (9. 3. 2004), MC (7. 11. 2004) a MC (11. 2. 2004),
zleva.
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Obrázek 8.3: Pr·b¥h kritických frekvencí (levý obrázek, horní panel) a virtuálních vý²ek
vrstvy F2 (levý obrázek, spodní panel). Pro�l plazmové frekvence (pravý obrázek). HSS
(9. 3. 2004).

F2, p°ípadn¥ dal²í vývoj foF2). Spektrální analýza vlnové aktivity ukazuje, ºe dochází
k pr·chodu vln na ²irokém rozmezí period cca 0,5 h� cca 20 h), coº odpovídá mód·m
gravita£ních a p°ílivových vln (obr. 8.6. Z°etelná je na obou panelech i vlnová aktivita
vyvolaná p·sobením dal²í poruchy IMF 9./10. 11. 2004.

V p°ípad¥ MC (11. 2. 2004) dochází k st°edn¥ velké zm¥n¥ v no£ních kritických
frekvencích foF2 a pozorovatelnému, ale nep°íli² významnému zdvihu vrstvy F2 (obr.
8.5).

8.2 HSS a CME, °íjen 2005

Vliv HSS a CME z °íjna 2005 na ionosféru byl studován pomocí ionosférických para-
metr· m¥°ených na ²esti evropských stanicích (Athény, Chilton, Dourbes, Juliusruh,
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Obrázek 8.4: Pr·b¥h kritických frekvencí (levý obrázek, horní panel) a virtuálních vý²ek
vrstvy F2 (levý obrázek, spodní panel). Pro�l plazmové frekvence (pravý obrázek). MC
(7. 11. 2004).
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Obrázek 8.5: Pr·b¥h kritických frekvencí (levý obrázek, horní panel) a virtuálních vý²ek
vrstvy F2 (levý obrázek, spodní panel). Pro�l plazmové frekvence (pravý obrázek). MC
(11. 2. 2004).

Pr·honice, Ebro/Roquetes). Parametry slune£ního v¥tru a geomagnetické indexy Kp a
Dst pro událostí HSS (7. 10. 2005) a CME (31. 10. 2005) jsou na obr. 8.7. Ob¥ události
jsou srovnatelné z hlediska velikosti odezvy v geomagnetickém indexu Kp. Z hlediska
odezvy Dst je výrazn¥j²í událost CME, u které Dst dosáhlo -74 nT. Zm¥ny ionosféric-
kých parametr· na stanicích Ebro/Roquetes (HSS) a Athény (CME) jsou znázorn¥ny
na obr. 8.8 a obr. 8.9.

Jak CME, tak HSS byly následované výraznou zm¥nou ve vý²kách h'F (zdvih no£ní
vrstvy a výrazné oscilace). U kritických frekvencí je moºné pozorovat sníºení no£ních
hodnot foF2 po dv¥ následující noci a u stanice Athény do²lo v p°ípad¥ HSS ke krát-
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Obrázek 8.6: Vlnová aktivita detekovaná na vý²kách maxima elektronové koncentrace
na periodách odpovídajících mód·m gravita£ních vln (levý panel) a gravita£ních a p°í-
livových vln (pravý panel), MC (7. 11. 2004).

Obrázek 8.7: B a Bz,
∑

Kp a Dst pro události HSS a CME v °íjnu 2005.

kodobému nár·stu poledních hodnot foF2 v iniciální fázi zm¥ny IMF (týká se pouze
jednoho ionogramu, ale zvý²ení foF2 je velmi pravd¥podobn¥ zp·sobené HSS). Ostatní
stanice vykazují podobné nebo o n¥co mén¥ výrazné odezvy. HSS (7. 10. 2005) a d°íve
analyzovaná událost £. 2, HSS (9. 3. 2004), mají srovnatelnou velikost IMF z hlediska
B a Bz i podobnou minimální hodnotu Dst, ale ionosférická odezva na HSS z roku 2004
je mnohem výrazn¥j²í (silný pokles denních i no£ních hodnot, výrazn¥j²í oscilace h'F).
V no£ních hodinách do²lo v následujících dvou nocích po HSS ke zvý²ení h'F o cca
40 km. Bylo také pozorováno zvý²ení vlnové aktivity pravd¥podobn¥ související s pr·-
chodem TID. Zm¥na hodnot foF2 po CME (31. 10. 2005) je oproti situaci HSS mén¥
výrazná jak pro denní, tak pro no£ní hodiny.
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Obrázek 8.8: Kritické frekvence foF2 a vý²ky vrstvy F2, Roquetes/Ebro (HSS, 8. 10.
2005).

Obrázek 8.9: Kritické frekvence foF2 a vý²ky vrstvy F2, Athény (CME, 31. 10. 2005).
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Obrázek 8.10: Parametry slune£ního v¥tru pro událost MC (3. 8. 2010).

8.3 MC 2010 a 2012

Parametry slune£ního v¥tru pro MC (3. 8. 2010) a MC (30. 9. 2012) jsou na obr. 8.10 a
8.11.

Ionosférická odezva na MC (3. 8. 2010) zobrazená pomocí kritických frekvencí foF2 a
vý²ek maxima elektronové koncentrace ve vrstv¥ F2 je zobrazena na obr. 8.12. Dochází
k poklesu vý²ek maxima elektronové koncentrace hmF2 v no£ních hodinách a ke zvý-
²ení oscilací po dva dny následující po události. Kritické frekvence foF2 jsou mírn¥ sní-
ºené v denních hodinách a dochází k výrazn¥j²ímu poklesu v no£ních hodinách o cca 1
MHz oproti neporu²enému stavu. Toto sníºení elektronové koncentrace se t°etí den vrací
k p·vodním hodnotám. Parametry foF2 a hmF2 na v²ech t°ech stanicích mají podobný
pr·b¥h, nejvy²²í odezva z hlediska vý²ek hmF2 se ukazuje na stanici Pr·honice.

Ionosférická odezva na MC (30. 9. 2012) byla analyzována pomocí kritické frekvence
foF2 (obr. 8.14 a virtuální vý²ky h'F a vý²ky maxima elektronové koncentrace hmF2
(obr. 8.15. Geomagnetická situace byla st°edn¥ aº siln¥ poru²ená. K první zm¥n¥ IMF
dochází 30.9. 2012 v £ase 9:30 UT, k dal²í prudké zm¥n¥ pak v £ase 21:30 (obr. 8.11).
Výrazná ionosférická odezva následuje s odstupem cca 3 hodina zm¥na z hlediska foF2 a
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Obrázek 8.11: Parametry slune£ního v¥tru pro událost MC (30. 9. 2012).

vý²ek vrstvy F2 je demonstrována na obr. 8.14 a obr. 8.15. Trojice ionogram· (obr. 8.13)
ukazuje zm¥nu na ionogramech v hodinových intervalech (m¥°ení probíhalo kaºdých 15
minut). V £ase 01:00 je vid¥t neporu²ená situace, v £ase 02:00 dochází k první ionosfé-
rické odezv¥. Z°etelný je efekt tzv. spreadu zp·sobeného pravd¥podobn¥ zm¥nou tvaru
ionosférických vrstev. O hodinu pozd¥ji, v £ase 03:00, je moºné vid¥t ionogram s pln¥
rozvinutým projevem poru²eného stavu ionosféry. Kritická frekvence foF2 poklesla o cca
1 MHz a dochází ke z°etelnému zdvihu vrstvy F2.

8.4 Shrnutí ionosférické odezvy na slune£ní události

Události 1�3 zahrnují HSS a dva magnetické oblaky. Jak HSS (9. 3. 2004), tak MC (7.
11. 2004) byly následované relativn¥ silnou geomagnetickou odezvou i zm¥nami v iono-
sférických parametrech: poklesem kritické frekvence foF2, zdvihem vrstvy F2 a poklesem
plasmové frekvence ve vý²kovém pro�lu oproti p°edchozí geomagneticky neporu²ené si-
tuaci. V p°ípad¥ MC (7. 11. 2004) do²lo k návratu do p°edchozího stavu po t°ech dnech
od události, událost HSS (9. 3. 2004) byla následována dal²í poruchou meziplanetárního
magnetického pole a dal²í ionosférickou odezvou srovnatelné velikosti, proto není moºné
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Obrázek 8.12: Pr·b¥h kritických frekvencí foF2 a vý²ek maxima elektronové koncentrace
na stanicích Juliusruh, Ebro a Pr·honice (MC 3. 8. 2010).

ur£it p°esnou dobu návratu do p·vodního stavu. Z pr·b¥hu foF2 se dá ov²em odhad-
nout, ºe tato doba by nep°esáhla dva dny. U v²ech t°í událostí byly zpozorovány oscilace
v parametru h'F2.

Zm¥na v ionosférických parametrech foF2 a h'F2 následovaná po HSS (7. 10. 2005)
a CME (31. 10. 2005) byla pozorovatelná, ale pom¥rn¥ málo výrazná. Projevovala se
zejména ve zm¥n¥ vý²ek h'F (oscilace a zvý²ení vrstev) a v poklesu no£ních hodnot foF2
po n¥kolik následujících nocí od vstupu IMF do magnetosféry. Srovnání ionosférické
odezvy na ²esti stanicích po dvou slune£ních událostí se srovnatelnými hodnotami B a
Bz z £asov¥ blízkého období °íjen 2005 (události 4�5, v obou p°ípadech záporná sloºka
Bz): V obou p°ípadech byla detekována relativn¥ nízká odezva v denních hodnotách
foF2, u no£ních kritických frekvencí byl zaznamenán pokles oproti klidovému stavu
p°ed vstupem poru²eného magnetického pole do blízkosti Zem¥.

Oba magnetické oblaky, MC (3. 8. 2010) i MC (30. 9. 2012) siln¥ ovlivnily stav
ionosféry po dobu cca t°í dn·. Men²í efekt byl pozorován pro první p°ípad MC. Do²lo
ke sníºení kritických frekvencí na t°ech stanicích zejména v no£ních hodinách a do²lo
k výraznému zdvihu a oscilacím ve vý²kách elektronového maxima. Silná ionsférická
odezva byla pozorována jako následek MC (30. 9. 2012). Pokles denních hodnot foF2
o cca 4 MHz je velmi výrazný. Denní hodnoty foF2 se vrátily k p°edchozímu stavu
následující den po poklesu. No£ní hodnoty hodnoty foF2 byly sníºené o více neº 2 MHz
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Obrázek 8.13: Vývoj ionosférické poruchy v pr·b¥hu události MC (30. 9. 2012). V £ase
01:00 je ukázán neporu²ený ionogram (levý horní panel). V £ase 02:00 dochází k prvnímu
projevu v ionosfé°e. V £ase 03:00 je z°etelná pln¥ rozvinutá bou°e. Pr·b¥h geomagnetické
situace je znázorn¥n na pravém spodním panelu (siln¥ poru²ená geomagnetická situace).

(asi o 50 procent) oproti stavu p°ed interakcí s MC. Návrat k p·vodním hodnotám trval
cca t°i dny.

Podle práce Tascioni [1994] je moºné vysv¥tlit pokles elektronové koncentrace i)
zm¥nou v intenzit¥ slune£ního toku a ii) zm¥nou chemického sloºení a tím i zm¥nou
ioniza£ních a zejména rekombina£ních proces· v d·sledku zm¥n v ioniza£ních a rekom-
bina£ních rychlostních konstantách.

i) Intenzita slune£ního toku je zásadní pro ioniza£ní procesy, ale je velmi nepravd¥-
podobné, ºe by její zm¥na vedla k tak rychlým a prudkým zm¥nám (navíc ke sníºení)
foF2 o desítky procent (£asto více neº padesát procent) v maximu ionosférické odezvy.
Jako mnohem d·leºit¥j²í je velmi pravd¥podobn¥ p°ínos molekul N2 z niº²ích £ástí io-
nosféry do oblasti F2. Molekuly N2 p·sobí jako agent pro p°enos náboje, a proto i jejich
malá zm¥na koncentrace hraje velmi zásadní úlohu ve zm¥n¥ rychlosti rekombinace.
K p°ínosu dochází v d·sledku zm¥n v proud¥ní neutrálního v¥tru b¥hem zvý²ené geo-
magnetické aktivity. Toto vysv¥tlení je nabízeno i nap°. v dal²í literatu°e [Prölss, 1995].
Zm¥na tvaru odrazu od jednotlivých vrstev na ionogramech i waveletová analýza jsou
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foF2

Září/říjen 2012

Obrázek 8.14: Pr·b¥h kritických frekvencí foF2 (naho°e) v pr·b¥hu události MC (30.
9. 2012). Pokles kritické frekvence je výrazný v no£ních i denních hodinách a trvá cca 4
dny po události.

hmF2 a h'F

Obrázek 8.15: Pr·b¥h virtuální vý²ky vrstvy F h'F a vý²ky maxima hmF2 v pr·b¥hu
události magnetický oblak (30. 9. 2012). Je z°etelný zdvih zejména v no£ních hodinách.
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dokladem pr·chodu atmosférických vln, pravd¥podobn¥ v gravita£ní domén¥ [�auli et
al., 2006]).

Porovnání mezi MC (11. 2. 2004) a HSS (7. 10. 2005), které mají srovnatelnou
rychlost v a sloºku magnetického pole Bz, ukazuje, ºe geomagnetická odpov¥¤ (Dst i
Kp) je výrazn¥j²í pro MC (11. 2. 2004), ionosférická odezva je pak srovnatelná.

• Ionosférická odezva není vºdy úm¥rná indexu Dst; nap°. MC (11. 2. 2004) vs.
MC (3. 8. 2010) i p°es siln¥j²í odezvu pomocí Dst u události MC (11. 2. 2004),
je výrazn¥j²í ionosférická odezva pro MC (3. 8. 2010). Geomagnetická aktivita
pomocí Kp je pak srovnatelná.

• Potvrzuje se, ºe zm¥na stavu ionosféry je do velké míry závislá na velikosti Bz a
délce trvání z�negativní sloºky IMF. To je moºné pozorovat u událostí HSS (9. 3.
2004) a HSS (7. 10. 2005), kdy Bz je v obou p°ípadech srovnatelné, ale délka trvání
negativního Bz je 16 hodin vs. 4 hodiny (a tomu odpovídá i výrazn¥j²í ionosférická
odezva).

• Ionosférická odezva na popisované slune£ní události se projevuje ve zm¥n¥ kritic-
kých frekvencí, vý²ek a na vypo£ítaných pro�lech elektronové koncentrace. N¥které
pro�ly jsou vzhledem k velkému vstupu energie do ionosféry a tím naru²ení m¥°ení
nedostupné. Zvý²ená ionosférická aktivita je rovn¥º detekována pomocí waveletové
analýzy na periodách 0,5 h aº cca 20 hodin, coº odpovídá domén¥ gravita£ních a
p°ílivových vln.

• Prakticky v²echny analyzované události vyvolaly pokles elektronové koncentrace
v maximu (pokles foF2). Jen výjime£n¥ do²lo k pozitivní fázi bou°e.
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9. Scaling analýza ionosférických,
slune£ních a geomagnetických dat

9.1 Analýza h pro dlouhodobé £asové °ady F10.7, Dst,
Kp, ∑Kp a foF2

Práce [Mo²na a Koucká Kníºová, 2011, A6] se v¥nuje popisu struktur ionosférických, ge-
omagnetických a slune£ních dat (foF2, AE, Kp,

∑
Kp, Dst, F10.7) s cílem najít periody,

na kterých m·ºe docházet k vzájemné p°ímé vazb¥ reprezentované podobnou strukturou
na zvolených periodách. Pro výpo£et scaling funkce ζ(q) byly pouºity kritické frekvence
foF2 ze ²esti ionosférických stanic �ím, Pr·honice, Juliusruh, Uppsala, Moskva a So-
dankylä, dále hodnoty slune£ního toku F10.7 a geomagnetické indexy AE, Kp,

∑
Kp a

Dst. Analýza zahrnuje období 1965�2004 a data mají jednodenní rozli²ení, pouze index
Kp má t°íhodinové rozli²ení. Jediná výjimka v délce sledovaného období je °ada AE,
která je ukon£ena v polovin¥ roku 1988 kv·li dv¥ma dlouhým p°eru²ením m¥°ení v °ádu
let. Délka ostatních dat pokrývá tém¥° £ty°i slune£ní cykly £. 20 aº 23.

V roce 2004 do²lo k vým¥n¥ p°ístroje na stanici Pr·honice a kv·li homogenit¥ dat
jsme omezili £asovou °adu do roku 2004. Pro výpo£et jediné denní hodnoty kritické
frekvence byl pouºit medián z p¥ti m¥°ení okolo lokálního poledne. V²echny hodnoty na
uvedených stanicích byly ru£n¥ zkontrolovány. Pro výpo£ty byl pouºit software Dr. P.
Abryho (http://perso.ens-lyon.fr/patrice.abry/software.html).

Obr. 9.1 ukazuje pr·b¥hy
∑
Kp, Dst, F10.7 a foF2 ze stanic Juliusruh a Pr·honice.

Jedenáctiletá a ro£ní periodicita je na tomto obrázku viditelná pro ionosférická data i in-
dex F10.7, z°etelná je i pro °adu Dst, pro index AE není p°íli² z°ejmá. Výkonová spektra
kritických frekvencí foF2 a indexu F10.7 jsou uvedena na obr. 3.1 a 3.2. Podobn¥ jako
u stanice Pr·honice, spektra i z dal²ích stanic mají dominantní periody o velikosti 27 dní
(v²echny studované £asové °ady) a 31 dní (v²echny stanice s výjimkou stanice Uppsala
a geomagnetické indexy AE, Kp a Dst). Perioda o délce 27 dní souvisí s délkou zdánlivé
rotace Slunce. Délka periody 31 dní není v literatu°e £asto zmín¥na, ale pravd¥podobn¥
se dá interpretovat jako modulace 27 denní periody a vzhledem k její existenci v geo-
magnetických datech souvisí s spí²e s geomagnetickou aktivitou neº s vlivem neutrální
atmosféry.

Pro analyzované kritické frekvence foF2, geomagnetické indexy a F10.7 platí, ºe na
²kálách period 4 dny (vzorkovací perioda) aº 32 dní je analyzovaná £asová °ada scale
invariantní podle rov. 3.3. První významná perioda se objevuje na intervalu 27�31 dní.
Rozmezí scale invariance je nap°íklad pro foF2 n¥kterých stanic ²ir²í, ale zvolené rozmezí
period zaru£uje scale invarianci z hlediska rovnice 3.3 i z hlediska lineárního chování
strukturních funkcí (rov. 3.10) pro v²echny analyzované £asové °ady.

V této oblasti se strukturní funkce Sn(q, a) dá lineárn¥ interpolovat a dá se odvodit
sm¥rnice této funkce pro výpo£et ζ(q) pro jednotlivé hodnoty q, viz obr. 9.2).
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Obrázek 9.1: Pr·b¥h
∑
Kp, Dst, F10.7 a kritických frekvencí foF2 ze stanic Juliusruh a

Pr·honice.

Jednotlivé hodnoty 〈h〉 foF2 a geomagnetických a slune£ních index· jsou uvedeny
v tab. 9.1.

Tabulka 9.1: Parametr 〈h〉 pro foF2 a slune£ní a geomagnetické indexy.
Stanice �ím Pr·honice Juliusruh Moskva Uppsala Sodankylä
geom. ². 41,9 50,0 54,6 55,4 59,9 64
〈h〉 0,79 0,80 0,86 0,87 0,86 0,89
Index AE Kp

∑
Kp Dst F10.7

〈h〉 0,77 0,69 0,79 1,02 1,71

Distribu£ní spektra h pro v²echna analyzovaná data jsou uvedena v P°íloze C. Tvar
D(h) jednotlivých °ad ukazuje, ºe se chování £asové °ady foF2 ze stanice �ím jeví více
monofraktální neº chování °ad z ostatních stanic i geomagnetických a slune£ních index·.
Parametr foF2 ze stanice �ím je moºné ozna£it za monofraktální a v²echny ostatní °ady
je moºné klasi�kovat jako multifraktální.

P°i vykreslení závislosti 〈h〉 parametru foF2 na geogra�cké/geomagnetické ²í°ce m¥-
°ící stanice je vid¥t p°ibliºn¥ lineární závislost 〈h〉 ionosférických dat na geomagne-
tické/geogra�cké poloze stanice (obr. 9.3).
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Obrázek 9.2: Strukturní funkce pro foF2 ze stanice Sodankylä. Na horizontální ose je
²kála a, na vertikální ose je strukturní funkce Sn(q, a). Jednotlivé strukturní funkce pro
r·zný moment q poskytují hodnoty ζ(q) v daném rozmezí (aj, tj) (rov. 3.10). Oblast
scale invariance zde existuje pro periody 2�32 dn·.

Obrázek 9.3: Vztah mezi parametrem 〈h〉 vypo£ítaným z kritické frekvence foF2 (vodo-
rovná osa) a polohou stanic (svislá osa).
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Hodnota 〈h〉 se pohybuje v rozmezí 0,79 pro nejjiºn¥ji poloºenou stanici (�ím) a
0,88 pro nejsevern¥j²í stanici (Sodankylä). Vzhledem k tomu, ºe parametr 〈h〉 popi-
suje pravidelnost hladkost £asové °ady, pak z této závislosti vyplývá vy²²í pravidelnost
chování ionosféry na analyzovaných periodách (4�32 dní) se stoupající geomagnetic-
kou/geogra�ckou ²í°kou. To je na první pohled p°ekvapivý výsledek, protoºe severn¥ji
poloºené stanice (Juliusruh, Uppsala, Sodankylä) podléhají v¥t²ímu vlivu aurorální ob-
lasti, která je více ovliv¬ována slune£ní nepravidelnou aktivitou a °ady foF2 ze zmí-
n¥ných stanic by tedy m¥ly být podle tohoto p°edpokladu mén¥ pravidelné. Z na²eho
výsledku je moºné usuzovat, ºe minimální perioda 4 dn· je jiº mimo krátkodobé iono-
sférické oscilace, ke kterým v aurorální oblasti vlivem interakce magnetosféry/polární
ionosféry dochází.

Zajímavým výsledkem je i blízkost hodnot 〈h〉 z foF2 z jednotlivých ionosférických
stanic. Je moºné jej interpretovat jako výsledek p·sobení globálního faktoru, který ovliv-
¬uje chování ionosféry nad v²emi analyzovanými stanicemi.

Blízkost 〈h〉 pro foF2,
∑
Kp a AE indikuje (a potvrzuje) velmi t¥snou vazbu mezi

geomagnetickou aktivitou st°edních a vysokých ²í°ek na zkoumaných periodách. Vy²²í
hodnota 〈h〉 u∑

Kp neº u Kp znamená vy²²í hladkost £asové °ady. Bliº²í hodnoty 〈h〉 pro
foF2 a

∑
Kp neº pro foF2 a Kp nazna£ují vy²²í vliv délky poruchy na ionosférickou situaci

neº okamºitá (t°íhodinová) hodnota Kp, ale je moºné, ºe jde pouze o efekt vyhlazení
°ady

∑
Kp, coº vede ke zvý²ení hodnoty 〈h〉.

Rozdílné hodnoty parametru 〈h〉 pro ionosférické stanice, Dst a zejména 〈h〉 indexu
F10.7 nazna£ují nap°. nevhodnost popisu stavu ionosféry pouze pomocí t¥chto index·
na daných periodách. Pro p°edpov¥¤ stavu ionosféry (nap°. pro telekomunika£ní ú£ely)
se stále vychází z p°edpokladu, ºe index F10.7 je dostate£ný k popisu chování foF2
[Mikhailov et al., 1996; Zolesi a Cander, 2014]. P°es vysokou korelaci °ady foF2 a F10.7
na dlouhých ²kálách se ukazuje, ºe není moºné jednu °adu aproximovat pomocí druhé.
Pouºití indexu F10.7 jako proxy pro dopln¥ní chyb¥jících ionosférických dat není vhodné
navzdory zab¥hnuté praxi dopl¬ování ionosférických dat. Stejn¥ tak není vhodné pouºít
lineární vztah pro výpo£et foF2 z index· F10.7 a Dst.

9.2 Vzájemná korelace ionosférické, geomagnetické a
slune£ní aktivity s pouºitím scaling analýzy

Práce Roux et al. [2012, A7] se zabývá analýzou trend· a �uktuací v datech z 11 iono-
sférických stanic a v datech popisujících geomagnetickou a slune£ní aktivitu v období let
1971 aº 1998, tedy spole£nou analýzou vybraných index· ionosférické, geomagnetické
a slune£ní aktivity v rozmezí více neº dvou slune£ních cykl· pomocí rozd¥lení dat na
dlouhodobé a krátkodobé sloºky signálu. �lánek kvantitativn¥ popisuje systém slune£ní
aktivita�geomagnetická aktivita�ionosféra, a hledá souvislost mezi velikostí korelace a
délkou period. Vzorkování dat je jeden den, a proto se zde popis chování omezuje na
periody del²í neº dva dny. Tato analýza byla provedena pomocí software vytvo°eného
Dr. S. Rouxem (http://perso.ens-lyon.fr/stephane.roux).
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Rozd¥lení studovaných signál· na dlouhodobou a krátkodobou sloºku p°iná²í infor-
maci o zm¥n¥ korelací na krátkodobých a dlouhodobých periodách. V prvním kroku byl
proveden výpo£et dlouhoperiodické sloºky signálu X(t) pomocí �ltru s dolní propustí
pod 1/64 dní (low pass �ltr). Tato £ást signálu je ozna£ena jako trend Xa(t). Zbylá krát-
koperiodická sloºka je nazvaná jako �uktuace a je vypo£ítána jako Xd(t) = X(t)−Xa(t).
Tento výpo£et byl proveden pro SSN, F10.7, geomagnetické indexy Dst, AE, Kp, a pro
v²ech 11 °ad foF2. Rozd¥lení signálu na dlouhodobou a krátkodobou sloºku je následo-
vané výpo£tem vzájemných korela£ních koe�cient· R pro v²echny páry z index· SSN,
F10.7, Dst, AE, Kp a pr·m¥rné hodnoty ze v²ech stanic foF2 (tab. 9.2).

SSN F10.7 Dst AE Kp foF2

SSN
0.84 -0.08 -0.07 0.03 0.43
0.94 -0.22 -0.45 0.19 0.56

F10.7
-0.14 0.03 0.04 0.510.68
-0.28 0.12 0.11 0.64

Dst
-0.19 -0.66 0.060.00 -0.05
-0.06 -0.71 -0.31

AE
0.20 -0.060.05 0.01 -0.22
0.20 -0.16

Kp
-0.180.00 0.00 -0.66 0.19
0.03

foF2 0.14 0.19 0.35 0.02 -0.33

Tabulka 9.2: Korela£ní koe�cienty R pro foF2 a indexy slune£ní a geomagnetické akti-
vity. Pravá horní £ást tabulky: p·vodní data a trendy (tu£n¥). Levá spodní £ást: �uktu-
ace. Pro ionosférická data byl koe�cient ρ̂ po£ítán z pr·m¥ru pro v²ech 11 stanic [Roux
et al., 2012, A7].

9.2.1 Korelace foF2 z jednotlivých ionosférických stanic

Obr. 9.4, panel a, zobrazuje závislost korela£ních koe�cient· na rozdílu severních ²í°ek
stanic. Pro rozdíl polohy 0◦�10◦ je korelace mezi jednotlivými stanicemi stabilní a vy-
soká, nad 10◦ korela£ní koe�cient rychle klesá (to je vid¥t zejména u �uktuací, ale tento
pokles je z°etelný i pro trendy a p·vodní data). Stabilní hodnota korela£ního koe�cientu
mezi 0◦ a 10◦ ukazuje na pravd¥podobný vliv neutrální atmosféry daný pohybem pla-
netárních a gravita£ních vln, které mají p·vod nap°. v pohybu meteorologických útvar·
(troposférické fronty).

Dal²í panely na obr. 9.4 vyzna£ují závislost korela£ního koe�cientu mezi trendy, �uk-
tuacemi a p·vodními daty foF2 a slune£ními a geomagnetickými indexy na geogra�cké
(²í°kové) poloze stanice.
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Obrázek 9.4: Korela£ní koe�cienty pro rozdíly mezi foF2 z jednotlivých stanic v závis-
losti na rozdílu polohy (panel a) a pro páry foF2 vs. slune£ní a geomagnetické indexy
v závislosti na poloze stanice. Symbolem * jsou ozna£ena p·vodní data, o jsou trendy,
+ zna£í �uktuace, limitní hodnota je 64 dn·.
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9.2.2 Korelace foF2 a slune£ních index·

Panel b (foF2 vs. SSN) a panel c (foF2 vs. F10.7) na obr. 9.4 p°iná²ejí velmi blízké
výsledky. Korela£ní koe�cient pro p·vodní data je velmi málo závislý na poloze stanice a
pohybuje se v rozmezí 0, 4 ≤ R ≤ 0, 5, se znatelnými maximy korelací v oblasti st°edních
²í°ek (50◦�55◦.s.².). Korelace trend· vykazuje maximum pro dv¥ stanice severních ²í°ek
(Archangelsk a Lycksele, cca 65◦s.².), kde R=0,75. Korelace pro �uktuace je pom¥rn¥
nízká, s hodnotou R v intervalu (0,15;0,20) pro v²echny studované stanice. Relativn¥
vysoké hodnoty korela£ního koe�cientu pro trendy i p·vodní data nejsou p°ekvapivé
vzhledem ke známé vazb¥ stavu ionosféry na sezónní jevy a fázi slune£ního cyklu, ale
je z°ejmé, ºe korelace mezi dlouhoperiodickými sloºkami foF2 a slune£ní aktivity je
znateln¥ vy²²í neº pro p·vodní data.

9.2.3 Korelace foF2 a geomagnetických index·

Geogra�cká závislost pro korela£ní koe�cient mezi foF2 a Kp je zobrazena na obr. 9.4,
panel d. Absolutní hodnota korela£ních koe�cient· je pro p·vodní signál i trendy velmi
nízká. Korela£ní koe�cienty pro �uktuace jsou v rozmezí R≈(-0,3; -0,4) s nevelkou, ale
z°etelnou ²í°kovou závislostí (sniºování hodnoty R sm¥rem k severu).

Velmi výrazný efekt rozd¥lení signálu na trend a �uktuace se projevuje u korelací
foF2 vs. Dst. Nulová korelace pro p·vodní data se �rozd¥lila� na hodnoty R≈(0,35;0,4)
pro �uktuace a R≈(-0,4;-0,3) pro trendy. Pozitivní korelace u krátkodobých �uktuací je
pozorovatelná pro v²echny stanice a nazna£uje kvantitativní p°evahu negativních bou°í
(pokles foF2 koreluje se sníºením Dst). Tento výsledek podporuje pozorování z kapitoly
8, ve které byla v¥t²ina událostí identi�kována jako negativní bou°e (p°estoºe nap°.
[Bure²ová, 2007] uvádí významný podíl pozitivních fází bou°í z hlediska odezvy foF2
na zm¥nu Dst) a podporuje statistickou p°evahu negativních bou°í, která je popsána
v práci [Prölss, 1995].

Vztah foF2 a AE je zobrazen na obr. 9.4, panel f a zobrazuje relativn¥ nízké ab-
solutní hodnoty R pro p·vodní signál (-0,1≤R≤0), trendy (-0,4≤R ≤-0,2) a �uktuace
(-0,05≤R≤-0,15). Absolutní hodnota korela£ního koe�cientu pro �uktuace je i) velmi
p°ekvapiv¥ nízká, ii) prakticky nezávislá na poloze stanice, a£koliv by se dal p°edpoklá-
dat r·st korela£ního koe�cientu sm¥rem k polárním oblastem, jejíº chování index AE
reprezentuje. Je tedy moºné konstatovat, ºe pro popis ionosféry na periodách del²ích
neº jeden den není index AE prakticky významný, a to ani pro tak severn¥ poloºené
stanice, jako je Lycksele a Archangelsk.

9.3 Shrnutí scaling analýzy

• Byla nalezena ²kálová nezávislost foF2, geomagnetických index· a F10.7 na peri-
odách 2�32 dn·.

• Existuje p°ibliºn¥ lineární vztah mezi severní geogra�ckou/geomagnetickou ²í°kou
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stanice a hladkostí £asových °ad reprezentované parametrem 〈h〉 na periodách 4�
32 dn·. Severn¥ji poloºené stanice vykazují pravideln¥j²í chování. Parametry 〈h〉
jednotlivých £asových °ad foF2 z rozdílných ionosférických stanic jsou si navzájem
velmi blízké. To je moºné interpretovat tím, ºe ionosférické procesy ve vrstv¥ F2
jsou na t¥chto ²kálách do velké míry °ízené jednotným mechanismem.

• Parametry 〈h〉 pro foF2 a geomagnetické indexy Kp a AE jsou pro periody 4�32
velmi blízké (0,69 pro Kp, 0,77 pro AE, 0,79 pro

∑
Kp a 0,79�0,88 pro jednotlivé

°ady foF2). To nazna£uje blízkou vazbu geomagnetické aktivity vy²²ích a st°edních
²í°ek na stav ionosféry. Naopak indexy Dst (〈h〉=1,02) a F10.7 (〈h〉=1,71) se od
foF2 odli²ují a nazna£ují malý vliv geomagnetické aktivity nízkých ²í°ek a slune£ní
aktivity na oblast vrstvy F2 ve studovaném rozmezí period.

• �ada foF2 ze stanice �ím byla klasi�kována jako monofraktální. Ostatní °ady foF2,
geomagnetické a slune£ní indexy jsou výrazn¥ multifraktální [Mo²na a Koucká
Kníºová, 2011, A6].

• Byla detekována charakteristická dimenze 10◦. Pod tuto hodnotu jsou korela£ní
koe�cienty trend· i �uktuací velmi vysoké a °ada foF2 vykazuje kvazikolektivní
chování. Vysoká korelace kritické frekvence foF2 do vzdáleností 10◦ je pravd¥po-
dobn¥ výsledkem vlivu vln v neutrální atmosfé°e, jejichº vlnová délka odpovídá
tomuto rozm¥ru. Tomuto rozm¥ru odpovídá nap°. horizontální vlnová délka gra-
vita£ních vln.

• Z pozitivní korelace Dst a foF2 a naopak negativní korelace Kp a foF2 na krat²ích
²kálách (do 64 dní) vyplývá statistická p°evaha negativních bou°í na st°edních a
vy²²ích geomagnetických ²í°kách [Roux et al., 2012, A7].

Výsledky v této kapitole jsou vypracovány s pouºitím software poskytnutého Dr.
P. Abrym a Dr. S. Rouxem, http://perso.ens-lyon.fr/patrice.abry/software.
html a http://perso.ens-lyon.fr/stephane.roux/. Za jejich pomoc s analýzou jim
je²t¥ jednou d¥kuji.
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Záv¥r
Studovali jsme variabilitu ionosféry pomocí parametr· kritických frekvencí a vý²ek vrs-
tev a ionosférickou vazbu na slune£ní a geomagnetickou aktivitu a na stav neutrální
atmosféry. V¥decké výsledky práce jsou uvedeny v P°ílohách A1�A9. Z nejvýznamn¥j-
²ích uvádíme následující:

Krátkodobé variace ionosféry

Studovali jsme vliv neutrálních atmosférických vln ²í°ících se ze stratosféry do oblasti
sporadické vrstvy Es. Krom¥ jednodenní periody jsme detekovali spole£né oscilace na
periodách odpovídajících planetárním vlnám. Vliv planetárních vln na tvorbu sporadické
vrstvy je výrazný. Jako nové výsledky uvádíme:

• Vertikální vazba mezi neutrální vlnovou aktivitou a oblastí Es vrstvy probíhá
zejména na periodách odpovídajících vlastním mód·m planetárních vln. Plane-
tární vlny jsou významným faktorem ovliv¬ujícím chování a tvorbu sporadické
vrstvy E [Mo²na a Koucká Kníºová, 2012, A8].

• Fázový posun mezi stratosférickou teplotou a ionosférickými daty je pro denní
periody stabilní. Pro periody planetárních vln je fázový posun prom¥nlivý, coº
nazna£uje nelineární vazbu mezi stratosférou a oblastí vrstvy Es [Mo²na a Koucká
Kníºová, 2012, A8].

Extrémní slune£ní události a jejich vliv na ionosféru

• Byly detekovány významné zm¥ny v ionosfé°e p°ímo související s poruchami IMF
(HSS, CME, MC) zahrnující výrazné zm¥ny pro�lu elektronové koncentrace Ne

[�auli et al., 2007, A1] a vý²ek vrstvy F2 a zm¥nu foF2. Tyto projevy byly ve
st°edních ²í°kách prakticky vºdy identi�kovány jako negativní bou°e [Mo²na et
al., 2009a, A2]. Rotace magnetického pole u událostí typu MC je pravd¥podobn¥
d·leºitým faktorem, který zesiluje ionosférickou odezvu na poruchu IMF [Mo²na
et al., 2009b, A3].

• V období geomagneticky poru²ené situace (Kp>6) byl detekován pr·chod TID
²í°ících se z aurorální oblasti sm¥rem k jihu. Na stanici Pr·honice byl efekt TID
na pro�l elektronové koncentrace výrazn¥j²í neº na jiºn¥ji poloºené stanici Ebro
[�auli et al., 2007, A1].

77



Scaling analýza

Scaling analýza, která je pouºita pro analýzu vazby mezi slune£ní, ionosférickou a geo-
magnetickou aktivitou, se ukázala jako vhodný nástroj pro popis interakce mezi studo-
vanými systémy. Nejvýznamn¥j²ími novými výsledky jsou:

• Existuje lineární závislost mezi geomagnetickou i geogra�ckou severní ²í°kou sta-
nice a strukturou (�hladkostí�) °ady kritických frekvencí foF2 [Mo²na a Koucká
Kníºová, 2011, A6].

• Analýza kritických frekvencí foF2 z dlouhodobých dat m¥°ených na ionosférických
stanicích st°edních a vysokých ²í°ek ukazuje blízkou vazbu foF2 a geomagnetic-
kých index· Kp a AE na periodách 2�32 dn· z hlediska struktury analyzovaných
dat. Vliv geomagnetické aktivity reprezentované pomocí Dst a slune£ní aktivity
reprezentované indexem F10.7 je na tomto rozmezí naopak málo výrazný [Mo²na
a Koucká Kníºová, 2011, A6]. Z prací [Roux et al., 2012, A7] i [Mo²na a Koucká
Kníºová, 2011, A6] vyplývá, ºe index Dst, který je roz²í°eným nástrojem pro glo-
bální popis intenzity ionosférické poruchy i pro modelování stavu ionosféry, není
pro pouºití na krátkodobých periodách v °ádu dn· pln¥ dosta£ující.

• Z hlediska korelací mezi kritickými frekvencemi z jednotlivých stanic je moºné
mluvit o charakteristické dimenzi s hodnotou 10◦, na které nastává zlom v kore-
la£ním koe�cientu. Pod tuto hodnotu jsou korela£ní koe�cienty trend· i �uktuací
velmi vysoké a °ada foF2 vykazuje kvazikolektivní chování. Pod tuto hodnotu pak
korela£ní koe�cient výrazn¥ klesá. Vysoká korelace kritické frekvence foF2 do vzdá-
leností 10◦ je pravd¥podobn¥ výsledkem vlivu vln v neutrální atmosfé°e, jejichº
vlnová délka odpovídá tomuto rozm¥ru (gravita£ní vlny).
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ABSTRACT 

The changing state of the ionosphere is generally monitored by networks of vertical 
ionosondes that provide us with regular ionospheric sounding. Many ionospheric 
applications require determination of the true-height electron density profiles. Therefore, 
ionograms must be further inverted into real-height electron density profiles. The paper 
presents the comparison study of the true-height electron density profiles inverted from 
ionograms using two different methods POLAN (Titheridge, 1985) and NHPC (Huang 
and Reinish, 1996; Reinish et al., 2005), widely used by the ionospheric research 
community. Our results show significant systematic differences between electron density 
profiles calculated by these two inversion methods. 

 
Key word s :  ionosphere, vertical ionospheric sounding, electron concentration 

profiles, inversion methods 
 

1. INTRODUCTION 

Ionosphere, the ionised part of the Earth’s neutral atmosphere, is stratified into several 
layers that are referred to as D, E, and F (F1 and F2). Borders between layers are 
characterised by the electron concentration decrease. Maximum electron concentration 
usually occurs in the highest layer F or F2, if the layer is splitted into F1 and F2. The 
ground-based vertical ionospheric sounding using ionosondes provides information about 
part of the ionosphere above 90 km up to maximum of F layer, thus E and F ionospheric 
layers. Regions with decrease of electron concentration represent problematic regions 
invisible for ground-based ionosondes. Propagation of electromagnetic waves is affected 
by the properties of a medium. The ionospheric plasma consists of free electrons and ions. 
The basic parameter of ionised medium is plasma frequency, which is key parameter in 
the theory of radio wave propagation. The relation between electron concentration and 
electron plasma frequency pω  is given by: 

 
2

0
p

Ne

m
ω

ε
= , (1) 
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where N is electron concentration, e is electron charge, m electron mass and ε0 is 
permitivity of free space. Electromagnetic waves with frequencies exceeding plasma 
frequency enter and propagate through medium. Vertical wave reflection occurs when the 
plasma frequency is lower or equals to the wave frequency. Details can be found in 
Davies (1990), Hargreaves (1979), Chen (1984) among others. 

During vertical ionospheric sounding measurement, the electromagnetic wave is 
transmitted vertically above ionosonde. Receiving antennas co-located with the 
transmitter detect the reflected wave from the ionosphere. The registered time-of-flight of 
the radio signal at a particular frequency indicates the virtual height (h′) of the reflecting 
layer, assuming the wave speed to be equal to that on free space. The 2D-plot of h′ as 
function of the transmitted radio frequency is called ionogram. The h′ is always higher 
than the real height (h) because of the group and phase delays of radio waves travelling 
throughout an ionised medium. Fig. 1 shows typical day-time and night-time ionograms 
obtained by ionosonde IPS42 Kel Aerospace. Determination of the real reflection height h 
is the main goal of all inversion techniques, i.e. to obtain true height electron density 
profiles h(N) from ionograms. 

A large family of ionospheric models exists to study variability of the ionosphere. The 
models differ by their degree of complexity, calculation time and their primary purpose 
(Bilitza, 2001; Nava et al., 2005; Hochegger et al., 2000; Leitinger et al., 2001, 2005; 
Titheridge, 1985; Huang and Reinish, 1996, among others). All are based on ionogram 
parameters or whole profiles. Paper by Hochegger et al. (2000) descibes models that are 
mainly used for satellite applications and reports their particular uses. For ionospheric 
studies, dealing with short term electron density variability, two inversion techniques 
POLAN and NHPC are mainly used by ionospheric community. POLynomial ANalysis 
POLAN has been developed by Titheridge (1985) and it is often used for inversion of 
ionograms obtained by classical ionosondes (e.g. KEL). NHPC algorithm (Huang and 
Reinish, 1996) is applied routinely by UMLCAR DGS and DPS digisondes to ionogram 

  `  

Fig. 1. Representative day-time and night-time ionograms measured by IPS41 KEL Aerospace, 
24 April, 2001 at the observatory Průhonice. Left panel represents ionogram recorded at 
6 h 55 min UT, right panel at 2 h UT. 
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inversion, NHPC inversion is also part of the ARTIST software used for automatic 
ionogram scaling. 

Resulting true height electron density profile differs according to model used between 
layers and uderlaying ionisation. The purpose of our paper is to analyse that and show 
possible problems that might arise from analyses based on data inverted by different 
techniques. There is very little chance for user to change parameters of the model 
involved in the inversion technique. In general, each station has its preferred inversion 
method for true-height profile computation, that may lead to systematic differences 
between stations. 

In the work of Šauli et al. (2006) we found significant differences in the diurnal 
courses of electron concentration curves at fixed heights at two midlatitude ionospheric 
station data. Electron concentration lines at fixed height were remarkably smoother when 
they were derived from NHPC inverted ionograms. These finding was a motivation for 
our further work. The question was, which part of the wave-like oscillation is related to 
ionospheric variability and to the inversion technique. Miró et al. (2005) found important 
differences in radio path range and reflection height, when the ray-tracing code uses 
electron density profiles obtained from the same ionograms by the POLAN and NHPC 
inversion techniques. 

2. DATA 

In our analysis, we use ionograms from two midlatiude ionospheric stations Ebro 
(Spain, 40.8°N, 0.5°E) and Průhonice (Czech Republic, 49.9°N, 14.5°E). Průhonice 
ionograms were measured by ionosonde IPS 42 KEL Aerospace and Ebro ionograms by 
digisonde DGS256. Total amount of 10361 ionograms was manually scaled and then 
recomputed into true height N(h) profiles using the above mentioned methods. Our data 
set represents ionospheric measurements under low and high geomagnetic activity during 
periods of high and low solar activity. Průhonice data set covers years 1992−2001. 
Analysed profiles are representative for all the period as they are regularly distributed 
over period. Measurements from campaign HIRAC/SolarMax, 23 − 29 April 2001 
(Feltens et al., 2001) provide us with high quality data and for this period two station data 
are involved into study. During this campaign ionograms were measured each 5 minutes. 
As an input to the ionogram inversion we use whole trace. Fig. 2 shows typical 
geomagnetic quiet time electron density profiles obtained by both techniques. It is evident 
that on the profiles, there are parts that differ significantly and may lead to miss-
interpretation of the further analysis. The following Figs. 3 and 4 show the diurnal courses 
of electron concentration at fixed heights 150 − 250 km with 5 km step for two stations. 
Fig. 3 represents electron concentration variability under geomagnetic quiet conditions 
(high solar activity) and two inversion techniques. The same situation, but for 
geomagnetically disturbed period, is demonstrated by following Fig. 4. It can be clearly 
seen that curves of electron concentration are more smooth in case of NHPC inversion 
technique for both station data. 
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3. METHOD 

Two and three layer profiles computed using both methods (POLAN, NHPC) are 
splitted into two or three parts with respect to the critical frequencies foE, foF1 and foF2. 
Since both algorithms use Valley-model (different for POLAN and NHPC) in a certain 
frequency interval we have more than one height-value for one frequency, we cut off such 
frequency interval in order to get monotonous (increasing) height dependence of plasma 
frequency only. Similarly, the top part of each profile higher above foF2 was neglected. 

Profile points , ph f 
  , pairs of height h and plasma frequency pf , are not always 

equidistant. In order to compare two profiles we use frequency and height sets derived 
from original profile using linear interpolation. Frequency set consists of values at fixed 
frequencies beginning 1.5 MHz with 0.1 MHz resolution. Height set contain values at 
fixed heights from 90 km up to height of the F-layer peak. Thus we get one, two or three 
parts corresponding to each layer for each profile. After that, we analyse the height and 
frequency differences (POLAN − NHPC) for frequency and height interpolated profiles, 
respectively, via classical statistical method: 
 

POLAN NHPCiX i iX X∆ = − . (2) 
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Fig. 2. Typical recomputation difference of the electron density profiles obtained byNHPC and 
POLAN. Ionograms were recorded at the observatory Průhonice. 
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Values Xi stand for heights hi and frequency fi, respectively. Each data set is 
represented by mean and standard deviation (Weisstein, 2006; And

ě
l, 1998) for each 

frequency and height 

 
1

1 N

i j
j

X X
N =

= ∑ , (3) 

 
22

iX i iX Xσ = − . (4) 

With increasing frequency (or height) the number of measurements N in the group 
decreases due to the variability of critical frequencies. Though sets with 100 or less values 
were neglected. However, the criterion of minimal number of values does not have large 
influence on the results. Each group of one-layer, twolayer and three-layer profiles is 
further divided into two subsets with respect to the geomagnetic situation. We consider 
geomagnetic quiet conditions described by index Kp < 4. 
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Fig. 3. Electron density variation obtained by NHPC and POLAN from Ebro and Průhonice 
observatories - 24 April 2001. Upper panels refer to POLAN recomputation technique, while the 
lower panels to NHPC. 
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4. RESULTS 

Results of statistical analysis are divided into two main parts discussing separately 
height differences and frequency differences between electron density profiles obtained by 
POLAN and NHPC methods. For all groups of profiles (characterised by number of layers 
and specified geomagnetic conditions) we demonstrate mean value and its standard 
deviation computed according to Eqs.(2)−(4). All the following plots in Figs. 5−7 
represent statistical means and standard deviations of each analysed group; each group 
consists of minimum 730 profiles. Height and frequency dependence of the difference 
between mean values of each particular group of profiles are further discussed in details. 

4 . 1 . H e i g h t  d i f f e r e n c e  

Figs. 5 and 6 show mean difference of the reflection height at fixed frequencies and its 
corresponding standard deviation. Fig. 5 represents geomagnetically quiet conditions 
analysis. In the upper panels (night profiles, only F layer present), it is evident that 
POLAN systematically underestimates true height compared to NHPC at lower 
frequencies and overestimates at frequencies close to critical frequency foF2. However,  
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Fig. 4. The same as in Fig. 3, but for the day of geomagnetic minor storm 28 April 2001. 
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Fig. 5. Results of statistical analysis of the height difference between POLAN and NHPC 
inverted profiles at particular frequencies during geomagnetically quiet time. Each plot shows 
frequency dependence of the mean and standard deviation values. On the plots mean values are 
marked with “×”, symbol “∇” stands for standard deviation. The top plots show the results for 
nighttime profiles, when only F layer is present. The middle plots represent the results for daytime 
profiles, when only E and F layer are present. The bottom plots show the results for daytime 
profiles, when E, F1 and F2 layers are formed. 
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Fig. 6. Results of statistical analysis of the height difference between POLAN and NHPC 
inverted profiles at particular frequencies during geomagnetic storm. Each plot shows frequency 
dependence of the mean and standard deviation values. On the plots, mean values are marked with 
“×”, symbol “∇” stands for standard deviation. The top plots show the results for nighttime profiles, 
when only F layer is present. The middle plots represent the results for daytime profiles, when only 
E and F layer are present. The bottom plots show the results for daytime profiles, when E, F1 and 
F2 layers are formed. 
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Fig. 7. Results of statistical analysis of the frequency difference between POLAN and NHPC 
inverted profiles at particular heights. Each plot shows height dependence of the mean and standard 
deviation values. On the plots mean values are marked with “×”, symbol “∇” stands for standard 
deviation. Left panels refer to geomagnetically quiet time, right panels to geomagnetic storm time. 
The top plots show the results for nighttime profiles, when only F layer is present. The middle plots 
represent the results for daytime profiles, when only E and F layer are present. The bottom plots 
show the results for daytime profiles, when E, F1 and F2 layers are formed. 
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the standard deviation reaches large values in the whole studied frequency range, 
especially at low frequencies. When two or three layers are present, true height derived by 
NHPC is systematically lower than that computed by POLAN. Maximum differences are 
located around 5−6 MHz (Fig. 5, bottom panel) and exceed values of 10 km in case of 
three-layers profiles. Results for two stations are in agreement. During high geomagnetic 
activity (Fig. 6) the character of the result remains the same except for Průhonice night-
profiles, where the difference is positive and very close to zero. Standard deviation 
significantly increases in case of one-layer profiles (Fig. 6, upper panel). Maximum 
difference at two-layer and three-layer profiles occurs close to 5−6 MHz (Fig. 6, middle 
and bottom panels). Maximum difference is larger in Průhonice data. Larger differences at 
nighttime occur on the base of the F region, and at the transition regions between layers 
during daytime. This is probably caused by different connection techniques between 
layers in both inversion algorithms POLAN and NHPC. 

4 . 2 . F r e q u e n c y  d i f f e r e n c e  

Fig. 7 demonstrates height dependence of frequency difference of profiles for 
Pr°uhonice data. It is evident that the largest difference in one-layer profiles occurs 
slightly below 200 km. The difference has positive values, that means at fixed height, 
POLAN computes larger frequency than NHPC. In all other cases (presence of two or 
three layers), we see that maximum difference is systematically shifted about 30 km 
upward and reaches negative values. Under presence of more than one layer, POLAN 
computes lower frequency than NHPC at a given height. In general, mean standard 
deviation is larger in stormy data sets compare to quiet days except two-layers profiles. 
During night-time, when only F-layer is present, mean standard deviation reaches 
maximum values up to 1 MHz (during storm-time exceeds 1 MHz), such values exceed 
mean values. That means, we cannot simply conclude that POLAN systematically 
computes higher frequency at a given height. Bottom and middle panels in Fig. 7 reveal 
location of the maximum difference close to 200 km independently on the geomagnetic 
condition. Large differences in the profile bottom parts are caused by model application as 
described in the previous part. 

Results of two observatories are in good agreement and POLAN - NHPC comparisons 
demonstrate the importance of careful interpretation of the ionospheric true-height profiles 
derived by these techniques. Study of the entire period covering periods of low and high 
solar activity confirm our finding discussed for HIRAC profiles. 

5. CONCLUSIONS 

The reflection true height for a given frequency computed by NHPC is systematically 
higher at nighttime profiles. On the contrary, the reflection true height for a given 
frequency computed by POLAN at day-time profiles is higher, and the standard mean 
deviation representing the significance of the result is smaller especially in two-layers 
profiles. Similarly, best agreement of both inversion techniques is seen on two-layers 
profiles. Location of the largest difference between profiles corresponds to F1-layer and 
transition region between F1 and F2 regions. We emphasise that results at two distant 
observatories are consistent and that results remain the same through changing solar and 
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geomagnetic activity. One possibility how to try to find which method might be better, 
POLAN or NHPC, is to use simultaneous common volume measurements of digisonde 
and a Doppler-type system at 3.5 MHz and compare phase paths from Doppler 
measurements and POLAN-based and NHPC-based ionogram inversions, as suggested by 
Burešová D. et al. (personal communication, 2006). 
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In the present paper, we study HSS and CME effects on the ionosphere. Each type has different ability to 

affect the geosphere. Our study is focused on the effects occuring during the last solar minimum. Two solar 

events in October 2005 were selected to study the ionospheric response above the Athens, Chilton, Dourbes, 

Juliusruh, Pruhonice and Roquetes observatories. Within the storms occuring in the solar minimum we selected 

two events (HSS: 7 Oct 2005, 19UT and CME: 31 Oct 2005, 18UT, by means of Dst) and analysed their 

influence on the ionosphere. The magnetospheric response by means of Kp and Dst was similar in both events.  

Within the ionospheric parameters we selected foF2 and h'F. The HSS event is followed by a significant 

decrease in foF2 values in the duration of 2 days. No change is observed for night foF2 in this case.The response 

to the CME is much weaker than to the HSS and less change in foF2 is observed. Both events are followed by h'F 

oscillations which may indicate Travelling Ionospheric Disturbances (TID).  

 

Introduction 

Ionosphere is a highly variable system. The solar and 

geomagnetic activity, as well as dynamic events in the neutral 

atmosphere heavily influence its state. Disturbances of the 

ionospheric plasma affect operation of various 

communication and navigation systems, e.g. GPS, GALILEO, 

Glonass [1]. Response of the ionospheric plasma to the solar 

events is widely studied. The ionospheric storms, their drivers 

and mechanisms how are they connected to the 

magnetosphere are described in detail for example in [2], [3], 

[4].  

Current solar minimum lasts for an unusually long time. It 

allows us to study the ionosphere under special conditions as 

it stays in exceptionally quiet state. Such a prolonged, 

exceptionally low solar minimum gives us unique opportunity 

to study ionospheric response to the solar events as they are 

relatively isolated in the time. 

High Speed Solar Stream (HSS) is characterized by 

poloidal magnetic field. HSSs are formed in the areas of solar 

coronal holes that are long lived regions of open magnetic 

field lines. The solar wind flowing from them has high speed, 

low plasma density and high plasma temperature.  

Coronal Mass Ejection (CME) is characterized by toroidal 

magnetic field. CMEs originate in the regions of closed 

magnetic field lines rooted at both sides in the Sun. CMEs 

have low proton temperature (low plasma beta) [5], [6], [7]. It 

has been shown that these different types of solar events 

influence differently the Earth's magnetosphere. A term 

'geoeffectiveness' has been introduced to describe this 

influence [8], [9].  

 The task of our paper is to investigate ionospheric 

response to onset of each of the events under special 

conditions of current prolonged solar minimum and compare 

the response with the results of [10] at the Pruhonice station. 

Data 

We have selected two solar events from October 2005, 

HSS and CME, and we have studied ionospheric responses at 

six ionospheric observatories. 

As mentioned above, this solar minimum is convenient for 

studies of ionospheric behavior under special conditions. On 

the other side, it is very difficult to find solar events with 

proper characteristics as especially CMEs are very rare in 

present solar minimum. The criteria how to choose similar 

solar events are: type of the event, the magnitude of magnetic 

field B, season, time of a storm onset and availability of 

ionospheric data as during the storm some ionograms can be 

difficult or impossible to scale. It was difficult to find events 

that satisfy all our criteria as especially CMEs are relatively 

rare in present solar minimum.  

According to the definition of HSS (v>500 km/s
-1

 and 

increase of velocity of more than 100 km/s
-1

 within one day, 

accompanied by high plasma temperature and low plasma 

density) and CME (high magnetic field, low beta) [5], we 

have chosen the HSS event of October 07, 2005, 02 UT and 

the CME event of October 31, 2005, 03 UT (times of solar 

events on the satellite). Measurements of magnetic field, 

plasma density and solar wind velocity were made by the 

ACE satellite, publicly available in the NASA CDAWeb 

database (http://cdaweb.gsfc.nasa.gov/). Total magnetic field 

B, magnetic components in GSE Bz and velocities are shown 

in Fig. 1 and Fig. 2. Both events are characterized by Bz 

negative. The change of solar wind parameters is first 

detected on the ACE satellite. The beginning of geomagnetic 

response/disturbance by mean of Dst is detected on 

observatories with a ~1hour delay. 

 
Fig.  1 HSS, Oct 07, 2005
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Fig. 2. CME, Oct 31, 2005
  

The events have similar properties (magnitude of B, time 

of beginning etc.). The Dst reaches similar value (Fig. 1 and 

Fig. 2).  

For both events we use data from the DIDB database 

http://ulcar.uml.edu/DIDBase/. For each event, we use 

manually processed 6-8 days of ionograms with the regular 

15 (or 10) minute cadence (Pruhonice, Chilton, Roquetes) or 

automatically scaled data with a manual correction (Athens, 

Dourbes, Juliusruh). As a reference we use one day prior to 

the event. We study the ionospheric response during 

following days after the event. From ionograms, we estimated 

critical frequencies foF2 which correspond to the maximum 

electron concentrations in ionospheric plasma, and virtual 

heights of bottom of the F layer h'F. The values h'F are 

computed straight from the time of flight of the reflected 

electromagnetic signal under assumption that its velocity 

equals to the velocity of light [11].  

F-layer ionospheric response 

Response to the HSS: 

Maximum daily critical frequencies first show light 

increase one day after the event and then decrease of about 20 

percent during days two and three after the event. This 

decrease is significant in all studied digisonde records. The 

foF2 then return back to previous values. No important 

change in the night foF2 values is observed (Fig. 3 top). The 

values h'F exhibit relative increase during night after the 

event in comparison to the reference time for stations 

Dourbes, Chilton, Juliusruh, Roquetes and Pruhonice (see 

Fig. 3, bottom). The values h'F show oscillations which may 

indicate passing of Traveling Ionospheric Disturbances 

(TIDs) [12], [13] from the polar to the equatorial areas along 

the magnetic field lines. 

Response to the CME:  

Ionospheric response in the observed foF2 is weaker than 

in the HSS event. Less pronounced change in both day and 

night values is present after the event (Fig. 4 top). 

Values of h'F exhibit oscillations for ~4 days after the 

event as well as an increase of night h’F. Mean day values do 

not show significant change (Fig. 4 bottom).  

Conclusion 

Two solar events from October 2005 and their ionospheric 

responses are analyzed. This work continues with the studies 

of solar events [14] and their effect on the ionosphere [8], 

[10] and references therein.  

HSS causes significant decrease of daily foF2 two and 

three days after the event and no important change in night 

foF2. Oscillations of h'F may indicate TIDs which may have 

been caused by the fast particles of HSS coming to the 

magnetosphere of the polar areas. This event was much 

weaker by means of the ionospheric response in comparison 

to the event studied in [10] although the Dst and Kp indices 

are comparable. It supports the idea that Dst indices may be 

insufficient for ionospheric modeling and forecasting.  

 
Fig. 3. HSS, Oct 07, 2005. Top figure shows ionospheric 

response to the event by means of foF2. Slight increase of foF2 one 

day after the event and decrease in days two and three are detected. 

Bottom: increase in night values of h’F and oscillations follow the 

HSS event. 

 

CME event causes less pronounced change in day and 

night foF2, although the responding Dst and Kp indices could 

have imply more serious change in ionospheric 

characteristics. Virtual heights h'F exhibit oscillations similar 

to the HSS event. In our previous work we found relatively 

strong effects of Magnetic Clouds to the ionosphere [10]. 

CME event present supports the results of [8] and [9] that 

CMEs without rotational magnetic field are much weaker in 

their ability to affect the ionosphere by means of the term 

"geoefectiveness". 

 

 
Fig. 4.  CME, Oct 31, 2005. Top figure: Less pronounced 

change in foF2 after the event. Bottom: Increase of h’F during night 

in comparison to reference days. Oscillations are present after the 

solar event. 
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It calls for a statistical study of HSSs and their ability to 

affect the ionosphere during current "prolonged" solar 

minimum. 
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Abstract. Two types of solar events are mainly responsible for geomagnetic and
ionospheric (geospheric) disturbances, (1) Coronal Mass Ejection (CME), including
its manifestation as Magnetic Cloud (MC) with rotational magnetic field, and (2)
High Speed Solar Stream (HSS) associated with the coronal holes. Each type has a
different ability to impact the geosphere. Three solar events in 2004 were selected
to study the ionospheric response above the Pruhonice observatory. The Magnetic
Cloud with the leftward rotation of magnetic field (MC L) on November 07, 2004
and the HSS event on March 09, 2004 were followed by a significant decrease of
the plasma density in the ionospheric height profiles and a sharp ascent of the
F2-layer, while the ionospheric response to the Magnetic Cloud with the rightward
rotation (MC R) on February 11, 2004 did not show significant changes in the
height of F2-layer or the peak plasma density. In all of the studied events, wave-like
oscillations of the virtual heights of F2 were observed in response to the impact.

Introduction

The ionosphere is a part of the atmosphere sufficiently ionized to affect the propagation of
radio waves. The height profile of the plasma density in the ionosphere can be characterized
by means of the vertical ionospheric sounding. Depending on time of day, season, geomagnetic
conditions, and other space weather events, the ionosphere splits into several layers of enhanced
plasma concentration (Davies, K.,[1990]). Since 1958, Pruhonice observatory (50.1N, 14.5E) op-
erates an ionospheric sounder that observes stratification of the ionosphere into the E and F (F1
and F2) layers by means of the vertical HF sounding in which an electromagnetic wave signal is
transmitted upward, reflected from the ionosphere, and received on the ground. Typical iono-
gram from the Pruhonice observatory and a description of derived ionospheric characteristics
can be found e.g. in Mosna et al., [2008].

The ionosphere is a highly variable system. It is sensitive to the solar and geomagnetic
activity, as well as dynamic events in the neutral atmosphere. Disturbances of the ionospheric
plasma affect operation of various communication and navigation systems, e.g. GPS, GALILEO,
Glonas (Belehaki et al., [2007]). Miscellaneous models of ionosphere use number of sunspots,
geomagnetic indices, day and year time, etc.(Mikhailov et al. [1996], Zolesi et al. [1993], Cander,
L., [2009]) to predict state of the ionosphere. In recent years, response of the ionospheric plasma
to the solar events is studied internationally. In 2004, a new digisonde DPS-4 replaced previously
operating IPS-KEL Aerospace ionosonde at Pruhonice observatory. The DPS-4 digisonde allows
additional measurements of the reflected signal, including its angle of arrival and polarization
(Huang and Reinisch, [1996], Reinisch et al., [2005]).

In our paper, we investigate response of the ionosphere to various types of solar events
that drive active processes in terrestrial plasma. The solar events will be categorized by the
magnetic field configuration of the associated coronal structures.

First group of solar events is characterized by poloidal magnetic field. During the solar
maximum periods, High Speed Solar Streams are formed in the areas of solar coronal holes
that are long lived regions of open magnetic field lines. The solar wind flowing from them has
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high speed, low plasma density and high plasma temperature. Second group is characterized
by toroidal magnetic field. Coronal Mass Ejections (CMEs) and their subset, Magnetic Clouds
(MCs), originate in the regions of closed magnetic field lines rooted at both sides in the Sun.
They are examples of short term events. CMEs have low proton temperature (low plasma
beta). MCs are distinguished by high magnetic field, smooth rotation of B and decreased
plasma temperature Burlaga et al., [1981]. It has been shown that these different types of
solar events influence differently the Earth’s magnetosphere. A term ’geoeffectiveness’ has been
introduced to describe this influence (Georgieva et al., [2006], Richardson et al., [2002]). MCs
are found to be more geoeffective drivers of the geomagnetic activity by means of DST response
than CMEs without rotation of B (Georgieva and Kirov, [2005]).

For our study, we have selected one HSS event and two MC types, with the leftward
rotation of the magnetic field (MC L) and the right-oriented MC R. The task of our paper is to
investigate ionospheric response to onset of each of the events and observe whether contrariwise
rotation of the magnetic field affects MCs ability to impact ionospheric characteristics.

Data

We have selected three different types of solar events of 2004, together with appropriate
geomagnetic indices DST and ionospheric data. According to the definition of HSS (v > 500
km s−1 and increase of velocity of more than 100 km s−1 within one day, accompanied by
high plasma temperature and low plasma density) and MC (high magnetic field, low beta
and smooth magnetic field rotation) (Georgieva et al., [2006]), we have chosen the HSS event
of March 09, 7 UT; the MC L event of November 07, 6 UT (during a ”superstorm”), and
the MC R event of February 11, 7 UT. Selected MC L event was followed by another MC
L two days later. Measurements of magnetic field, plasma density and solar wind velocity
were made by the ACE satellite, publicly available in the NASA CDAWeb database (http:
//cdaweb.gsfc.nasa.gov/). Total magnetic fields B, magnetic components in GSE Bx, By,
Bz and velocities are shown in Fig. 1. All events are characterized by Bz negative component.
The events were chosen to have the most similar properties (Bz negative etc.) as possible. After
removing of potential events when ionospheric data were not possible to analyze (e.g. useless
inograms with missing traces etc.) we chose HSS and MC R with similar values of B and Bz

and MC L with three times larger values of B and Bz.
For each event we manually processed eleven days of ionograms with the regular 15 minute

cadence. Four days prior to the event serve as the normal state reference. We study the
ionospheric response during remaining days after the event. From ionograms, we derived pro-
filograms (time series of the ionospheric plasma frequency profile), critical frequencies foF2
(maximum plasma frequency of the ionosphere), and virtual heights of bottom of the F2 layer
h’F2. The values h’F2 are computed from the time of flight of the reflected electromagnetic sig-
nal under assumption that its velocity equals to the velocity of light (Shapley, [1970]). Another
value, the height of the maximum electron concentration hmF2, is probably as well suitable for
the analyse. The advantage of value h’F2 comes from the reason that it is directly measured
from the trace on the ionogram while the value hmF2 is derived from the model of ionospheric
profile. Difference in results from NHPC and Polan models under disturbed conditions is de-
scribed in Sauli et al., [2007]. However, we will think about using both values in future work.

In general, geomagnetic disturbances had several hour delay after the beginning of the
event as recorded on the satellite (reference time). The transit time of the solar matter with an
increased velocity during the event to reach the Earth from the distance of the satellite is less
than one hour.

In present paper, we characterize ionospheric plasma by means of the plasma frequen-
cies since the ionosonde records the reflected electromagnetic waves with the frequency which
corresponds to the plasma frequency in the ionosphere. A conversion between typical plasma
frequencies in E and F layers and the electron concentrations is in Tab. 1.

http://cdaweb.gsfc.nasa.gov/
http://cdaweb.gsfc.nasa.gov/
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Table 1. Conversion table between typical ionospheric plasma fre-
quencies and electron concentrations

Plasma frequency (MHz) 2 4 6 8 10 12
Electron concentration (103 cm−3) 50 200 440 790 1230 1780
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Figure 1. Records of total magnetic field B (upper panels), components Bx, By and Bz
(middle), and velocity of solar wind (bottom panels ) in GSE during HSS (left), MC L, and MC
R (right). Dashed lines denote starts of the events. Dotted line in MC L shows following event
two days later.
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Figure 2. Dst indices in HSS, MCL and MCR (from left). Note different y-scale in MC L. The
highest response is in MCR case while the responses to HSS and MCL are comparable.

Fig. 2 presents similar values of Dst for the HSS and MC R events, while the Dst response
to MC L is three times stronger which correspond to the B (Bz) of the events.

Results and Discussion

HSS: Bottomside ionospheric density starts decreasing approximately half a day after the
morning event, in the evening hours. Both daytime and nighttime foF2 reduce. Night foF2
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values are >30 percent below the normal and daytime foF2 are reduced by >10 percent. Virtual
heights h’F2 a) increase from 300 km during the daytime to more than 350 km and b) exhibit
wavelike oscillations after HSS. The oscillation may indicate passage of the Traveling Ionospheric
Disturbance (TID) moving from the polar to equatorial areas along the magnetic field lines.
Plasma densities at all heights of the profile decrease in comparison to the reference days.
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Figure 3. Ionospheric responses in foF2 (top left), h’F2(bottom left) and plasma profile (right)
for HSS. Note the reduce in daily and night foF2 and oscillations of h’F2 after the event. Plasma
frequency falls in the profile.

MC L: This event is followed by another solar event two days later. We observe three
days of strong oscillations and rapid sharp changes of h’F2 as seen in Fig. 4. First ionospheric
response is seen in h’F2 within only few hours after MC L measured on the satellite. After the
first event daytime foF2 values rapidly drop below 5 MHz on the next day after the event (upper
left panel on the Fig. 4). The ionospheric densities recover quickly and we observe return of
foF2 to its previous typical values (9 MHz, two days after event). Then, when second event
occurs, we observe another drop of foF2 values below 5 MHz (see Fig. 4). During all last seven
days after the first event, the night values of foF2 remain steadily lower by about 30 percent.
Plasma frequencies in the height profile rapidly decrease, increase and decrease in day one, two
and three after the event, respectively similarly to the foF2 values (right panel on the Fig. 4).
The superstorm of November 7-8, 2004 triggers the strongest response in the ionosphere out of
three events we studied.

MC R: Diurnal pattern of foF2 values after the event is more or less normal. There is no
significant change of the foF2 mean values for most or the daytime. Night ionization is reduced
as seen in Fig. 5. Strong wavelike oscillations in h’F2 are present during last five days and
several short–term significant increases of h’F2 do occur. There are no other significant changes
in the plasma frequency profile.

Conclusion

Three solar events from February, March and November 2004 are analyzed.
HSS and MC L cause significant change of all discussed ionospheric parameters. The

ionospheric response occurs several hours after the onset of geomagnetic storm and in both
cases is manifested by a) decrease of foF2, b) increase in heights of F2 layer, and c) decrease
of plasma frequency in the height profile, in comparison to reference days. There is a quick
recovery to previous typical values in case of MC L two days after the event.
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Figure 4. Rapid fall of foF2 one day after MC L is followed by recovery phase and fall again
after second event (left upper panel). Strong oscillations in virtual heights are observed (left
bottom pannel). Right panel shows changes in plasme frequency profile. The response was so
strong that several ionograms are impossible to analyse due to missing reflections.
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Figure 5. Practically no change in daily values of foF2. Decrease of night foF2 (left upper
panel) and oscillations shortly after MC R with several peaks of h’F2 during analysed days (left
bottom). No significant change in plasma profile is observed (right panel).

A weaker ionospheric response was observed in the case of MC R. We detected no significant
changes of ionospheric parameters compared to the reference days. Oscillations of foF2 and h’F2
are observed similarly as in cases of HSS and MC L.

Several reasons, or more probably, their combination, can be considered to explain dramatic
decrease of the plasma density after HSS and MC L events. According to Tascione, [1994],
ionization/recombination conditions change due to variation of chemical composition during
the ionospheric storm, and thus modify rate coefficients. Change in solar flux entering the
Earths atmosphere may be another cause. The uplift of the F2 layer with the plasma outflow
upward and in the direction along the magnetic field lines may be another explanation. Due to
atmospheric wave passage, we may also observe changes in the shapes and heights of the layers
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(Sauli et al., [2006]). Even though the Dst indices differ strongly in cases of HSS and MC R,
the ionospheric responses are comparable. Although Dst index is widely used, it is not sufficient
enough for reasonable prediction or description of the state of the ionosphere.

For better understanding of the ionospheric responses to solar events we are planning to
choose more solar events and to involve greater number of ionospheric locations to examine
longitudinal and latitudinal dependences.

Color version of present paper is available at http://www.mff.cuni.cz/wds/contents/
wds09.htm.
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Z. Mošna1,2, P. Koucká Kńıžová2
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Abstract.
An automatic method for visualization of variability of ionospheric plasma in

terms of ionospheric layers is presented. Here, we use the virtual reflection height
for visualization. We directly plot the height–time dependence using original raw
digisonde outputs. It gives us an opportunity to promptly visualize the ionospheric
digital data and locate events of the interest for further analysis. In this paper, we
present a variability in height of sporadic E-layer, but this method is applicable for
any ionospheric region.

Introduction

Ionospheric layer is an area of increased density of ionospheric plasma. The ground mea-
surements using ionosonde allow us to observe present ionospheric layers (Hargreaves, [1992],
Davies, [1990], Sauli et al., [2006], Cander, [2009]). Sporadic E–layer (Es) is a special strati-
fication of very thin layer(s) of high ionization occurring at height of E–layer which is usually
90–150 km (for instance Wakai et al., [1986] and others). Ionization in a such layer often
exceeds maximum ionization density in the F–layer, however the Es is formed in much lower
heights than usual maximum density peak. Es characteristics have been studied over many
years (e.g., see review by Whitehead, [1989]). It is believed that vertical wind shears in the neu-
tral velocity play a major role in the formation of Es. Thus this layer is controlled by complex
neutral dynamics in the mesosphere and lower thermosphere (Bayru, [2007], Haldoupis et al.,
[2007]). In midlatitudes it is formed mainly (but not only) during summer season in heights of
approximately 90 to 150 km. The Es is composed mainly of the metallic ions of meteoric origin
(rocket measurements, e.g., Roddy P. A., [2005]). However, the dynamics and conditions of its
exhibition are not well understood.

Basic characteristics of Es derived from ionogram are critical frequency foEs and virtual
height h’Es. The term critical frequency is equal to maximum plasma frequency of particular
layer (higher frequencies than foEs do not reflect back from this layer) and virtual height is a
height of the layer computed from the time–of–flight of the reflected signal under assumption
that its velocity is equal to a velocity of light in free space (real height is lower than virtual
because the signal passes through ionized medium). The ionosphere is highly variable and both
critical frequency and height of the layer(s) changes rapidly under the influence of solar activity,
day–time, season etc. These variations are reflected in changes of ionospheric parameters,
namely critical frequency and height of the layers.

In our paper, we present an automatic visualization method suitable for indication of
vertical movements of ionospheric layers (decreasing or increasing of the height of the layer),
using raw digisonde data for the DPS-4 digisonde outputs (Huang and Reinisch, [1996], Reinisch
et al., [2005]).

Method

We prepared our software for the digital ionosonde (digisonde) DPS–4 (replaced by DPS–4D
in January 2010) in Pruhonice (50.1N, 14.5E). The digisonde measures the time–of–flight of the
transmitted signal detected after reflection from ionosphere and represents it as an ionogram.
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The ionogram is thus a time–frequency characteristic of the ionosphere (Mosna et al., [2009]).
Left and right panels in Fig. 1 show raw output and the standard visualization of the ionogram
(using the Sao Explorer software, Conway et al., [2006]), respectively.

Figure 1. Left panel – Original output from the digisonde (RSF binary file). The frequency
and height range and other descriptions are defined in the header of the RSF. Right panel –
ionogram visualization from standard digisonde software Sao Explorer. Both panels show first
and secondary reflection of the F–layer.

From this plot, we can directly read virtual height, and critical frequency of the layer,
or compute true height ( , or electron density profile using standard software (e.g., NHPC
Huang and Reinish, [1996], POLAN algorithm Titheridge, [1985], etc.). We follow the idea
of Haldoupis et al., [2006] who used the Canadian Advanced Digital Ionosonde (CADI) raw
outputs to study vertical movements of the ionospheric layers. They invented the Ionogram
Height–Time Intensity analysis (HTI) and computed the overall intensity of the reflected signal
as a function of the height and time. They created HTI plots within a range of heights versus
one 24–h day by averaging over a given number of days. It allowed them to study daily vertical
movements averaged to a chosen number of days and variability of the Es layer. They also
used different frequency ranges, namely from 1.5–3.0 MHz to 5.0–7.0 MHz to describe different
behaviour of plasma of the different plasma concentration.

We developed a software which automatically reads the raw digisonde outputs from DPS–4
for similar purpose. During the digisonde sounding, an ionogram is stored in a RSF (Routine
Scientific Format) file as the binary map (Fig. 1 - left panel and Fig. 2 - left panel) representing
the amplitude of the reflected signal. Both the resolution and range depend on the setting of the
ionosonde (Reinisch et al., [2005]). The particular resolution of our digisonde is 5 km and 0.1
MHz for the virtual height and frequency, respectively, in all data described. Time resolution
of the ionograms is adjustable as well. Usually, 4 ionogram per hour are recorded.

We choose the frequency and height of the window. Using both frequency and height of
the window we may locate the layer of our interest. The frequency range is chosen for the
study of movements of ionospheric plasma of selected plasma frequency range and the exact
values will remain as a parameter which will be changed according our necessities. It allows us
for example compare vertical movements of the plasma with different plasma frequencies. The
height window is necessary for the normalization as follows. As first, we subtract mean value of
the amplitudes for each frequency (Fig. 2 - right panel) and then in this modified ionogram we
put the maximum reflected signal for each frequency to be 1. The mean and maximum values
are derived from the chosen height interval. Such a treated plot shows distinct reflections from
the ionospheric layers with a much lower noise background (Fig. 3 - left large panel). The right
strip in Fig. 3 represents average value of the amplitude of received signal for each height step
in left ionogram. To increase the signal/noise ratio and to get the image with more distinct
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layers we only use 60 % of the higher values to compute the mean (this value may be changed,
see Discussion). Thus, we get the ”mean” signal for each height. High values of signal indicate
that a significantly high plasma concentration was present in particular height (Fig. 3-strip on
the right side). These strips (one strip covers 15 min.) are then used to create the final plot
showing changes of height of layer(s) during time. Example of two–days situation is present in
the upper panel in Fig. 4. For a comparison, the same time visualized using standard digisonde
software Sao Explorer can be seen in middle (foEs) and bottom panel (h’Es) in Fig. 4. The
Sao Explorer visualization encounters problem when more than one Es layers are present.

Figure 2. Left panel – Original output from the digisonde. Mention the high noise at the
frequencies where no reflection is present and different value of noise at each sounding frequency
(the frequency step is 0.1 MHz step). At the frequency where we detect signal reflected by the
ionospheric layer we observe a weaker noise. Right panel – first step of normalization after
subtracting the average value for each frequency.

Figure 3. Left panel - Final ionogram after the normalization. The shape of layers are well
recognisable. The flat low layer is the Es with the secondary reflection. The curved high layer
is the F2 layer. Right thin strip – transformation from the amplitude as a function of height
and frequency to the ”average” amplitude as a function of height. The ”average” amplitude is
computed from 60 % of the highest amplitudes.

height vs. time 2 days using AVM and Sao Explorer

Discussion and Results

We present the method how to process the raw ionograms. Unlike the standard Sao Ex-
plorer outputs we do not loose information when the multiple layers occur.
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Figure 4. Upper panel–Two days of the Es–layer movements are plotted using 182 (two days
of 15 min resolution) ”stripes” similar to the 3b. The upper part above 150 km is visualized but
the color (or bw) scale is suppressed as this height range was not included into computation.
Middle and Bottom panels–foEs and h’Es plots from the Sao Explorer outputs. The h’Es course
seems to be less regular than using our method as just one value of h’Es in one time is recorded.

Fig. 4 represents the course in the Es–height development during two days using standard
and our method. Our method shows more illustrative and vivid development in Es heights.
Using this we are able to detect situation when two types of Es layers are present in one
ionogram. The 1–D time–series created by standard method only operates with one value of
the virtual height in one moment.

The periodicity in Es occurrence and height development may be detected. Papers of e.g.
Pancheva et al., [2003], Haldoupis et al., [2004] brought investigation of influence of planetary
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waves on the Es. Sauli and Bourdillon, [2008] used a Continuos wavelet transform (CWT) and
present the characteristic periods in the Es–layer behavior. Beside, the 24 and 12 hour period
that were observed they suggest that the 8 hours period is an important feature for this layer as
well. Upper panel in Fig. 4 presents two days of decreasing in height of Es, vanishing and new
layer formation with the period of roughly 12 hours. However, the situation is more complicated
as you can see for example during Day 2 in the afternoon. Two types of Es in one moment
are present in the plot in Day 1 at about 1600 UT, or in Day 2 in several moments within the
interval between approximately 1530 and 1830 UT.

The parameters used during the normalization (e.g., managing the quasi–logarithmic signal,
using upper 60 % of signal to compute the resulting ”strip” etc.) will probably need to be
specified. The height range which is necessary to remove unwanted signal (e.g. secondary
reflections or different layers that are out of our interest) will be changed according to our needs
and according to the ionospheric situation. The frequency range is more sensitive parameter
and will need more testing. Large frequency range may especially during studying of Es–layer
include the close but unmeant E–layer. Small frequency window may remove important part
of our signal. The window 90–150 km and 3–5 MHz was used in the upper panel in Fig. 4 and
the plot is in good agreement with manual checking of the ionograms.

Utilisation of this method may be in ”Quick look–like” visualization of measured data and
choosing time interval of interest which will be afterwards manually scaled and furthermore
analysed. We may for example visualize the situation before, during, and after the geomagnetic
storm or during similar irregular process affecting the state of the ionosphere (Georgieva et al.,
[2006]). The possibility of visualization of multiple layering is a point that should be emphasized.
Further, we are able to study vertical movements and variability of regions with a plasma density
of our interest. In the future, this method will be adapted according our demands for example
as a tool for multi–day averaging of the signal.

Color version of present paper is available at http://www.mff.cuni.cz/wds/contents/

wds10.htm.
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1. Introduction  

Terrestrial atmosphere shows a high variability over a broad range of periodicities, which 
mostly consists of wave-like perturbations characterized by various spatial and temporal 
scales. The interest for short time variability in ionospheric attributes is related to the role 
that ionosphere plays in the Earth's environment and space weather. Acoustic-gravity 
waves (AGWs), waves in the period range from sub-seconds to several hours, are sources of 
most of the short-time ionospheric variability and play an important role in the dynamics and 
energetics of atmosphere and ionosphere systems. Many different mechanisms are likely to 
contribute to the acoustic-gravity wave generation: for instance, excitation at high latitudes 
induced by geomagnetic and consequent auroral activity, meteorological phenomena, 
excitation in situ by the solar terminator passages and by the occurrence of solar eclipses.  
During solar eclipse, the lunar shadow creates a cool spot in the atmosphere that sweeps at 
supersonic speed across the Earth’s atmosphere. The atmosphere strongly responds to the 
decrease in ionization flux and heating. The very sharp border between sunlit and eclipsed 
region, characterized by strong gradients in temperature and ionization flux, moves 
throughout the atmosphere and drives it into a non-equilibrium state. Acoustic-gravity 
waves contribute to the return to equilibrium. At thermospheric heights, the reduction in 
temperature causes a decrease in pressure over the totality footprint to which the neutral 
winds respond. Thermal cooling and downward transport of gases lead to neutral 
composition changes in the thermosphere that have significant influence on the resulting 
electron density distribution. Although the mechanisms are not well understood, several 
studies show direct evidence that solar eclipses induce wave-like oscillations in the acoustic-
gravity wave domain.  
Many different mechanisms are likely to contribute to wave generation and enhancement at 
ionospheric heights. Hence, it is difficult to clearly separate or differentiate each contributing 
agent and to decide which part of wave field belongs to the in situ generated and which part 
comes from distant regions. First experimental evidence of the existence of gravity waves in 
the ionosphere during solar eclipse was reported by Walker et al. (1991), where waves with 
periods of 30–33 min were observed on ionosonde sounding virtual heights.  

1.1 Ionospheric sounding 
As the solar radiation penetrates Earth’s atmosphere it forms pairs of charged particles. 
Under a normal day-time conditions the ionization solar flux increases immediately after 
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sunrise, reaches maximum around local noon and decreases again till sunset. Under such 
conditions concentration of charged particles significantly grows in the atmosphere and forms 
atmospheric plasma called ionosphere. Due to the composition of the neutral atmosphere 
together with the changing efficiency of the incoming solar radiation, ionosphere is stratified 
into the layers denoted D, E, F1 and F2. After sunset, electrons and ions recombine rapidly in 
the D, E and F1 layer. Due to slower recombination processes of atomic ions that dominate at 
heights approximately above 150km altitude, F2 layer remains present all the night. Special 
stratification Es, sporadic E layer, occurs sometimes at heights of E layer (Davies, 1990). 
Ionosphere significantly affects propagation of the electromagnetic waves. According to a 
frequency of the wave with respect to a concentration of the ionospheric plasma, wave 
propagates through the medium or it is reflected. Electromagnetic waves with frequency 
lower than plasma frequency of the particular plasma parcel are reflected, which allows to 
estimate plasma frequency. Higher frequency waves propagate through plasma. An 
instrument called ionosonde (or digisonde) transmits electromagnetic wave of a defined 
frequency and detects it after reflection from the ionosphere. Typical ionosonde sounding 
range is 1 MHz – 20 MHz. For each sounding wave ionosonde records time of flight τ on the 
path transmitter - reflection point – receiver.  Time of flight is simply converted into a 

virtual height virtual

.c
h

2

τ
=  that corresponds to wave propagation in the vacuum (c stands 

here for speed of light). Virtual height is equal or higher than the corresponding real height. 
The output of the measurement is height-frequency characteristics called an ionogram. Real 
height electron concentration profiles can further be inverted from ionograms using for 
instance programs POLAN (Titheridge, 1985) or NHPC (Huang and Reinish, 1996). 
Ionosphere represents inhomogeneous and anisotropic medium which leads to a wave 
splitting into an ordinary and extraordinary wave modes. Hence, two reflection traces are 
recorded by the ionosonde (as seen on ionograms in Figure 1). However, the extraordinary 
mode is not further used for electron concentration profile inversion. 
Figure 1 shows typical day-time and night-time ionograms recorded by a digisonde in the 
observatory Pruhonice. Together with the ionograms there are plots of the real height 
electron concentration derived by NHPC routine. On the day-time electron concentration 
profile, three ionospheric layers E, F1 and F2 are present while on the night-time profile 
there is only F2 layer detected by the ionosonde. 
Sequences of ionograms are widely used for analyses of variability of atmospheric plasma 
ranging from detection of rapid changes with periods of minutes to the study of long-term 
trends. 

2. Basic theory of AGWs in the Earth’s atmosphere 

Most of the wave-like oscillations in the atmosphere can be described/parametrized using 
basic acoustic-gravity wave theory in the atmosphere. Details can be found, for instance, in 
works of Davies (1990), Bodo et al. (2001), Hargreaves (1982), Yeh & Liu (1974) among 
others. Here, we show brief derivation of the dispersion relation that any wave motion of 
the AGW type must satisfy. In a plane-stratified, isothermal atmosphere under gravity that 
is constant with height, two frequency domains exist in the atmosphere where atmospheric 
waves can propagate, acoustic and gravity wave. Atmosphere represents compressible gas 
that once compressed and then released would expand and oscillate about its equilibrium 
state. Its oscillation frequency is known as an acoustic cut-off frequency  
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 ω =a

c

2H
 (1) 

where c is speed of sound  

 = γc gH  (2) 

γ is the ratio of specific heats at constant pressure and constant volume, g is the gravitational 
acceleration, and H is the scale height. For diatomic gas γ ~ 1.4. 
 

 
(a) 

 

 
(b) 

Fig. 1. Typical day-time (a) and night-time ionogram (b) measured by digisonde DPS 4 in 
the Observatory Pruhonice. On both plots, there is real hight electron concentration (solid 
line with error bars) provided as obtained by the NHPC routine. 
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Single element of fluid, parcel of the atmosphere, at height z with density ρ which is 

displaced in the vertical by Δz to a place where its density changes to ρ+Δρ, remains in 
pressure equilibrium with its surroundings. Displacement takes place adiabatically. This is 
valid when the motion is so slow that sound waves with speed 

 dp
c

d
=

ρ
 (3) 

where p stands for pressure can traverse the system faster than the time-scale of interest and 
the motion is so fast that the entropy is preserved. The parcel is no longer in equilibrium 
and starts to oscillate about its equilibrium height with buoyancy frequency.  
The buoyancy force which acts on the parcel is balanced by inertial force (Newton’s  second 
law):  

 ( )ρ Δ = − Δρ
2

2

d
z g

dt
 (4) 

where Δρ is the difference between internal and external densities. 
Internal and external Δρ are derived as: 

 ( )
ρ

Δρ = Δ = − Δ2

2internal

g
p /c z

c
 (5) 

which is due to compressibility of the fluid within the membrane and  

 ( )
ρ

Δρ = − Δ
external

d
z

dz
 (6) 

is the change of background density at new position due to inhomogeneous nature of the 
atmosphere. Taking both the contributions of Δρ we get 

 ( ) ( ) 
Δ = ρ + Δ  

2
2 2

2

d d
z g ln g c z

dt dz
 (7) 

which can be recast into 

 ( )Δ + ω Δ =
2

2
B2

d
z z 0

dt
 (8) 

where 

 ( ) 
ω = − ρ +  

2 2
B

d
g ln g c

dz
 (9) 

If 2
Bω >0, the solution is oscillatory and the fluid parcel will oscillate with characteristic 

buoyancy frequency ωB called Brunt-Vaisala frequency. 
More convenient form used for atmosphere is following: 

 ( )ω = γ − +2 2 2 2 2
B 1 g c g /c dc /dz  (10) 

This approximation is valid in the atmosphere-ionosphere system of our interest. 
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In isothermal atmosphere Bω  reduces to  

 ( )ω = γ −2 2 2
B 1 g /c  (11) 

In the terrestrial atmosphere the buoyancy period depends on the height. The height 
variance of the acoustic cut-off and buoyancy frequencies in the isothermal atmosphere is 
shown in Figure 2.  
 

 

Fig. 2. Height dependence of acoustic cut-off period ta and Brunt-Vaisala period tB that 
represent limits dividing periods into acoustic and gravity wave domains. Period domain 
between acoustic cut-off and Brunt-Vaisala represents region where no AGW propagates. 

Wave motion in the atmosphere can be described using mass conservation (continuity 
equation), and equation of motion:  

 
→ →∂ρ  

+ ρ∇ + ∇ ρ = 
∂  .u u. 0
t

 (12) 

 
→

→ → 
∂   ρ + ∇ = −∇ + ρ  ∂   

u
u. u p g

t

 (13) 

where pressure gradients and gravity are the only forces causing the acceleration. 
Oscillation takes place adiabatically 

 
→ →∂ ∂ρ   

ρ + ∇ = γ + ∇  ∂ ∂  
p

u. p p u.
t t

 (14) 

where ρ, p,γ and u
→

 are parameters of the atmosphere – density, pressure, ratio of specific 
heats, and velocity. 

tB 

ta 
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Applying the perturbation approach we are searching for wave-like solutions for the 

perturbation quantities. Further simplification comes from the assumption that the 

background state is of constant temperature T in which p0/ρ0 must be a constant. 

 ρ = γ2
0 0p / c /  (15) 

Then the system (12), (13) and (14) reduces to:  

 
→ →∂ρ

+ ρ ∇ − ρ =
∂

0 0 z

'
.u ' u /H 0

t
 (16) 

 
→

∂
ρ + ∇ − ρ =

∂
0

u
p' 'g 0

t
 (17) 

 ∂ ∂ρ   
ρ − = γ − ρ  ∂ ∂  

' '
0 0 z 0 0 z

p' '
p u /H p u /H

t t
 (18) 

where index 0 denotes stationary (non fluctuating) component and the apostrophe denotes 

perturbation. These are the basic governing equations for the gravity waves. For a non-

trivial solution the following prescription of the dispersion relation must be satisfied: 

 ( )ω − ω ω − ω − ω − ω =4 2 2 2 2 2 2 2 2 2
a x g zk c c k 0  (19) 

From disperse relation, it is evident that between buoyancy frequency and acoustic cut-off 

frequencies one cannot have both kx and kz real. Figure 2 shows two period domains with 

border limits of acoustic cut-off period and buoyancy period.  

An attenuation or growth in the wave amplitude must occur in either the vertical or the 

horizontal directions. We suppose that there is no variation in amplitude in horizontal 

directions so that kx is purely real and kz has an imaginary component. At frequencies 

exceeding acoustic cut-off ωa, expression (19) becomes simple and the waves may be termed 

as ACOUSTIC WAVES. At frequencies smaller than Brunt-Vaisala frequency where gravity 

plays an important role, the waves are called GRAVITY or INTERNAL GRAVITY WAVES. 

Brunt-Vaisala frequency and acoustic cut-off frequency divide the frequency spectrum into 

two domains in which ωg
 
forms the high frequency limit for one class ω<ωg normally called 

internal gravity waves and ωa
 
is the low frequency limit for another class ω>ωa called the 

acoustic waves. A gap in the frequency spectrum exists between ωg
 

and ωa where no 

internal waves can propagate. 

Important approximations can be obtained under the assumption zk 1 2H>>  and 

gω << ω then: 

 ( )= ω ω2 2 2 2
z g xk / k  (20) 

These approximations apply to much of the observed gravity waves. From (20) we see that 

the angle of ascent of the phase α is: 

 α = = ω ω = τ τz x g gtg k /k / /  (21) 
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The motions of the air parcels are, in general, ellipses in the plane of propagation and have 
components transverse to the direction of wave propagation. The ratio of the horizontal 
displacement ξ  to its vertical displacement ζ  is: 

  ω ωξ  ω  = − −    ζ ω ω ω    −   
ω 

x 22
gaz

2

x

ck
ck

i
ck

1

 (22) 

On the frequencies just above the acoustic cutoff the air motion is essentially vertical. With 

acoustic waves on high frequencies the motion is radial as in sound waves. The motion is 

circular with horizontal propagation at a frequency a 2 /ω γ . Gravity wave propagation is 

limited to angles between  

 −
 ω

φ =   ω 
1

min

g

sin ,

 

−
 ω

φ = π −   ω 
1

max

g

sin  (23) 

The sense of rotation of the air for gravity waves is opposite than for acoustic waves. As Φ 
approaches its asymptotic values the air motion becomes linear and transverse to the 
direction of propagation. Air parcel rotation is clockwise in case of acoustic waves while 
anticlockwise in case of gravity waves. Energy vector lies in the same quadrant as direction 
of propagation of acoustic waves. Energy flows up when phase travels down and vice versa 
in case of gravity waves propagation. This is important property since it accounts for the 
observed downward phase propagation when the source is below the level at which a 
disturbance is observed. 
The horizontal ux and vertical uz components of the packet velocity are obtained from 
disperse relation: 

 

( )
( )

( )

ω − ω
=

ω ω − ω −

ω
=

ω ω − ω −

2 2 2
x g

x 2 2 2 2
a

2 2
z

z 2 2 2 2
a

c k
u

2 c k

c k
u

2 c k

 (24)

 

Due to coupling between neutral and charged components the initial wave-like oscillation in 
the neutral atmosphere induces wave-like perturbation in the ionosphere. Perturbation in 
the ion production is the most effective when solar ionizing rays are nearly in alignment 
with the initial wave front. Perturbations in the neutral atmosphere may cause perturbations 
in chemical processes. Presence of AGW influences the ionisation rate through changes in 
the local neutral density and temperature, and through changes in the ionisation radiation 
absorption (Hooke, 1970).   

3. AGW in the ionospheric plasma 

Acoustic-gravity waves are always present in the Earth’s atmosphere. AGWs arise from 
many natural sources like convection, topography, wind shear, moving solar terminator, 
earthquakes, tsunami, etc. Increase in wave-like activity is associated also with human 
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activity including coordinated experiments or unwilling accidents. AGWs influence on the 
upper atmosphere is not yet understood enough. They produce a great amount of variability 
and contribute to the background conditions in a specific parcel of the atmosphere. Gravity 

waves propagating from lower laying atmosphere have been long regarded as a very 
important source of the energy and momentum transfer in the upper atmosphere (Hines, 
1960). The breaking of the upward propagating waves affects wind system, generates 
turbulence and heats the atmospheric gas.  

Waves that reach upper atmosphere produce travelling atmospheric disturbances (TAD) or 
travelling ionospheric disturbances (TID) and even form the ionospheric inhomogenities 
which grow and finally break into the plasma instabilities observed by radar techniques that 
might cause scintillation of the communication signals propagating through the ionosphere. 

From the observation it is evident that the thermosphere is continuously swept by the 
acoustic-gravity waves. Statistically, the waves show a moderate preference for southward 
travel, with this preference being reduced or shifted to southeastward travel during 

disturbed times (Oliver et al., 1997). Experimental studies show that AGW activity in the 
ionosphere slightly increases during dawn and dusk periods of the day (Galushko et al., 
1998; Somsikov & Ganguly, 1995; Sauli et al., 2005 among others). Influence of infrasonic 
waves generated by ground experimental sources on the ionosphere was reported for 

instance by Rapoport et al. (2004). 
Solar eclipse represents well defined source of the AGW in the atmosphere and 
ionosphere systems. During solar eclipse event, solar ionization flux decreases producing 

well-defined cool spot in the atmosphere that moves through the Earth’s atmosphere. 
Moving source in the atmosphere can emit both acoustic and gravity waves. Supersonic 
motion of the source forms wave field with bow wave. Both acoustic and gravity waves 
can be radiated in association with supersonic motion in the atmosphere. When the source 

is moving within atmosphere with subsonic velocity only gravity waves can be emitted 
(Kato et al., 1977). 

4. Solar eclipse event – signatures in the ionospheric plasma 

It has been proposed by Chimonas and Hines (1970) that solar eclipses can act as sources for 

AGWs. The lunar shadow creates a cool spot in the atmosphere that sweeps at supersonic 
speed across the Earth. The sharp border between sunlit and eclipsed regions, characterized 
by strong gradients in temperature and ionization flux, moves throughout atmosphere and 
drives it into a non-equilibrium state. Earth atmosphere shows variable sensitivity to the 

changes of ionization flux.  

4.1 Experiments 
Solar eclipse event represents phenomenon that can be precisely predicted, hence many 
observational campaigns are organised around the world. Effects of the solar eclipses on the 
ionospheric plasma are studied by mean of GPS techniques, radars, vertical ionospheric 

soundings etc. Study limitations lay mainly in the fact that there are no identical solar 
eclipse events. Moreover, solar eclipse induced effects are easily to be mixed with effects 
caused by geomagnetic field variations, diurnal changes of the ionosphere, seasonal 

variability of the atmosphere/ionosphere etc. In the upper atmosphere, AGWs can be 
observed either directly as neutral gas fluctuations or indirectly as induced ionospheric 
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plasma variations. Despite intensive research many questions in the problem of the 
generation and propagation remain to be understood.  
Studies by Fritts and Luo (1993) suggest that perturbations generated by the eclipse induced 
ozone heating interruption may propagate upwards into the thermosphere–ionosphere 
system where they have an important influence. Temperature fluctuations and electron 
density changes propagate as a wave, away from the totality path, cf. Muller-Wodarg et al. 
(1998). By means of vertical ionospheric sounding, Liu et al. (1998) detected waves excited 
during solar eclipse event at F1 layer heights and their generation and/or enhancement 
attributed to changes of temperatures and variations of the height of the transition level for 
the loss coefficient and the height of the peak of electron production. Studies reported by 
Farges et al. (2001) suggest a longitudinal diversity of the disturbances with respect to pre-
noon and postnoon phases. Xinmiao et al. (2010) reported synchronous oscillations in the Es 
and F layer during the recovery phase of the solar eclipse. Ivanov et al. (1998) found that 
during solar eclipse with maximum obscuration of about 70% the F-region electron density 
decreased by 6-8% compared to a control day and detected travelling ionospheric 
disturbances. Additionally, they detected strong variations in the difference group delays 
with a period about 40 minutes associated with the start and end of the eclipse. Oscillations 
in the ionosphere, similar to gravity waves, were observed following some solar eclipse 
events (Chimonas and Hines, 1970; Cheng et al., 1992; Liu et al., 1998; Sauli et al., 2006). 
Investigation of the latitudinal dependence of NmF2 (the maximum electron density of the 
F2 layer) indicated that the strongest response was at middle latitudes (Le et al., 2009). The 
response of the sporadic-E (Es) layer also differed in each solar eclipse event. A remarkable 
decrease in Es layer ionization was observed during the eclipse of 20 July 1963 (Davis et al., 
1964). Enhancement of Es layer ionization has also been reported and it has been suggested 
that it is related to internal gravity waves generated in the atmosphere during the solar 
eclipse (Datta, 1972). 

4.2 Processes induced by solar eclipse 
During the solar eclipse, on the time scale shorter than day-night change, the ionosphere 
reconfigures itself into a state similar to that of night situation. Photochemical ionization 
falls heavily almost to a night-time level. With the decreasing solar flux, atmospheric 
temperature falls in the moon shadow creating a cool spot with well defined border. Then 
the increasing solar flux starts ionization processes and warms the atmosphere again to 
daytime level.  
Such changes in the ionization cause variation in the reflection heights, decrease/increase in 
electron concentration at all ionospheric heights, decrease/increase in the total electron 
content, rising/falling of the layer height. Such effects are characteristic for the processes 
during sunrise/sunset in the ionosphere. However, supersonic movement of the eclipsed 
region represents a key difference from the regular solar terminator motion at sunrise and 
sunset times. These changes in the neutral atmosphere and ionosphere induced by solar 
eclipse force the evolution of the ionospheric plasma toward a new equilibrium state. The 
return to equilibrium is likely accompanied by the eclipse induced wave motions excited in 
the atmosphere. Any moving discontinuity of gas parameters such as temperature, pressure 
etc. will generate transit-like waves. In the upper ionosphere, waves can be generated by a 
strong horizontal electron pressure gradient. Possible mechanisms contributing to the wave 
generation in the region of solar terminator are in detail discussed by Somsikov & Ganguly 
(1995). 
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Solar eclipse induces changes in all atmospheric regions extend from the upper atmosphere 

down to ground level. Despite the low magnitude of the eclipse induced effects at ground 

level, Jones et al. (1992) reported wave-like oscillation related to eclipse on the 

microbarometer pressure records. The cooling effect of the Moon’s shadow may induce the 

powerful meridional airflow in the atmosphere, which accelerates the ionized clouds in the 

Es layer and forms the wind shear to raise the observed Doppler frequency shift and foEs 

values, respectively (Chen et al., 2010).  

5. Solar eclipse observed by vertical ionospheric sounding in midlatitudes 

Vertical sounding measurements provide local information on the electron density 

distribution of the bottomside ionosphere. Electron concentration in the plasma and its 

corresponding plasma frequency are related via following equation:  

 
2

2
p

0

Ne
f

4 m
=

πε
 (25) 

where fp denotes plasma frequency and N, e, ε0 and  m stand for the electron 

concentration, the charge of electron, permittivity of free space, and the mass of the 

electron, respectively.  

This section summarizes experimental results from the midlatitude ionospheric observatory 

Pruhonice (50N, 15E). At the observatory, the vertical sounding measurements were 

performed with ionosonde IPS 42 KEL Aerospace till the end of year 2003. Then this older 

equipment was replaced by digisonde DPS 4. Special campaigns of rapid sequence 

soundings were organized in order to study in detail ionospheric behavior during partial 

solar eclipses of 11 August 1999, 4 January 2011 and annular solar eclipse 3 October 2005. All 

three analyzed events were characterized by low geomagnetic activity; hence they represent 

a good occasion to observe mostly solar eclipse induced effects in the ionosphere. However, 

inconclusive results of the solar eclipse observations rise from the fact that different solar 

eclipses produce different plasma motions. Indeed, the travel cone geometry and its angular 

effects on the magnetized plasmas are different for each eclipse.  

Solar eclipse of 11 August 1999 (as a total seen in place as close as 200 km from the 

measurement point) represents so far the event of the highest solar disc coverage observed 

in the Observatory Pruhonice. Figure 3 depicts sequence of raw ionograms measured during 

this event by IPS 42 KEL Aerospace equipment. The ionograms were recorded with the 

cadence of 1 minute. On the ionograms there is clearly seen that the eclipse event affects 

whole electron density profile. Critical frequencies in the E and F layer decrease before 

maximum disc occultation and then increase again. The electron density decrease in the E 

layer is much stronger than in the F layer due to different dominant type of the 

recombination. Electron density fall and increase occur simultaneously with occultation 

and de-occultation of the solar disc in the E and F1 layer while the F2 layer electron 

density reacts with slight delay. There are special structures of the spread F type 

developed on the profile after beginning of the solar disc occultation (clearly seen on 

ionograms at 9.14 UT and 9.16 UT). Shape of the F layer is affected as well. Unfortunately, 

effects in the F1 region cannot be discussed here in details because F1 layer is blanketed 

by strong sporadic E layer during part of the solar eclipse.  

www.intechopen.com



 
Acoustic–Gravity Waves in the Ionosphere During Solar Eclipse Events 

 

313 

 

Fig. 3. Sequence of raw ionograms measured by the ionosonde KEL Aerospace IPS 42 at the 
observatory Pruhonice. During the special campaign ionograms were recorded with one-
minute resolution in order to study rapid ionospheric changes during the solar eclipse. 
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Detail analysis of electron concentration by mean of spectral analysis reveals that within 
oscillation of electron concentration there occur several clear wave-like oscillations. It has 
been shown by Sauli et al. (2007) that wavelet spectral analysis is very convenient approach 
for such wave detection. The advantage of the wavelet based analysis is identification of the 
structure occurrence time which helps to associate particular wave-like structure to the 
agent. Figure 4 shows estimated wave parameters for selected structure that is coherent 
through all studied heights. Parametrization of the wave-like structure is based on AGW 
approximation described in Section 2. From Figure 4 it is evident that wave originates at 
height of about 200 km and propagates upward and downward from the source region. 
 

 

Fig. 4. Parameters of acoustic-gravity wave structure detected within ionospheric plasma 
during solar eclipse event 11 August 1999 (Sauli et al., 2007). Panels: wave vector (a), phase 
velocity (b), packet velocity (c), wave number (d), energy (e) and phase (f) angles. For the 
vectors of first row, the ‘□’ correspond to the measured (full squares) and computed (empty 
symbols) z-components, the ‘○’ correspond to the horizontal components while the ‘∇ ’ are 

related to the modulus. 

Another representation of the rapid changes in the ionospheric plasma is shown on the 
profilogram (Figure 5) measured during solar eclipse 3 October 2005 by DPS 4. Decrease in 
the plasma frequency at all heights is well developed. Within plasma frequency oscillation, 
several wave coherent structures were found that can be attributed to the eclipse event. 
These structures occur in the plasma at the maximum of the eclipse and after the event. In 
all cases we detected a component of upward energy progression. Due to the occurrence 
time and low geomagnetic activity the detected wave-like oscillations in the ionospheric 
plasma are likely signatures of bow shock and possibly waves excited by cooling of ozone in 
the lower laying atmosphere. Estimated velocities for one particular structure are shown in 
Figure 6.   
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Fig. 5. Profilogram (height-time-plasma frequency development) during solar eclipse 3 
October 2005 as measured by DPS 4. Ionograms were measured every 2 minutes. All 
ionograms were manually scaled and inverted into true-height profiles using True Height 
Profile Inversion Tool NHPC. 

 

 

Fig. 6. Parameters of acoustic-gravity wave structure detected within ionospheric plasma 
during solar eclipse event 3 October 2005 (Sauli et al. 2007). Panels: wave vector (a), phase 
velocity (b), packet velocity (c), wave number (d), energy (e) and phase (f) angles. For the 
vectors of first row, the ‘□’ correspond to the measured (black) and computed (empty) z-
components, the ‘○’ correspond to the horizontal components while the ‘∇ ’ are related to the 

modulus. 
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Result of the annular eclipse is significantly different from the case of the total eclipse event 
of 1999 where the dominant AGW activity took place at the beginning of eclipse. The 
atmospheric cooling and decrease in radiation flux during an annular solar eclipse is not as 
strong as during a total eclipse and the ionospheric response occurs with time delay. 
 

 

Fig. 7. Virtual reflection heights of plasma frequency in the range 4.2 - 4.3 MHz derived from 
raw ionograms. From up to bottom: day before, day of eclipse, day after eclipse.  Vertical 
lines in middle panel depict beginning and end of the eclipse. Time resolution is different 
for day of solar eclipse (2 min) and days before/after (15 min). 

In Figure 7 and Figure 8, there are plots of virtual reflection height variations at single 
frequency during three consecutive days, day of solar eclipse event and one day before and 
after the event. Variation of the reflection height during eclipse event of 3 October 2005 does 
not differ much from the corresponding variation during reference time span day before 
and day after. Wave-like oscillations excited by solar eclipse are of comparable magnitude 
as those induced by other sources preceding and consecutive day. On the contrary, clear 
difference in reflection height oscillation during reference days and solar eclipse event is 
perfectly seen in Figure 8. Records of virtual heights at fixed frequency from January 4, 2011 
present strong ionospheric response which is exhibited as periodic changes in reflection 
height. Sharp changes in the reflection height develop immediately after the beginning of 
the solar disc occultation and last till the end of eclipse event. Higher wave-like activity 
remains remarkable whole day. In this partial solar eclipse event, wave-like oscillations can 
be very probably attributed to the solar eclipse.  
Strong decrease in electron concentration in practically whole electron profile as well as the 
wave-like changes were observed during and after August 11, 1999 and January 4, 2011. 
Wave-like activity develops immediately after the start of the solar disc obscuration during 
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partial solar eclipse. During annular solar eclipse, significant acoustic-gravity wave type 
bursts develop around and after maximum phase of the eclipse. 
 

 

Fig. 8. Virtual reflection heights of plasma frequency range 3.4 – 3.5 MHz derived from raw 
ionograms. From up to bottom: day before, day of eclipse, day after eclipse.  Vertical lines in 
middle panel depict beginning and end of the eclipse.  Time resolution is different for day of 
solar eclipse (5 min) and days before/after (15 min). 

6. Conclusion 

Acoustic-Gravity waves play important role in the dynamic of the upper atmosphere. 
Vertical ionospheric sounding represents powerful tool that allows us to monitor acoustic-
gravity wave activity in the ionosphere. Ionospheric observation of such a strong event as 
solar eclipse gives us an opportunity to better understand processes of creation and 
dissipation of the AGW in the area of the ionosphere. Although the acoustic-gravity waves 
are always present in the area of our interest, sharp temporally well-defined changes of 
solar flux during the solar eclipse give us a possibility to define sources of AGW.  
It is rather uneasy to unambiguously assess causality between the solar eclipse events and 
the detected wave structures in the ionospheric plasma. Difficulties result from the fact that 
there are no two exactly identical solar eclipse events and from limitations of sounding 
techniques. Despite the fact that various AGW sources have been identified, many others 
remain to be found. Amongst irregular AGW bursts, regular increase in AGW activity were 
found to occur around sunrise and sunset hours, excited by Solar Terminator movement. 
Most of other sources (meteorological systems, geomagnetic and solar disturbances, etc.) 
and corresponding wave-like oscillations contribute to the irregular patterns of AGW 
activity observed in the ionospheric plasma.  
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As the solar eclipses, analyzed in the Section 5, occur sufficiently long time after the sunrise 
hours, one can assume that none of the reported waves are induced by solar terminator. 
During the analyzed sounding campaigns, no wave coming from auroral zone was 
expected, due to the quiet geomagnetic and solar activity. Additionally, meteorological 
analysis shows that meteorological systems very probably did not influence the ionosphere 
during studied events by means of AGW. The acoustic-gravity wave activity increases after 
a notably larger delay for the annular solar eclipse compared to the total solar eclipses: 
waves are found during the maximum phase of the eclipse only for the former while they 
occur during the initial phase for the latter. This discrepancy in gravity waves 
generation/occurrence can likely be explained by differences in the terrestrial atmosphere 
cooling: the border between sunlit and eclipsed region is much sharper in the case of total 
eclipse. Analyzing wave propagations, we observe predominantly upward propagating 
structures. The wave structure, that propagate upward and downward from the source 
region located around 200 km height, was created during an exceptional case related to the 
Solar eclipse of 11 August 1999.  
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Abstract. Scaling analysis based on structure function ζ(q) computed using wavelet
analysis and spectrum D(h) is used to study possible connection of ionospheric
system with the solar and geomagnetic activity. Data from six ionospheric stations
(critical frequency foF2), solar flux F10.7 and geomagnetic indices AE, Kp and Dst
are used. Data of foF2 show scale invariance in the period range 2–32 day. Scaling
properties of ionospheric data show strong dependence on geomagnetic latitude of
the station. Similar distribution of values of scaling exponents h for ionospheric
and geomagnetic activity AE and Kp suggests connection between these systems.
Values of h for foF2 and F10.7 have different distribution which may suggest weak
connection between these systems at chosen periods.

Introduction

Ionosphere is a part of Earth’s atmosphere containing charged particles forming atmo-
spheric plasma. It significantly affects propagation of electromagnetic waves. Bottom border
can be usually found around 60 km during day time while at around 150 km during night time,
however in a situation when a so–called Es–layer is present this value is changed to heights of Es
(90-130 km). Upper part is not well detectable using ground measurement and this area called
topside changes into plasmasphere (where H+ and He+ ions start to dominate). Ionospheric
plasma is driven by solar activity as the solar radiation represents dominant source of ioniza-
tion. Also, ionosphere strongly reacts to the changes of geomagnetic field. It is variable with
a very wide range of periods from minutes to several years or more reflecting solar cycle and
even secular variations. Ionospheric layer is an area of increased density of ionospheric plasma.
Ionosphere is stratified into several layers called D, E and F (or F1 and F2). The ground
measurements using ionosonde allow us to observe ionospheric plasma with a plasma frequency
higher than a minimal setting of the digisonde (Hargreaves, [1992], Davies, [1990], Sauli et al.,
[2006], Cander, [2009]). Electron density can be directly calculated from the plasma frequency.
Global maximum plasma frequency is usually located in the highest so-called F-layer (or F2
layer when F is split into F1 and F2) and is denoted as foF2 where f means critical frequency, o
stands for ordinary wave and F2 is a name of the layer. Critical frequency is a parameter which
has been measured regularly since the International Geophysical Year 1957–1958 and we may
derive it directly from the measurement record (ionogram). Critical frequency foF2 describes
variability of the ionospheric plasma and represents suitable long time measured parameter for
our analysis.

The variability of the ionosphere covers short–time to long–time oscillations. Some of
them are of known origin (e.g., Travelling ionospheric disturbances, daily variations, periods
connected to planetary waves, 27 day and one year periods, 11 years modulation etc.), but
there are parts of the spectra with either unknown origin of periods or parts lacking a dominant
period (in other words, all periods in the range are equivalently important, such a process is
called called scale invariant). In our case the spectrum contains significant peaks at 1 and 27
days, 1 and 11 years, but large domain of the spectra are without a dominant peak at all.
To answer whether and/or at which time scales the ionosphere is connected to other systems
(Sun, geomagnetic field, neutral atmosphere . . . ) we use the scale analysis. Findings of similar
scaling properties at chosen periods may implicate connection of the systems at these periods.
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Moreover, a corresponding model describing the variations can be assigned to the state of the
ionosphere. Brownian motion in this paper has been chosen as one of the simplest models which
could describe ionospheric process.

Data

We used values of foF2 from six European ionospheric stations (Roma, Pruhonice, Julius-
ruh, Uppsala, Moscow, and Sodankyla). The data were manually controlled and we computed
daily medians from four values around day maxima. As a solar parameter we chose solar flux
F10.7 (mean day value). For description of geomagnetic activity we selected mean values of
AE (auroral electrojet), Kp (planetary index) and Dst (Disturbance Storm Time index) indices.
The analysis involves time interval from four solar cycles from years 1965–2010 with one day
resolution for all datasets.

Method

Scaling analysis

Scaling analysis is a tool to study inner structure of the data (Davis et al., [1994]). So, we
can suggest whether the processes under study are (or may be) coupled or not. It has has been
used to describe natural and other systems (Burlaga and Klein, [1986], Voros et al.,[2002], Davis
et al., [1996]). Here, we concentrate on range of periods at which the data have similar scaling
properties. Our analysis is based on the assumption that processes with corresponding scaling
properties may be coupled. In scaling analysis, we study inner structure of a chosen function
X(k), k ∈ R, where k stands for time or length position in a given dataset. We introduce a
function Tx(a, k), which describes the dependence of differences between adjacent data on time
(or length) position k and corresponding time (or length) scale a. In other words, it tells us
how the data differ from each other when we move along the dataset (k) and change distance
(a) between adjacent points. In the text, we use Tx as a short equivalent to Tx(a, k). Values of
a and k are in our case strictly time scales and time position, respectively, as the datasets are
time series. In the simplest case, Tx = X(k + a) −X(k). It is obvious that expected value of
Tx will be probably somewhat higher for higher a. We are interested what is the behaviour of
statistical moments E(|Tx|q) where E(. . .) stands for expected value and the exponent q is the
order of the moment. It has been shown that for many natural processes the dependence on
the period a holds the equation (Muzy et al., [1994])

E(|Tx(a, k)|q) = cqa
ζ(q), (1)

where cq is a coefficient and ζ(q) is a scaling function. The later is an important result of
the analysis. Processes for which Eq. 1 is valid are called scale invariant. It means that all
scales are equivalently important. Processes which are linked together at given scale should have
similar scaling properties at this scale. The existence of scaling invariance is not accidental but
it reflects important properties of the system. [e.g. Abry et al., [2002]; Sauli et al., [2005]. This
way, scaling analysis uses ranges of periods and not only particular periods.

It has been suggested that use of wavelet transform brings better results as it avoids prob-
lems of nonstationarity, (Venugopal et al., [2006]). Eq. 1 is modified to

E(|dx(a, k)|q) = cqa
ζ(q), (2)

where dx(a, k) is a wavelet coefficient computed as dx(a, k) =
∫
x(t)ψa,k(t)dt, where ψa,k is a

wavelet function (Daubechies, [1992]). Use of dx instead of Tx is more convenient for practical
applications.

The exponent ζ(q) is in general case a nonlinear function. In the case that ζ(q) = qH, where
H is Hurst exponent and the dependence is linear, we call the process selfsimilar, or monofractal
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which simply means it has one fractal dimension H. Otherwise, in case where ζ(q) 6= qH the
process is called multifractal (Davis et al., [1994]). Examples of non–linear and linear scaling
functions of multifractal and monofractal datasets are shown in Fig. 1. In Fig. 1–left panel
there is a computed ζ(q) for foF2 from Sodankyla station. The nonlinearity is apparently seen
which tells us that the process is multifractal. Exponent ζ(q) for a simple model, Brownian
motion is linear (Fig. 1–right panel). Curves of ζ(q) on both panels differ significantly.

Figure 1. Left panel: Structure function ζ(q) derived from foF2 (Sodankyla observatory) is
non–linear which indicates a multifractal process. Right panel: Linear structure function of
Brownian motion as a model of a simple monofractal process.

Spectrum of singularities

The description of the scale–invariant properties may be done using singular measures α
for measures (Halsey et al., [1986], Venugopal et al., [2006]), or its counterpart for functions, so
called Hölder exponent, h (Muzy et al., [1994], Mallat, [1998]):

|f(x0)− f(x0 + ε) ∼ C|ε|h(x0), (3)

where 0 ≤ h(x0) < 1 characterizes the singularity of the function f at position x0. Similarly to
the scaling function, we may compute h(x0) using wavelet transform. The spectrum of Hölder
exponents h is denoted as D(h). By definition, 0 ≤ h < 1 with the limits h = 0 corresponding
to a discontinuity (e.g., step function) and h=1 corresponding to a discontinuity in the derivate
(e.g. integral of a step function) (Venugopal et al., [2006]). It is possible to generalize the
definition of Eq. 3 to functions with higher order of singularities (h > 1), i.e. singularities exist
in the higher order derivatives of the function (Muzy et al., [1994]):

|f(x)− Pn(x− x0)| ≤ C|x− x0|h(x0). (4)

Thus, h(x0) is the largest exponent such that there exist a polynomial Pn(x) of order n that
satisfies the above condition in the neighborhood of x0. For example, h(x0) = 0.7 tells that
function f(x) is not differentiable at xo, h(x0) = 1.2 tells that the function is differentiable at x0
but it’s derivative is not (the singularity is in the second derivative of the function). Similarly,
we may define singularity spectrum D(h) for 0 ≤ h <∞ (Fig. 2).

Both structure function ζ(q) and D(h) are directly connected as D(h) is a Legendre trans-
form of ζ(q). Thus, we may write q = dD/dh and equivalently, h = dζ(q)/dq. In practical
approach, to compute D(h) the wavelet estimation and structure function is used.

Spectrum D(h) describes the proportion of hx at each point of the dataset. The most
frequently occurring value is located at 〈h〉 and the variance of hx is described by the width of
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the curve. D(h) is a function whose tangents dD(h)/dh give the values of the moment q. From
the Legendre transform, the signature of monofractality will be a linear ζ(q) spectrum of slope
H and thus D(h) will have only one value h = 〈h〉 = H. Multifractality, i.e. the existence of a
(wide) range of h = [hmin, hmax], represents multifractal behaviour (Fig. 2–left panel).

Results and Discussion

In the Fig. 1–left panel there is a plot of the structure function of foF2 from Sodankyla
station. It is seen that the process is multifractal as the ζ(q) departs from a linear function.
Right panel presents a model dataset, Brownian motion with linear function ζ(q) (monofractal
behavior). Both structure functions are of different type. As mentioned in the Section Method,
the mono/multifractality of the process may be visualized using D(h) distribution. D(h) spec-
trum of foF2 from Sodankyla is seen in Fig. 2–right panel. Maximum of D(h) is located at
h = 0.89 = 〈h〉.

Table 1 provides values of 〈h〉 for all data sets involved into the study, i.e. Solar, Geomag-
netic and Ionospheric data. The values can be in general divided into two groups. First group
with 〈h〉 > 1 consists of F10.7 and Dst. The second one with 〈h〉 < 1 consists of Kp and AE
indices and all studied critical frequencies. Moreover, values of 〈h〉 for Kp, AE, and ionospheric
data is located in a relatively small interval [0.70, 0.89] which may suggest a close relation be-
tween geomagnetic activity at midlatitudest and in auroral zone and ionospheric processes at
studied stations. It confirms the fact that a geomagnetic activity is a dominant driver of the
ionospheric processes. Multifractal behavior is consistent result for all time series of foF2 from
all analyzed stations, solar and geomagnetic data.

Table 1. Values of 〈h〉 for solar, geomagnetic, and ionospheric data

Data Solar Geomagnetic Ionospheric Stations
F10.7 Dst Kp AE Roma Pruhonice Juliusruh Uppsala Moscow Sodankyla

〈h〉 1.71 1.02 0.70 0.77 0.79 0.80 0.86 0.86 0.87 0.89

Figure 2. Left panel: Theoretical distribution D(h). The most frequently occurring value is
denoted as 〈h〉. As the curve is dD(h)/dh = q it is located at the position where the slope
is q = 0. The width of the curve is a description of the variance of the h values in interval
[hmin, hmax] and large interval is a signature of multifractality. Right panel: D(h) distribution
from Sodankyla station – the shape of the curve is characteristic for multifractality of the data.

Critical frequencies foF2 and Kp and AE indices show similar behavior by means of 〈h〉,
while solar data and Dst index exhibit much different value of 〈h〉. It could be understood
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that while solar activity is simply described by F10.7 the Dst index reflects effects of solar
activity after being significantly filtered by the magnetosphere. Fig. 3 demonstrates relation
between 〈h〉 computed from ionospheric foF2 index and geomagnetic and geographic latitude.
This latitudinal dependence leads us to the conclusion that some other phenomena influence
time series of foF2 (e.g., the circulation of the lower laying neutral atmosphere may influence
the ionospheric dynamics).

Figure 3. Relation between 〈h〉 and geomagnetic and geographic position of the ionospheric
station. Higher values of 〈h〉 represent more regular behavior of the data. Thin and thick lines
are regressions for geographic and geomagnetic position, respectively.

Stations located more north (Sodankyla, Uppsala, Juliusruh show more regular behavior
than stations which are more south as Pruhonice or Roma. Differences in 〈h〉 are not large, but
the dependence is obvious. We emphasize that the period range starts with one-day resolution
and thus short time polar effects are not involved into the analysis. Processes at periods of
length shorter than one day may be more irregular at the northern stations.

The ionospheric evaluation of the data has been dependent on the human operators, mainly
in time when older analog stations were on duty, and thus differences between the observers
and/or their variation could slightly affect the data (e.g., the frequency at which the analysers of
the measurements changed at each station is very important parametr, however this information
is very difficult to get in this time). Effect of operators on the quality of data is studied e.g.
in Kouba and Koucka Knizova, [2011]. Close values of parameter 〈h〉 for ionospheric data foF2
(0.78–0.87) and for Kp (0.7) and AE (0.77) indices may confirm the fact that change in the
geomagnetic activity in auroral and middle–latitudinal zone provokes significant response in the
ionosphere. Large difference between 〈h〉 for solar flux and foF2 suggests that the link between
these two series is more complicated than we had expected. Similarly, Dst in some extent reflects
the solar activity which is filtered by the magnetosphere and the corresponding 〈h〉 = 1.02 is as
well different from 〈h〉 of foF2.
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Conclusion

We studied inner structure and behavior of time series of foF2, geomagnetic, and solar data
from four solar cycles. At scales of 2–32 days we have detected similarities in scaling properties
of foF2, Kp and AE indices. All of them show similar value of parameter 〈h〉. This similarity
suggests direct connection between ionospheric and geomagnetic activity of polar and middle
latitudes.

Connection between critical frequencies and solar flux represented by F10.7 is probably
non–linear, hence it may explain problems when the linear equations are used to predict a state
of the ionosphere (Mikhailov et al., [1999], Mikhailov et al., [2007], Wintoft and Cander,[1999],
among others). Our finding supports idea that ionosphere reacts directly/immediately to the
changes of magnetic field described by indices AE and Kp. Despite the fact that Sun is the most
important source of ionization, reaction of the ionosphere described by critical frequency foF2
to changes in solar activity characterized by F10.7 is more complicated and must include other
parameters, e.g. history of the system etc. Moreover, although solar parameter F10.7 generaly
describes solar activity it is perfectly valid just in one part of spectra and it does not cover all
important parts of the spectrum, e.g. the wavelengths which are responsible for the ionizing
processes. Dst index which is widely used in ionospheric science to describe disturbed periods
exhibits different value 〈h〉 than ionospheric time series foF2. However, analysis extended by
the foF2 data measured also in the equatorial region is necessary. Scaling parameters 〈h〉 of
time series foF2 show clear latitudinal dependence. Higher–located stations have more regular
course of foF2 than those located in lower latitudes. Multifractal distribution D(h) of foF2
suggests that at studied stations the lower laying neutral atmosphere significantly influences
processes in the ionosphere. It means that neutral atmosphere likely plays an important role
and cannot be neglected in the prediction models. Our future research will involve data from
stratosphere.
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a b s t r a c t

Ionosphere corresponds to the ionized upper part of atmosphere. Characterizing Ionosphere variations

is of major importance to address both practical (radio-communications and navigation systems) and

theoretical (Space–Earth coupling, climatological global change, and human activity impact) issues.

Therefore, establishing a statistical description of Ionosphere variations and relating them to potential

driving sources such as global solar and geomagnetic activities constitute important stakes. often,

Ionosphere variations are described in terms of long-term trends versus short-term fluctuations. To

better ground such a separation, instead of performing a classical and arbitrary low-pass versus high-

pass filtering operation, it is here, instead, propose to recourse to a scale dependent analysis. It is based

on a (continuous) wavelet transform and the wavelet coherence function. Applied to F2-region critical

frequency data, locally measured at 11 mid-latitude European stations, as well as to five global solar

and geomagnetic indices, these tools show that Ionospheric variations are well described by the

superimposition of well-defined long-term cycles with highly correlated fractional Gaussian noise

fluctuations. Also, they show that mid-latitude European stations display highly correlated variations

even for short-term fluctuations and that, while solar activity mostly drives long-term cycles, short-

term fluctuations and scaling properties are essentially controlled by geomagnetic activity.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Motivation

Variability in (the F-region of) Ionosphere. Ionosphere consists of a
plasma formed in the upper layers of the atmosphere, at heights
corresponding to mesosphere and thermosphere, with high density
of free electrons. Ionosphere therefore behaves as a large system
showing a strong variability in its concentration fluctuations over a
broad continuum of time-scales ranging from minutes (such as for
e.g., Traveling Ionospheric Disturbances) to years (e.g., long-term
variations such as those induced by the solar cycle). A comprehen-
sive characterization of such fluctuations is of major importance
notably for radio-communications and navigation systems. Indeed,
with the increasing human activity in space, which degrades
substantially the quality of satellite navigation systems (phase cycle
slips, receiver loss of lock, etc., cf. e.g., Zolesi and Cander, 2004),
Ionospheric variability appears of great importance because of its
impact influence on communication with ground. Ionosphere

variability analysis may also potentially bring new and significant
knowledges related to Ionospheric climatology. The Ionospheric
F-region variability notably has received increasing attention and
efforts (cf. e.g., Forbes et al., 2000; Rishbeth and Mendillo, 2001;
Mendillo et al., 2002), mostly due to the role Ionosphere plays into
Earth environment mechanisms via coupling processes stemming
from above and below.

Solar and geomagnetic impact on Ionosphere. It is widely accepted
that the solar and geomagnetic activities act as the main drivers of the
Ionospheric variability, although meteorological causes transmitted
from below may also contribute significantly (cf. Prolss, 2004). For
instance, Ionospheric disturbances and storms often follow geomag-
netic disturbances. Therefore, numerous attempts were conducted to
assess correlation between geomagnetic and/or solar indices and
Ionospheric variability (cf. Wu and Wilkinson, 1995; Kutiev et al.,
1999; Francis et al., 2000; Richards, 2001; Mendillo et al., 2002,
amongst many others) and to derive models for ionospheric fluctua-
tion predictions (cf. Mikhailov, 1999 for a review of such models and
limitations). Comparative studies tried to assess the solar wind
impact on magnetospheric variability (cf. e.g., Consolini et al., 1996;
Consolini and de Michelis, 2005). Despite those efforts, it is commonly
admitted that Ionosphere fluctuation forecasting remains in an
unsatisfactory state and that there is still a lot to achieve to refine
correlation characterization and prediction models.
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Variability: trend versus fluctuations. Classically, the analysis of
Ionosphere variability relies on a split in terms of long term versus
short term variations. The former are usually associated to
phenomena such as the 11-years solar cycle or the 1-year Earth
rotation period and hence to well-identified periodicities. How-
ever, the later turn out to be related to well defined periodicities
in a much less clear manner. A number of research articles aimed
at detecting physically meaningful structures with well defined
short term periodicities, with the intention to attribute founding
physical mechanisms to short-term variability. Notably, Laštovička
et al. (2003) and references therein concluded that structures
characterized by a continuum of short-term periodicities (from
day to month) could actually be identified in Ionosphere fluctua-
tions. This observation suggests a major change in the analysis
paradigm: instead of describing Ionospheric variability as a
collection of structures with a continuum of periodicities, it is
better analyzed and described using the scale invariance (or
scaling) paradigm: i.e., statistical models and analysis tools that
rely on the assumption that there exists no preferred scale of time
that plays a specific role, or equivalently that all time scales are
equally important. This has already been envisaged in the context
of solar and geomagnetic activity characterization. For instance,
the scaling properties of the solar wind and its correlation to
magnetosphere variability were studied in e.g., Freeman et al.
(2000), Uritsky et al. (2001), and Vörös et al. (2002). Indeed, one of
the main manifestations of the interaction between solar wind
and magnetosphere (and consequently Ionosphere) are magneto-
spheric storms, which represent a global response of the magne-
tosphere to changes of solar wind condition. Also, Uritsky et al.
(2001) found that solar wind has essentially different scaling
features and hence does not control the dynamics of the AE index
for time-scales shorter than a few hours. Comparisons between
scaling properties of the interplanetary magnetic field (IMF)
outside magnetopause and within the Earth’s magnetospheric
tail show a reduction of the fractal dimension of the measured
magnetic field (Kabin and Papitashvili, 1998). In Consolini and
Marcucci (1997), it has been proposed that the scaling properties
of the ionospheric indices are relevant at small scales and that
Ionosphere–magnetosphere interaction can be characterized in
terms of turbulence and intermittent phenomena. In Tsurutani
et al. (1990), classical spectral analysis enabled the authors to
show that the power spectrum of the AE index exhibits two
different power-law behaviors (hence scaling), that can be attrib-
uted to magnetosphere and to the solar wind activities for the
high and low frequencies respectively. Using multifractal analysis
yield further characterization (cf. Vörös, 2000).

1.2. Goals, contributions and outline

Goals. The use of the scale invariance paradigm for the analysis
and modeling of Ionosphere variability constitutes the founding
motivation for the present contribution. More precisely, the aim is
to obtain a comprehensive picture of the spatial and temporal
variability of (the F-region of) Ionosphere, through a statistical
times series description that combines periodicities and scaling.
Also, it is intended to examine the extent to which and the ranges
of time-scales where this variability is mostly produced by the
two main drivers, namely magnetosphere and solar activity.

Contributions and outline. To that end, local foF2-measure-
ments collected at 11 different mid-latitude stations, located in
the north-hemisphere, over more than two solar cycles, together
with five global indices (two for solar and three for geomagnetic
activities) are analyzed jointly. These data sets are thoroughly
described in Section 2.

First, data are analyzed using standard spectrum analysis tools
and a classical trend versus fluctuation decomposition is performed

using traditional low pass filtering. Correlation coefficients com-
puted between different stations and between stations and indices
provide a comparison of cross-correlations measured over the entire
time series, or over the trends or the fluctuations. These analysis and
results are reported in Section 3. They naturally call into question
the implicit arbitrariness in the choice of the separation scale within
the split into trend versus fluctuations.

To investigate this, instead of the classical low-pass/high-pass
split, a multiresolution decomposition (or wavelet transform) is
used (cf. Section 4.1). First, the formal equivalence between the
classical Fourier spectrum and the wavelet spectrum is explained
and illustrated (cf. Section 4.2) and scaling properties in Iono-
sphere fluctuations are assessed quantitatively in terms of scaling
range and scaling exponents (cf. Section 4.3). Second, the so-
called wavelet coherence function enables to perform a scale
dependent assessment of the cross-correlations amongst stations
and between stations and global indices (cf. Section 4.4). Third,
these cross-correlation analyses lead to the formulation of a
predictive model based on a scale dependent linear combination
of two global indices with a correlated Gaussian noise, aiming at
forecasting the variability of the measurements performed at
each stations from only that of some of the global indices (cf.
Section 4.5).

A preliminary and partial version of this work was presented
at ICASSP 2011 (cf. Roux et al., 2011).

2. Data sets

Under the International Geophysical Year (IGY) scientific pro-
ject, that lasted from July 1, 1957 to December 31, 1958, wide
systems of observatories for vertical ionospheric sounding were
built up for series of measurements during a period of maximum
solar activity. Four World Data Centers for the collection and
exchange of ionospheric information were set up. This world-
wide collaboration in upper atmospheric measurements still
continues today through the World Data Center system. Some
of the vertical Ionospheric stations still operate up to now and
their measurements represent the longest time series available
for many types of Ionospheric research. All data used in the
present work were retrieved from these archives.

2.1. Local foF2-measurements

In the present contribution, it has been chosen that the
variability of the Ionosphere is described via that of the critical
frequency of the F2-layer (hereafter referred to as foF2-measure-
ments). It consists of the highest plasma frequency on the
electron concentration profile. It is unanimously considered as a
representative parameter for the state of Ionosphere and is also
the most important Ionosphere parameter for radio communica-
tions. Ionograms (height-frequency characteristics) are routinely
recorded by a ground-based Ionosonde and Digisonde station
network, every hour, and collected into the World Data Center
(WDC) databases. Then, foF2 time series are extracted from these
ionograms (cf. e.g., Wakai et al., 1985).

For the present study, the foF2 time series analyzed corre-
spond to daily foF2-measurements, extracted as a median around
noon, from 11 stations, covering the European and Asian mid-
latitude sector, from January 1, 1971 to December 31, 1998. This
hence enables to examine latitude dependences in analysis, an
important issue as Ionosphere fluctuations are expected to vary
greatly with geographical locations (polar, auroral, mid-latitudes,
and equatorial zones). As is typical in many geophysical data sets,
there are numerous missing data, associated to instrument failure
or physical conditions that prevent determination of the critical
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frequency (for instance blanketing by sporadic E layer). To avoid
to induce bias in the scale dependent cross-analysis proposed
here, no interpolation is performed and analysis is conducted for
each time series, or pairs of time series, on the longest consecu-
tive segment of data with no missing data. Information on the
station characteristics and the corresponding data sets are pro-
vided in Table 1. Representative examples of time series are
illustrated in Figs. 1(a) and 3(a).

2.2. Global indices

2.2.1. Geomagnetic indices

The global geomagnetic activity is well described by several
indices. In the present work were selected those referred to as Kp,
Dst and AE, as they account for geomagnetic changes equally
under quiet or strongly disturbed circumstances. While the
former belongs to the general K-family, the two latter indices
are designed to target specific and different parts or character-
istics of the Earth magnetic field behavior.

Auroral electrojet. The auroral electrojet (AE) indices are designed
to provide a global, quantitative measure of auroral zone magnetic
activity produced by enhanced ionospheric currents flowing below
and within the auroral oval. The auroral electrojet (AE) index is a
widely studied parameter describing the state of the geomagnetic
field. The AE index plays an important role in investigating magne-
tospheric response to solar wind changes, especially with respect to
global non-linear dynamics and intermittent turbulent relaxation
phenomena (Consolini et al., 1996; Consolini and Marcucci, 1997;
Freeman et al., 2000; Price and Newman, 2001; Watkins, 2002;
Consolini and de Michelis, 2005 among others).

Kp. Planetary index Kp is designed to measure solar particle
radiation by its magnetic effects. It is a planetary 3-h indicator of
the general level of magnetic activity caused by the solar wind.

Dst. Dst index is the most widely used low latitude index with
a 1-h resolution. It describes the changes of ring current and is
measured at four stations close to (but not at) the equator.
Changes of ring current are reflected in the horizontal value of
the magnetic field (cf. Tascione, 1994).

The time series of Kp and Dst indices contain no missing data
within the studied period (from January 1, 1971 to December 31,
1998). They are illustrated in Fig. 1.

2.2.2. Solar indices

Sunspot number (SSN). The sunspot number quantifies the solar
activity by means of normalized observations of grouped or
isolated sunspots.

F10.7. F10.7 index captures changes of solar activity within solar
cycles, via the measure of the solar radio flux per unit frequency at
wavelength 10.7 cm, near the peak of the observed solar radio
emission. It extends back to 1947, and is the longest direct record of
solar activity available, other than sunspot-related quantities.

These two indices constitute the longest available direct record
of solar activity (cf. e.g., Ulich, 2000) and are illustrated in Fig. 1.

3. Trend versus fluctuation decomposition: Fourier analysis

3.1. Classical spectral analysis

The Power Spectrum Density (PSD) is estimated using the
classical Welch periodogram, with a Blackman window of size
3 years and a 50% overlap. In Fig. 2 are shown spectra obtained
from each time series.

For foF2-measurements, the PSD is similar for all stations. A
spectrum averaged across station is illustrated in Fig. 3(a) (dark
gray). It clearly shows a one-year (365-day) period, together with T
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two other periodicities close to 180 and 120 days, understood as
higher order harmonics of the fundamental 365-day period,
induced by the numerous non-linear mechanisms entering the
equations governing ionospheric plasma variabilities. A double
peak at 27-day and 31-day periods is also clearly observed and is

present for all stations, except Uppsala, where it is less clear to
asses the presence of a double peak. The 27-days period is
naturally related to the Sun rotation.

The PSD of solar indices (cf. Fig. 2(a)) shows only a character-
istic cycle with a 27-day period whereas the PSD of the

Fig. 1. Data set: raw signals without missing data. For foF2 measurement in (a) the longest segment available is shown.

Fig. 2. Power spectrum: (a) SSN (light gray), F10.7 (black) and foF2 averaged over all station (dark gray) and (b) KP (light gray), DST (black), and AE (dark gray).

Fig. 3. Trends and fluctuations: (a) raw data (gray), trend (solid) and fluctuations (dashed) and (b) corresponding power spectra.
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geomagnetic indices displays a clear double peak at 27-day and
31-day periods (cf. Fig. 2(b)). This behavior can be interpreted as a
modulation of the 27-day period. Geomagnetic indices show a
peak at a 180-day period related to the seasonal summer/winter
cycle of the tilt angle of the Earth dipole axis toward and away
from the sun. To the best of our knowledge, the 31-day period
found both for foF2 measurements and for geomagnetic indices is
not often mentioned (except in Apostolov et al., 2004 where a
significant band of sharply defined peaks around the 27-day solar
rotation period, between 25 and 31 days is mentioned). The
causes of this multipeaked structure were analyzed mainly for
solar and geomagnetic parameters were combined effects of solar
rotation and active region evolution, or its longitudinal distribu-
tion, may produce this structure (Fenimore et al., 1978; Letfus and
Apostolov, 1980; Bouwer, 1992). A clear physical explanation for
foF2 remains to be proposed. Yet, the peak at 31 days pleads for a
geomagnetic origin of the oscillation rather than for the influence
of the lower atmosphere.

For scales of time beyond this 27-day period, the existence and
persistence of quasi-periodic oscillations of sporadic nature
within foF2 time series, whose periods are varying in a wide
range up to 35 days, with prominent peaks at 2, 5, 10 or 16 days,
have been largely reported in the literature. For example, Harris
(1994) showed the occurrence quasi-periodic oscillations with
2-day pseudo-period in mesospheric zonal and meridional winds
over Adelaide, and lasting for 2–3 weeks generally following mid-
summer; Clark et al. (2002) showed the occurrence of 7-day
periods waves in mesospheric wind measurements that lasted
more than 20–25 days during August–September 1993. Pseudo-
waves of quasi-2-day and 3–5-day periodicities in equatorial
mesospheric winds were reported by Gurubaran et al. (2001)
and Vincent (1993), and by Takahashi et al. (2002) in mesospheric
airglow intensity. More recently, direct evidence of pseudo-waves
role on mid-latitude sporadic E-layer generation, based on f0Es
data from an extended longitudinal chain of stations was pro-
vided by Haldoupis and Pancheva (2002). The reader is referred to
Apostolov et al. (1998), Forbes and Leveroni (1992), Laštovička
(1996), Laštovička and Pancheva (1991), Fagundes et al. (2005) or
Altadill et al. (2003) for further examples and a review of such
sporadic short time oscillations can be found in Abdu et al. (2006).
Altadill and Apostolov (2003) estimate that geomagnetic activity
variations can drive at least 20–30% of the planetary waves with
periods of about 2–3, 5–6, 10 and 16 days, but even up to 65–70%
for the planetary waves with periods of about 10 and 16 days, and
they practically drive 100% of those with periods of about 13.5
days. For further examples on the role of geomagnetic activity on
Ionosphere fluctuations the reader is referred to Mursula and
Zieger (1996) and Lei et al. (2008).

Interestingly, despite the existence of these numerous spora-
dic waves with multiple different oscillation periods, spectra
computed from both foF2 measurements and global indices show
no specific frequency nor any privileged time scales, but instead
exhibit clear power-law behaviors (cf. Fig. 2). In other words, for
scales beyond the 27-day period, i.e., at finer (or shorter-term)
scales, no specific scale can be singled out or considered as
characteristics. Instead, it can be considered that all time scales
are playing equivalent role. Such power law spectra suggest the
following interpretation for fine scale fluctuations: they consist
not of a single mechanism relying on a single time scale, but
instead result from the superimposition of a collection of (possi-
bly very different) physical mechanisms occurring randomly with
various characteristic scales, ranging from the day (current lower
data resolution) to the month. For the present data, it can be
suspected that this mechanism holds for coarse scales up to 120
days, though here masked by the superimposition of the 27-day
period. This situation is commonly referred to as scale invariance,

or scaling, and implies that data can be well-modeled by a
stationary random process whose spectrum is characterized by
a power-law behavior

GXðnÞ � C9n9�g, 9n9-þ1: ð1Þ

Scale invariance implies a change in paradigm, instead of focusing
on specific cycles, mechanisms that relate scales together should
be investigated. This further motivates the use of a scale depen-
dent (or multiresolution) analysis, based on wavelet decomposi-
tion (cf. Section 4.1).

3.2. Trend versus fluctuations

Classically, splitting a time series X into long-term versus short-

term fluctuations can be achieved by low-pass and high pass-
filtering. Let Xa denote the low-pass filtered version of X, obtained
by convolution with a low-pass filter. The spectral analysis above
combined to the heuristic description of the variability in Iono-
sphere commonly used in the geophysics led us to choose a size of
64 days for the Blackman window, this arbitrariness being further
discussed below. Xd is obtained by difference: Xd ¼ X�Xa and
correspond to the short-term fluctuations while Xa quantifies the
long-term trend. Trends and fluctuations obtained using this
filtering technique are superimposed in Fig. 3(b). Unsurprisingly,
It shows that the trend Xa captures the well-established coarse
scales periodicities, while the details Xd essentially describe the
scale invariance regime. Often, it is commonly, but erroneously,
written in the literature that long-term trends, envisaged as a non-
stationarity in data that would mimic a scaling behavior in the
spectrum, could be the cause for the spurious observation for
scaling or scale invariance in data. The spectrum estimated from
Xd alone clearly shows the same scaling behavior as that observed
in the entire data X: this fact illustrates unambiguously that scale
invariance is not caused by the long-term trend: instead, trends
and scaling exist independently in two different ranges of scales
and are superimposed into X. This will be further discussed in
Section 4.3.

3.3. Cross-correlation analysis

The correlation coefficient is a classical measure to assess
linear dependency between two stationary signals X and Y. It is
defined as

r¼ ðX�X ÞðY�Y Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX�X Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðY�Y Þ2

q
,

ð2Þ

where X ¼ ð1=NÞ
PN

i ¼ 1 Xi and ðX�X Þ2 denote respectively the
sample mean and sample variance classical estimates. In the
spirit of the Periodogram procedure, the estimate r̂ of r is
practically obtained by averaging estimates obtained from 50%
overlapping sliding windows, each window covering roughly a
3-years long duration.

foF2-measurements. Correlation coefficients estimated from all
pairs of foF2-measurements are shown in Fig. 4(a, n), as a function
of the latitude difference between the station locations and is
found to remain very high for all pairs. It could be due to the
common long-term trend embedding all foF2 time series. There-
fore, r are also estimated for all pairs of stations on trends and
fluctuations, independently. As expected, trends are found to be
highly correlated (cf. Fig. 4(a, J)), indicating a common and single
external driver globally forcing the same trend over all stations.
More surprisingly, the details, or short-term fluctuations, are
found to remain positively and strongly correlated: the correla-
tion coefficients tend to decrease only very slowly when the
difference in latitude increases (cf. Fig. 4(a, þ)). This indicates
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that, for these mid-latitude stations, there are common physical
phenomena that drives not only the long-term trend but also the
short-term fluctuations. The remaining part of the fluctuations is
likely to be driven by wave activity in neutral atmosphere.

Global indices. Correlation coefficients measured amongst the
various indices are reported in Table 2. Both for trend and
fluctuations, the two solar indices are found to be highly corre-
lated. The three geomagnetic indices are weakly cross-correlated,
except for Dst and Kp that are found anti-correlated. This is
consistent with the definition of the indices: a decrease in Dst
indicates the beginning of a geomagnetic disturbance while Kp
describes the level of disturbance. Solar and geomagnetic indices
are found to be uncorrelated both for trends and fluctuations.

Local foF2-measurements versus global indices. Fig. 4(b)–
(f) shows correlation coefficients as functions of the station
latitudes, for raw data, trends and details. This shows no clear
dependence of the correlation coefficients with latitude, neither
for raw data, nor for trends or fluctuations. Correlation coeffi-
cients averaged over stations are then reported in Table 2. Long-
term trends in foF2-measurements are strongly correlated to the
solar indices, while short-term fluctuations are found to be rather

correlated to the geomagnetic indices (positively to Dst and
negatively to Kp). Interestingly, while Dst appears to be not
correlated with foF2, for raw data, it turns out that trends are
significantly anti-correlated while short-term fluctuations are
equally significantly but positively correlated. This latest example
naturally calls into question the arbitrariness of the chosen scale
for the separation of short-term fluctuations and long-term
variations: How would the results obtained above be changed if
the characteristic split scale had been chosen different? This
question can be better addressed by defining a scale dependent,
or multiresolution, analysis.

4. Multiresolution decomposition: wavelet analysis

4.1. Wavelet analysis

Wavelet transforms aim at producing a multiresolution ana-
lysis of a signal. Notably, the coefficients of the continuous
wavelet transform (CWT) result from comparisons, by means of
inner products, of the signal X to be analyzed against a collection
of dilated and translated templates:

ca,tðtÞ ¼
1ffiffiffi
a
p c

t�t
a

� �
, TXða,tÞ ¼

Z
XðtÞca,tðtÞ dt, ð3Þ

where a and t denote the scale and translation parameters
respectively. The elementary function cðtÞ is referred to as the
mother-wavelet and its energy remains mostly concentrated
jointly within as narrow as possible time (Dt) and frequency
(Df ) supports, with DtDf Z1=ð4pÞ. For the wavelet transform to
be invertible, it is required that the mother function be a band-
pass (hence oscillating) functionZ

cðtÞ dt� 0:

Therefore, the wavelet coefficients essentially measure the
amount of energy in X around time t and at scale a, so that they

Fig. 4. Correlation coefficient: versus latitude difference (for foF2 data) and versus latitude (for the indices). Raw data (%), trend (J) and fluctuations around trend (þ).

Table 2
Correlation coefficients: top right triangle: raw data and trends (in bold font) and

bottom left: fluctuations. For foF2 data, r̂ is averaged over the 11 stations.

Indice SSN F10.7 Dst AE Kp foF2

SSN 0.84 �0.08 �0.07 0.03 0.43

0.94 �0.22 �0.45 0.19 0.56
F10.7 0.68 �0.14 0.03 0.04 0.51

�0.28 0.12 0.11 0.64
Dst 0.00 �0.05 �0.19 �0.66 0.06

�0.06 �0.71 �0.31
AE 0.05 0.01 �0.22 0.20 �0.06

0.20 �0.16
Kp 0.00 0.00 �0.66 0.19 �0.18

0.03
foF2 0.14 0.19 0.35 0.02 �0.33
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can be interpreted as the joint time and scale content of the data.
Making use of the band-pass nature of the mother wavelet, the
analysis scale a can be converted into a frequency f ¼ f 0=a, with f0

a constant depending on the choice of cðtÞ

f 0 ¼

R þ1
0 f 9 ~Cðf Þ92

dfR þ1
0 9 ~Cðf Þ92

df
,

where ~Cðf Þ denote the Fourier transform of c. Therefore, the
TXða,tÞ can also be read as time and frequency content of the data
around time t (7aDt) and frequency f ¼ f 0=a (7Df=a). For
further introduction to wavelet transforms, the reader is referred
e.g., to Mallat (1998).

The mother-wavelet c used here is the second derivative of
the Gaussian function.

4.2. Wavelet spectrum versus Fourier spectrum

When X is a second-order stationary process with spectrum
GX , it has been shown (cf. e.g., Abry et al., 1995), using the band-
pass nature of the mother wavelet c, that the quantity, ETXða,tÞ2,
that can be referred to as the wavelet spectrum X, i.e., a measure
of the frequency content of X around frequency f 0=a, that can be
related to its classical spectrum as

ETXða,tÞ2 ¼

Z
GXðf Þa9 ~cðaf Þ92

df : ð4Þ

The quantity SðaÞ ¼
Pna

k ¼ 1 TXða,kÞ2=na (with na the number of
TXða,tÞ available at scale a) constitutes an natural estimator for
ETXða,tÞ2, S(a) can be read as the wavelet spectrum estimator, i.e.,
the wavelet counter part of the Welch estimator for the classical
spectrum. Fig. 5(a) illustrates this wavelet spectrum and shows
that it can be superimposed to and compared against to the
classical spectrum (b). Fig. 5 suggests that the classical spectrum

is better suited for detecting well-defined periodicities in the
data, while, as shown in Abry et al. (1995) and Veitch and Abry
(2001), the wavelet spectrum enables to better evidence and
analyze scale invariance.

4.3. Scaling analysis

When X possesses scale invariance of the form GXðnÞCC9n9�g,
9n9-þ1, then its wavelet spectrum estimator reads: SðaÞC9a9g ,
9a9-0 (cf. e.g., Abry et al., 1995; Veitch and Abry, 2001). There-
fore, the scaling exponent g can be estimated by means of linear
regression in the log-scale diagram, log2 a versus log2 SðaÞ, such as
those illustrated in Fig. 6. Moreover, it has been shown that the
estimation of the scaling parameter g is more accurate when
based on the wavelet spectrum than when based on the classical
spectrum (cf. e.g., Abry et al., 1995; Veitch and Abry, 2001). By
analogy to fractional Brownian motion and fractional Gaussian
noise, g is often rewritten in terms of self-similarity (or Hurst)
parameter H according to g¼ 2H�1.

For the data analyzed here, regressions are performed over
scales ranging from 1 to 27 days. Scaling and linear fits are
illustrated in Fig. 6(a) for the solar indices and in Fig. 6(b) for
geomagnetic indices. The log-scale diagrams of the foF2 measure-
ments are averaged over all stations and plotted in Fig. 6(a) and
(b) for comparison. Error bars correspond to standard deviations
of the estimation, obtained from 3 years long segments, with 50%
overlap (104 segments for foF2, 17 for the indices except for AE,
where only 7 segments are available). For the global indices,
estimated Hs are reported in Table 3. For foF2 measurements, it
takes the average value of Ĥ ¼�0:06, hence suggesting interest-
ingly that short term fluctuations in Ionosphere can be modeled
by a highly correlated fractional Gaussian noise, and hence
significantly differ from white noise uncorrelated fluctuations.

Fig. 5. Trends and fluctuations: (a) wavelet spectra for raw data (gray), trend (solid) and fluctuations (dashed) and (b) classical and wavelet spectra for raw data

superimposed.

Fig. 6. Scale invariance: (a) diagrams log2 a versus log2 SðaÞ for foF2 (–), SSN (J) and F10.7 (%) and (b) foF2 (–), Kp (J), Dst (%) and AE (&).
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Likely, this betrays the existence of physical mechanisms govern-
ing these fluctuations.

Note that when the estimated H fall in the range �1oHo0,
this indicates that data are well-modeled by fractional Gaussian
noise of parameter 0o ~H ¼Hþ1o1 and suggests modeling with
fractional Brownian motion.

4.4. Wavelet coherence function

The multiresolution decomposition underlying the wavelet
transform enables to revisit the trend versus fluctuations decom-
position in two different ways.

Use can be made of the fact that the wavelet transform is
invertible according to

XðtÞ ¼
1

Cc

Z
a040

Z
t

TXða,tÞcða,t�tÞ dt da0

a02
, ð5Þ

where Cc is a constant depending only on the mother wavelet.
The decomposition into trend and fluctuation, XðtÞ ¼ XaðtÞþXdðtÞ,
as in Section 3.2, can be rewritten in the wavelet framework in
terms of sum of wavelet coefficients at scale coarser (for the
trend) and finer (for details) than scale a

XaðtÞ ¼
1

Cc

Z
a04a

Z
t

TXða
0,tÞcða0,t�tÞt dt da0

a02
,

XdðtÞ ¼
1

Cc

Z
a4a040

Z
t

TXða
0,tÞcða0,t�tÞ dt da0

a02
:

Then, correlation coefficients between trends or fluctuations
obtained from different signals X and Y could be computed.

Instead, and again to avoid the choice of the arbitrary splitting
scale, it is far more natural to define a scale dependent cross-
correlation, as the correlation coefficients of the wavelet coeffi-
cients at scale a of two different processes X and Y

rðaÞ ¼ ðTXða,�Þ�TXða,�ÞÞðTY ða,�Þ�TY ða,�ÞÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTXða,�Þ�TXða,�ÞÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTY ða,�Þ�TY ða,�ÞÞ2

q
:

ð6Þ

In the literature, rðaÞ is a well-known quantity referred to as the
wavelet coherence function (cf. e.g., Whitcher et al., 2000).

In the present work, the wavelet coherence rðaÞ has been
estimated by averaging means and standard deviations obtained
from 3 years long segments (with 50% overlap). Results are
reported in Fig. 7, where the x-axis corresponds to log of the
scales (log a) in days, and the y-axis to latitude or difference of
latitudes.

foF2-measurements. Fig. 7(a) shows that, whatever the differ-
ence in latitudes, all pairs of foF2-measurements are significantly
correlated over all scales (rðaÞ40:5) with a quasi-perfect correla-
tion at the coarsest scales aZ64 days, hence justifying a poster-
iori the 64-day time average used in Section 3. This also shows
that functions rðaÞ computed from all pairs of stations are very
similar and hence can be averaged together. This average is
reported in Fig. 8(a) (along with rho(a) computed with data from
the station of minimum and maximum latitude location).
Together, Figs. 7(a) and 8(a) indicate that a single mechanism

Table 3
Scaling parameters obtained by linear regression between 1 and 27 days.

Indice SSN F10.7 Dst AE Kp foF2

Ĥ 0.570.1 0.7570.1 0.0070.06 �0.1270.06 �0.2670.1 �0.0670.1

Fig. 7. Wavelet coherence versus scales: amongst the local foF2 measurements (top left) and between the local foF2 measurements and the global indices (for the five other

plots). x-Axis: log of scales (in days) and y-axis: latitude (or difference of latitudes for the top left plot).
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governs trends above 64-days for all the stations but also clearly
suggest that one (or a few) global mechanism(s) drive(s) short
term fluctuations consistently over all stations.

Local foF2-measurements versus global indices. To better inves-
tigate these driving mechanisms, let us analyze now the behavior
of the wavelet coherence between the local foF2-measurements
and the global indices. Again the rðaÞ computed between each
station and a given index are highly comparable irrespective of
the latitude (cf. Fig. 7) and can hence be averaged over stations
(cf. Fig. 8). With respect to solar indices (cf. Figs. 7(b) and (c) and
8(b) and (c)), the estimated rðaÞs are found to increase linearly
with log a (roughly from 0.2 at fine scales to 0.9 at coarse scales).
This clearly confirms and illustrates that solar activity acts as a
driver for essentially the long-term trends and that its influence
decreases regularly as scale decreases. Conversely, Figs. 7 and 8
(bottom line) show that the rðaÞs between foF2 measurement and
the geomagnetic indices display a clear change in sign around
scale a¼44 days. While Kp are negatively correlated below and
positively above, this is the converse for Dst. This is clearly in
favor of the fact that negative Ionospheric storms provide the
most likely scenario for the Ionospheric response to the geomag-
netic disturbances (cf. Prolss, 2004). Interestingly, it is also
observed that, in the limit of fine scales, the fluctuations of
foF2-measurements are not correlated to that of the AE index
(in consistence with observations reported in Uritsky et al., 2001).

Again, let put the emphasis on the fact that results reported here
are found uniformly for all latitudes (cf. Fig. 7) indicating that short-
term fluctuations as much as long-term trends are governed by
global mechanisms affecting all mid-latitudes stations consistently
at all times scales analyzed here (i.e., down to the day).

Global indices. For the sake of completeness, let us also compare
the wavelet coherence functions estimated amongst global indices
(cf. Fig. 9). For the two solar indices, rðaÞ remains significant over
all scales (cf. Fig. 9(a)). For the three geomagnetic indices, 9rðaÞ9 is
close to 1 at all scales, but while Kp and AE are positively correlated
Dst is negatively correlated to the two others (cf. Fig. 9(b)). Both for
solar and geomagnetic indices, it shows that indices in each of the
two groups are essentially measuring the same phenomena at all
scales and that it would have been enough to use only one such

index per group. More interestingly, the absolute values of the
wavelet coherence functions measured between any pair of solar
and geomagnetic indices (cf. Fig. 9(c) and (d) is large at coarse
scales, decrease (quasi-linearly) as scales decrease to become
negligible below a¼30 days). This confirms that solar activity
drives the magnetosphere activity at coarse scales, while short
term fluctuations of magnetosphere and solar activity appear
unrelated. Finally, note that AE fluctuations are much more
correlated to that of the F10.7 index than to that of SSN.

4.5. Model

The observations reported above lead us to propose to model
the local foF2-measurements as a linear combination of the SSN
and Kp activities additively superimposed to some location
dependent and scale invariant Gaussian fluctuations. Rather than
being written on the process itself, this combination is more
efficiently expressed in the wavelet framework amongst wavelet
coefficients

TfoF2,stationða,tÞ ¼ rfoF2=SSNðaÞTSSNða,tÞ

þrfoF2=KpðaÞTKpða,tÞþGH,stationðtÞ, ð7Þ

where GH,station is a Gaussian correlated noise with H¼0.95. The
modeled time series corresponding to the modeled local foF2-
measurement is then obtained by inverting the wavelet transform
(according for instance to Eq. (5) or instead using the discrete
wavelet transform framework (cf. e.g., Mallat, 1998). The func-
tions rfoF2=SSNðaÞ and rfoF2=KpðaÞ involved are those shown in
Fig. 8(b) and (d); their use as weights insures that long term
trends in local foF2-measurement are mostly driven by the solar
activity while short term fluctuations stem from geomagnetic
activity. In this model, the two first terms are identical for all
stations while only the third one differs from one station to the
other. A representative example of the signal obtained using
Eq. (7) is shown in Fig. 10(a) with one of the foF2 measurements.
The large scale characteristics are well reproduce as well as the
small scales characteristics displayed by the power spectrum in
Fig. 10(b).

Fig. 8. Wavelet coherence versus scales: solid lines correspond to the averaged rðaÞ over all latitudes (differences of latitudes), gray areas show the standard deviation. The

curves with error bars show the results obtained for stations with the minimum and maximum latitude difference. Error bar were shifted along the x-axis for clarity.
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This descriptive and explanatory model constitutes a first step
toward a fully predictive model for foF2-measurements, in the
spirit of those proposed e.g., in Mikhailov (1999). Compared to
other more traditional linear/non-linear fitting of foF2 data as
function of F107, SSN or Kp, the model proposed puts the
emphasis not on non-linearity that may turn complicated to
model but rather on multiresolution (or scale-splitting) modeling:
The fluctuations of f0F2 at scale a can be predicted via the
computation of its wavelet coefficients at scale a as a linear
combination of fluctuations (wavelet coefficients) of Kp and
SSN at the same scale a, superimposed to a fractional (or
colored) Gaussian noise; the linearity of wavelet decomposition
then enables to reconstruct the entire variations of f0F2 data.
Therefore, SSN (and Kp) can contribute differently at different
scales, and, for instance, can drive in opposite manners the
coarse and fine scale, without requesting the definition a priori

of coarse and fine.

5. Conclusion

In the present contribution, a thorough statistical description
of local foF2-measurement times series and of their cross-depen-
dence with global solar and geomagnetic indices has been
achieved. First, it showed that foF2 times series can be well-
modeled by the superimposition of well-defined (solar and
Earth’s) cycles (or long-term trends) with highly correlated
fractional Gaussian noise type (short-term) fluctuations, covering
scales ranging from the day to the month. Second, for the 11 mid-
latitudes stations studied here, significant correlations are
observed. Interestingly these correlations remain strong not only
amongst long-term trends (which can be considered as natural)
but also amongst shorter term fluctuations. This indicates that the
foF2 times series collected over these stations show fluctuations
that are very much alike even at a daily scale. Third, to avoid the
arbitrariness resulting from the standard separation of raw data

Fig. 9. Wavelet coherence versus scales for geomagnetic and solar indices.

Fig. 10. Modeling: signal (a) and power spectrum (b) for one foF2 measurement (black) and for one realization of the model defined by Eq. (7) (light gray). The gray curves

are shifted along the y axis by 80 (in (a)) and 2 (in (b)).
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into long-term trends and short-term fluctuations, it is instead
fruitful to have recourse to a scale dependent analysis of the
cross-correlations between the local foF2-measurements and
global solar and geomagnetic indices. It is based on the use of a
continuous wavelet transform and of the so-called wavelet
coherence function. These tools confirmed the well-known fact
that solar activity (as measured from SSN and F10.7) mostly
drives coarser scales (hence the long-term trends) in local foF2-
measurements, while its impact decreases as scales become finer
and finer. The geomagnetic activity (as measured from Dst, AE
and KP) impacts both coarse and fine scales but with opposite
signs. Interestingly, the typical scale at which both this sign
change in geomagnetic impact occurs and the impact of solar
activity becomes negligible is of the order of 30rar60 days.
This also mostly corresponds to the scale beyond which scale
invariance is observed on foF2-measurements. This suggests that
(i) there are two natural scaling ranges into which the statistical
description of foF2-measurements should be split: Above and
beyond one month (ii) scale invariance might be induced by the
geomagnetic activity at scales finer than a month. Such analysis
and modeling pave the way toward fully predictive models for
foF2-measurements, based on past observations (to exploit the
highly correlated fractional Gaussian noise structure) and solar
and geomagnetic activities, weighted by scale-dependent wavelet
coherence functions. In the present work, scale invariance has
been characterized using the fractional Gaussian noise model and
the sole Hurst parameter H, only. Scale invariance analysis for
Ionosphere can be further developed and enriched by use of the
multifractal analysis, as described in e.g., Wendt et al. (2007). This
is under current investigation.

References

Abdu, M.A., Ramkumar, T.K., Batista, I.S., Brum, C.G.M., Takahashi, H., Reinisch,
B.W., Sobral, J.H.A., 2006. Planetary wave signatures in the equatorial atmo-
sphere–ionosphere system, and mesosphere-E- and F-region coupling. Journal
of Atmospheric and Solar-Terrestrial Physics 68 (3–5). (Int Assoc Geomagnet &
Aeron; Int Commiss Middle Atmosphere; Int UnionEOLEOLGeodesy & Geophy;
Int Union Radio Sci; USF European off Aerosp & Dev.).

Abry, P., Gonc-alv�es, P., Flandrin, P., 1995. Wavelets, spectrum estimation and 1=f
processes. In: Wavelets and Statistics, Lecture Notes in Statistics. Springer-
Verlag, New-York, pp. 15–30 (Chapter 103).

Altadill, D., Apostolov, E.M., 2003. Time and scale size of planetary wave signatures
in the ionospheric f region: role of the geomagnetic activity and mesosphere/
lower thermosphere winds. Journal of Geophysical Research: Space Physics
108 (A11), 1403.

Altadill, D., Apostolov, E.M., Jacobi, C., Mitchell, N.J., 2003. Six-day westward
propagating wave in the maximum electron density of the ionosphere.
Annales Geophysicae 21 (7), 1577–1588.

Apostolov, E.M., Altadill, D., Hanbaba, R., 1998. Spectral energy contributions of
quasi-periodic oscillations (2–35 days) to the variability of the foF2. Annales
Geophysicae 16, 168–175.

Apostolov, E.M., Altadill, D., Todorova, M., 2004. The 22-year cycle in the
geomagnetic 27-day recurrences reflecting on the f2-layer ionization. Annales
Geophysicae 22 (4), 1171–1176.

Bouwer, S.D., 1992. Periodicities of solar irradiance and solar-activity indexes. 2.
Solar Physics 142 (2), 365–389.

Clark, R.R., Burrage, M.D., Franke, S.J., Manson, A.H., Meek, C.E., Mitchell, N.J.,
Muller, H.G., 2002. Observations of 7-d planetary waves with MLT radars and
the UARS-HRDI instrument. Journal of Atmospheric and Solar-Terrestrial
Physics 64 (8–11), 1217–1228.

Consolini, G., de Michelis, P., 2005. Local intermittency measure analysis of AE
index: the directly driven and unloading component. Geophysical Research
Letters 32 (5).

Consolini, G., Marcucci, M.F., 1997. Multifractal structure and intermittence in the
AE index time series. Nuovo Cimento Della Societa Italiana Di Fisica C:
Geophysics and Space Physics 20 (6), 939–949.

Consolini, G., Marcucci, M.F., Candidi, H., 1996. Multifractal structure of auroral
electrojet index data. Physical Review Letters 76 (21), 4082–4085.

Fagundes, P.R., Pillat, V.G., Bolzan, M.J.A., Sahai, Y., Becker-Guedes, F., Abalde, J.R.,
Aranha, S.L., Bittencourt, J.A., 2005. Observations of f layer electron density
profiles modulated by planetary wave type oscillations in the equatorial
ionospheric anomaly region. Journal of Geophysical Research: Space Physics
110 (A12), A12302.

Fenimore, E.E., Asbridge, J.R., Bame, S.J., Feldman, W.C., Gosling, J.T., 1978. Power
spectrum of solar-wind speed for periods greater than 10 days. Journal of
Geophysical Research: Space Physics 83 (NA9), 4353–4357.

Forbes, J.M., Leveroni, S., 1992. Quasi 16-day oscillation in the ionosphere.
Geophysical Research Letters 19, 981–984.

Forbes, J.M., Palo, S.E., Zhang, X.L., 2000. Variability of the ionosphere. Journal of
Atmospheric and Solar-Terrestrial Physics 62 (8), 685–693.

Francis, N.M., Cannon, P.S., Brown, A.G., Broomhead, D.S., 2000. Nonlinear
prediction of the ionospheric parameter foF2 on hourly daily and monthly
timescales. Journal of Geophysical Research: Space Physics 105 (A6),
12839–12849.

Freeman, M.P., Watkins, N.W., Riley, D.J., 2000. Evidence for a solar wind origin of
the power law burst lifetime distribution of the AE indices. Geophysical
Research Letters 27 (8), 1087–1090.

Gurubaran, S., Sridharan, S., Ramkumar, T.K., Rajaram, R., 2001. The mesospheric
quasi-2-day wave over Tirunelveli (8.71N). Journal of Atmospheric and Solar-
Terrestrial Physics 63 (10), 975–985.

Haldoupis, C., Pancheva, D., 2002. Planetary waves and midlatitude sporadic E
layers: strong experimental evidence for a close relationship. Journal of
Geophysical Research: Space Physics 107 (A6), 1078.

Harris, T.J., 1994. A long-term study of the quasi-2-day wave in the middle
atmosphere. Journal of Atmospheric and Terrestrial Physics 56 (5), 569–579.

Kabin, K., Papitashvili, V.O., 1998. Fractal properties of the IMF and the earth’s
magnetotail field. Earth Planets and Space 50 (1), 87–90.

Kutiev, I., Muhtarov, P., Cander, L.R., Levy, M.F., 1999. Short-term prediction of
ionospheric parameters based on auto-correlation analysis. Annali Di Geofisica
42 (1), 121–127.
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Laštovička, J., Križan, P., šauli, P., Novotná, D., 2003. Persistence of the planetary
wave type oscillations in foF2 over europe. Annales Geophysicae 21 (7),
1543–1552.
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a b s t r a c t

The present study mainly concerns the wave-like activity in the ionospheric sporadic E layer (Es) and in

the lower lying stratosphere. The proposed analysis involves parameters describing the state of plasma

in the sporadic E layer. Critical frequencies foEs and layer heights hEs were measured at the Pruhonice

station (501N, 14.51E) during summer campaigns 2004, 2006 and 2008. Further, we use neutral

atmosphere (temperature data at 10 hPa) data from the same time interval. The analysis concentrates

on vertically propagating wave-like structures within distant atmospheric regions. By means of

continuous wavelet transform (CWT) we have detected significant wave-like oscillation at periods

covering tidal and planetary oscillation domains both in the Es layer parameters (some of them were

reported earlier, for instance in works of Abdu et al., 2003; Pancheva and Mitchel, 2004; Pancheva et al.,

2003; Šauli and Bourdillon, 2008) and in stratospheric temperature variations. Further analyses using

cross wavelet transform (XWT) and wavelet coherence analysis (WTC) show that despite high wave-

like activity in a wide period range, there are only limited coherent wave-like bursts present in both

spectra. Such common coherent wave bursts occur on periods close to eigen-periods of the terrestrial

atmosphere. We suppose that vertical coupling between atmospheric regions realized by vertically

propagating planetary waves occurs predominantly on periods close to those of Rossby modes. Analysis

of the phase shift between data from distant atmospheric regions reveals high variability and very

likely supports the non-linear scenario of the vertical coupling provided by planetary waves.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, interest in the vertical coupling between atmospheric
regions from lower to upper atmosphere has grown remarkably. It
involves interest in influence of planetary and tidal waves on
sporadic E layer formation and behavior. Sporadic E layers are
relatively thin sheets of enhanced electron density formed at the
heights of E region of Earth, usually at about 90–150 km.

The sporadic E layer plays an important role in ionospheric
research and radio communication due to its ability to reflect
significantly higher frequencies than those characteristic for the E
layer and sometimes even higher than frequencies characteristic
for the F layer. Despite the name ‘sporadic’ the occurrence of Es is
rather periodic with a strong seasonal and diurnal course
(Haldoupis et al., 2006b). The morphology of Es layer and the
mechanisms of its creation under the action of horizontal wind
shear have been studied for decades (see for instance Whitehead,

1961,1989; Axford, 1963; Mathews, 1998). It is generally
accepted that vertical shears in the neutral wind play a major
role in the formation of Es layers at middle latitudes; thus these
layers are controlled by the complex neutral dynamics in the
mesosphere and lower thermosphere system.

The atmospheric regions are coupled to one another via various
dynamical, chemical, and electrodynamic processes. The coupling of
atmospheric systems is realized mainly via modulation of waves
propagating vertically from lower to upper atmosphere, from low to
high altitudes, electrodynamic and compositional changes etc.

The lower lying neutral atmosphere supports motion of the
atmospheric waves which propagate upward and influence the
ionosphere when and if they reach it (Meyer and Forbes, 1997;
Forbes et al., 2000; Šauli and Boška, 2001; Kazimirovski et al.,
2003; Pancheva et al., 2003, 2010; Pancheva and Mitchel, 2004;
Laštovička, 2006; Shepherd et al., 2007, among others).

Planetary waves (PWs, with periods of about 2–30 days) are
predominantly of tropospheric origin and can directly penetrate
up to heights of 100 km. Nonlinear interactions between tidal
waves and planetary waves are known to exist in the lower
atmosphere (Teitelbaum and Vial, 1991; Beard et al., 1999).
Vertical coupling in the low-latitude atmosphere–ionosphere
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system driven by 5-day and 6-day waves has been investigated by
Pancheva et al. (2008, 2010). Evidence of the tidal and planetary
wave interaction resulting in modulation of diurnal tide in the
time series of foEs and hEs (critical frequency and corresponding
height of sporadic E layer) has been reported by Šauli and
Bourdillon (2008). Voiculescu et al. (2000) discussed in detail
the role of planetary waves in the occurrence of summer night-
time Es echoes and their long-term periodicities obtained by the
SESCAT (continuous Doppler measurement) experiment.

The purpose of the present work is to confirm the link between
planetary wave-like activity in the neutral atmosphere and wave-
like oscillations in the sporadic E formation. As an investigation
tool we use the continuous wavelet transform (CWT) (e.g., Kumar
and Foufoula-Georgiou, 1994) that detects wave-like oscillation
domains and locates them in time, the cross wavelet transform
(XWT) that reveals domains of common high oscillation power in
independent data sets and finally the wavelet transform coher-
ence (WTC) that detects only those parts within two spectra that
are characterized by coherent oscillations (Grinsted et al., 2004).

1.1. Tidal and planetary waves

Atmospheric regions are coupled via vertically propagating
atmospheric waves from lower regions (troposphere and strato-
sphere) to higher levels in the middle atmosphere and lower
thermosphere regions. Processes in the troposphere, stratosphere
and mesosphere together with periodic solar heating and cooling
lead to perturbations of the neutral atmosphere. These perturba-
tions have a wide range of periods and propagate from their
source region in the form of atmospheric waves to distant regions
of the atmosphere, where they further interact. Atmospheric tidal
waves are global oscillations of the neutral atmosphere with
periods which are sub-harmonics of a solar or lunar day, either
eastward or westward propagating. The largest components are
westward propagating with the apparent motion of the sun or
moon. The main oscillation periods are 6, 8, 12 and 24 h. Solar
tides (thermal tides) in the atmosphere are excited by the
periodic heating of the neutral atmosphere due to Earth’s rotation
(Forbes, 1994, and references therein). They are predominantly of
tropospheric origin and can penetrate directly deep into the
thermosphere.

Planetary waves are disturbances forced very predominantly
in the troposphere. Typical planetary wave periods yield broad
spectral peaks around 2, 5, 10 and 16 days, but the PW spectrum
is very variable and it can be much different on individual days.
They roughly correspond to eigen-periods of atmospheric oscilla-
tion, which slightly differ for various modes, attaining values of 1,
2, 5, 8 and 12 days (Rossby modes). These periods are Doppler
shifted by the prevailing wind (Forbes, 1994). Nonlinear interac-
tions between tidal waves and planetary waves are known to
exist in the mesosphere and lower thermosphere (Teitelbaum and
Vial, 1991; Pancheva et al., 2000). All planetary wave periods are
quasi-periodic with the exact period varying within a period
range. Amplitudes of planetary waves are unstable as well;
planetary waves typically occur for an episode of several wave
cycles (Forbes, 1994; Harris, 1994; Abdu, 2005). The PW type
oscillations have been observed in the lower and middle atmo-
sphere and in the ionosphere as well, including the ionospheric F2
layer. Periodic oscillations corresponding to planetary wave
period range were reported in the lower ionosphere (Kingsley
et al., 1978; Salby and Roper, 1980; Laštovička et al., 1994), in the
ionospheric E region in h’E variability (Cavalieri, 1976), sporadic E
layer critical frequency (Pancheva et al., 2003; Haldoupis et al.,
2004, 2006a; Šauli and Bourdillon, 2008), in sporadic E radar
backscatter (Tsunoda et al., 1998, 2004; Voiculescu et al., 1999)

and also in the F region (Laštovička et al., 2003; Laštovička, 2006;
Haldoupis, 2011) among others.

1.2. Sporadic E layer formation

The sporadic E behavior was reviewed in the papers by e.g.,
Whitehead (1989) and Mathews (1998). In the E region, vertical
plasma transport is caused by neutral particle motion (wind
systems—zonal and meridional components) with respect to the
present magnetic field. The wind shear theory, proposed by
Whitehead (1961) and by Axford (1963), shows that vertical wind
shears with proper polarity can cause, by the combined action of
ion–neutral collisional coupling and geomagnetic Lorentz forcing,
the long-lived metallic ions to move vertically and converge into
narrow, dense plasma layers. Further studies of Mathews (1998) and
Whitehead (1989) show that the behavior of the midlatitude
sporadic E layer can be sufficiently explained using a modified
windshear theory that includes a small electric field.

In general, vertical winds do not contribute significantly to
vertical plasma transport. Collisions between ions and neutrals
are very frequent below �125 km. Thus, the vertical plasma drift
is collision-dominated and plasma motion is controlled mainly by
the zonal wind. Westward (eastward) winds induce a downward
(upward) plasma drift. The plasma convergence is most effective
in the presence of a vertical wind shear with a westward wind
above and an eastward, or smaller westward, wind below. At
heights above 130 km, collision frequency decreases sufficiently
and the plasma movement gets controlled by the magnetic field.
The meridional component is the dominant part of vertical
plasma transport. In the upper E region (Northern Hemisphere),
the significant convergence of plasma occurs in the presence of
meridional wind shear, which means northward wind above and
southward wind below. Various processes in the lower-lying
layers of the atmosphere, particularly in the troposphere, can
affect the ionosphere basically through two channels: (i) electrical
and electromagnetic phenomena, and (ii) upward propagating
waves in the neutral atmosphere.

The sporadic E layer follows a regular daily pattern in the
critical frequency and altitude descent, which is controlled mainly
by vertical wind shears in the lower thermosphere. The diurnal
tide with a vertical wavelength around 25 km controls fully the
formation and descent of the metallic Es layer at low altitudes
below 110 km. At higher altitudes, there are two prevailing layers
formed by vertical wind shears associated with semidiurnal tide.
The diurnal and semidiurnal-like pattern prevails in all seasons
(Christakis et al., 2009). Diurnal and semidiurnal tides have been
identified in the sporadic E layer oscillation and reported by
Haldoupis et al. (2006a) and Šauli and Bourdillon (2008).

PW contributions to the sporadic E layer formation have been
proposed and investigated by Haldoupis and Pancheva (2002) and
Pancheva et al. (2003). The authors suggest that PWs influence
formation of the sporadic E layer indirectly through the action of
the diurnal and semidiurnal tides, which are modulated by the PWs
through a nonlinear interaction process at altitudes below 100 km.
Besides that, a more direct connection between the stratospheric
temperature and state of the Es region was discussed. Sassi et al.
(2002) investigated mesospheric winter temperature inversions. They
found that the magnitude of inversions is highly correlated with
planetary wave amplitudes. If the hydrostatic equilibrium is main-
tained in the middle atmosphere then double peak enhancement is
seen in the temperature PWs and two peaks near 40 km and
70–80 km are observed. Pancheva et al. (2009) studied coupling
between the stratosphere and mesosphere and lower thermosphere
using TIMED/SABER temperature data. Three altitude ranges of
reinforcement of planetary waves were detected at heights
�40 km, 70–80 km and �100 km. Planetary wave structure is
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similar in the stratosphere–mesosphere system and quite different in
the lower thermosphere. Hence the stratosphere and mesosphere are
directly interrelated by vertically propagating planetary waves.

Voiculescu et al. (1999) reported large-period wavelike effects
on midlatitude ionospheric plasma processes caused by neutral
atmosphere oscillations. In the paper of Voiculescu et al. (2000),
the wide range of 2–9 days of oscillation in echo and Es layer
occurrence were reported. The authors detected two most fre-
quently occurring subdomains of 2–3 and 4–7 days that corre-
spond well with planetary waves0 main periods and indicate a
close relation between planetary waves and Es observations.
Despite extended experimental study of the planetary waves in
the MLT region, their role still remains not well understood.

2. Data

Data used for our analyses have been collected during three
special summer campaigns (26 July–1 September 2004, 31 May–
27 August 2006, and 29 May–31 August 2008). Our data consist of
the sequence of sporadic E layer parameters (critical frequency
foEs, and corresponding height of the layer hEs) and measurement
of stratospheric temperature T at 10 hPa. Panel A of Fig. 1 shows
the descent of Es layers visualized using the method of Mošna and
Koucká Knı́žová (2010). Critical frequencies foEs, heights hEs and
stratospheric temperatures T from three and a half days of June
2008 are shown in Fig. 1 in panels B, C and D, respectively.

By means of vertical sounding, we have collected time series of
critical frequencies foEs and corresponding layer heights hEs. Data
were measured at the mid-latitude station Pruhonice (501N,
14.51E), Czech Republic, using the DPS-4 digisonde (Reinisch
et al., 2005). DPS systems use special geometry of the antenna
field with four receiving antennas. The DPS-4 digisonde measures
characteristics (time of flight, wave polarization, amplitude and
phase spectrum, and the angle of arrival) of the reflected electro-
magnetic signal; hence it precisely distinguishes between ordin-
ary waves, extraordinary waves and waves arriving from
non-vertical directions. The DPS-4 digisonde allows precise scaling
of the analyzed data (Laštovička et al., 2011). During the campaign
in 2004, ionograms were recorded with a time resolution of 5 min.
During the campaigns in 2006 and 2008, time steps were 15 min
due to an additional regular measurement (plasma drifts in E and
F regions). All the ionospheric data were carefully manually scaled.

Our data contain a few gaps when the Es layer was not present. As
the signal processing tools require equal spacing, the gaps in time
series of foEs and hEs were filled by median values (corresponding
to time of missing data and computed from the whole campaign).

In addition to the ionospheric Es layer data we use strato-
spheric temperature T at the level 10 hPa (approximate height is
about 30 km). Stratospheric temperature data were computed
using a reanalysis model ERA-40. They are in the form of a regular
grid with geographic resolution 2.51�2.51 with a fixed temporal
resolution of 6 h at times 00, 06, 12 and 18 UT. Information about
data, measurement and the model is given in the paper of Kalnay
et al. (1996). For our purposes, we used data from the ERA-40 grid
point 501N, 151E that correspond to the location of the Pruhonice
station. Since the data were non-Gaussian, they have been
standardized to zero mean and unity standard deviation as
recommended by Grinsted et al.( 2004).

Due to the 6 h resolution of the stratospheric temperature data
we used only a subset of ionospheric data with the same temporal
resolution (i.e., from times 00, 06, 12, and 18 UT) for a joint
analysis of ionospheric and temperature data.

3. Method

3.1. Continuous wavelet transform, cross wavelet transform and

wavelet coherence

Continuous wavelet transform (CWT) is a convolution of a
time series Xn with the scaled and normalized function called
wavelet (e.g., Mallat, 1998; Torrence and Compo, 1998, among
others). The transform is denoted as WXn(s) where n and s stand
for a (time) position n and (time) scale s. The mother wavelet used
in this paper is complex (Morlet) which leads to a complex
representation of the transform which may be written as (i) real
and imaginary part or (ii) modulus and phase (argument of
WXn(s)). Wavelet power is defined as 9WXn(s)92. As the CWT is not
completely localized in time, it is necessary to deal with the edge
effects. It is possible for them to be quantified according to
Grinsted et al. (2004), who used the so-called Cone of Influence
(COI). The COI is an area of the computed spectrum where the
edge effects play an important role, and this area should not be
taken into account when interpreting the analysis.

Cross wavelet transform (XWT) of two time series Xn and Yn is
defined as WXY

¼WXWYn, where n denotes complex conjugation.
The cross wavelet power is defined as 9WXY9. The complex
argument arg(WXY) can be interpreted as the local relative phase
between Xn and Yn in time frequency space (Grinsted et al., 2004;
Torrence and Compo, 1998).

While cross wavelet transform reveals areas with high com-
mon power, wavelet coherence (WTC, Torrence and Webster,
1999; Grinsted et al., 2004) gives us information on how coherent
the wavelet transform is in time-frequency/period space. It can be
considered as the local correlation between CWT of two signals. It
means the WTC finds regions in time frequency/period space
where the two time series co-vary, but they do not need to exhibit
high common power. Both XWT and CWT quantify the phase
angle between the data sets at the time and period positions.
Although this information is very helpful in understanding the
causality between the processes it is necessary to interpret the
phase results very carefully with respect to size of the area of
common power/coherence, persistence of the period, etc.

The MatLab software package for performing CWT, XWT and
WTC used in this paper can be found at http://www.pol.ac.uk/
home/research/waveletcoherence/.

Fig. 1. Automatic visualizing method—heights of ionospheric plasma with the

plasma frequency in the range 3.1–4.0 MHz during �3 days of June 2008. The

descending motion of the Es layers is visualized in panel A. Critical frequencies

foEs (B), heights hEs (C) and stratospheric temperature (D) from the same period.
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4. Results and discussion

4.1. Continuous wavelet transform

Continuous wavelet transform of the time series of stratospheric
temperature, critical frequency and height of the Es layer reveals well
pronounced oscillations in the tidal and planetary wave domains. As
expected, the best developed period in all spectra is the diurnal tide.
In Fig. 2 there are shown three scalograms of stratospheric tempera-
ture T (upper panel), critical frequency foEs (middle panel) and height
hEs (bottom panel) for the year 2008. Besides the well pronounced
diurnal tide, there are significant oscillations in the period range 4–16
days. Systematically for all studied campaigns, periodic oscillations in
the interval 1–4 days show rather lower power content in the
temperature data. Scalograms of all three time series T, foEs and hEs

measured during all campaigns confirm known strong diurnal period
in the Es layer variability. Besides this, the scalograms of foEs reveal
periodicities corresponding to planetary wave oscillations of �4 days
(2004), 2–3 and 16 days (2006), and 4–6 days (2008, Fig. 2, middle
panel). Periods of dominant wave-like oscillations vary from cam-
paign to campaign as planetary wave occurrence is of episodic
character (Gurubaran et al., 2001).

hEs do not show significant oscillations on periods larger than 1
day during the 2004 campaign. Only wave-like oscillations with
periods of about 3–4 days developed at the beginning and end of the
campaign are detected. As already mentioned, planetary waves in
the atmosphere are not long, persistent structures, and campaign
2004 represents the shortest campaign involved in the study; hence
it might represent a short period with very low planetary wave

activity. On the other hand, strong oscillations on periods of 3–4,
8 and 16 days occur in hEs during the 2006 campaign. The bottom
panel of Fig. 2 shows the scalogram of hEs measured in 2008 where
1–2 day periodicity is dominating. Other wave-like oscillations with
periods of �4, �8, and �10–16 days occur irregularly throughout
the studied interval. The influence of the 4 and 7 day planetary
waves on the sporadic E layer formation has been proposed by
Pancheva et al. (2003, 2010), Šauli and Bourdillon (2008) and
Voiculescu et al. (2000) and the present observation is in agreement
with these studies. Besides this our analysis confirms the presence
and persistence of other planetary wave modes of 10 and 16 days. In
general, within our data sets we detect a wide range of wave
periods.

4.2. Cross wavelet transform and wavelet coherence

Further, the stratospheric temperature T, foEs and hEs are
analyzed using the XWT and WTC method in order to find time-
period domains of common high power and coherent oscillations.
Results of XWT and WTC are shown in Figs. 3 and 4, respectively.

All analyzed data sets reveal significantly both the high power
and high coherence at a period of 1 day. This may be interpreted
as the result of the diurnal ionization processes and probably also
due to the role of the diurnal tide in sporadic E layer formation.
The phase differences in spectra XWT(T, hEs) and XWT(T, foEs) at a
period of 1 day are more stable than at other periods. The
observed phase differences vary in a range close to the value of
p/4–p/2 which means that the temperature data lead the Es data
by �1/8–1/4 of the day. This result accounts for the relatively

Fig. 2. Scalograms of stratospheric temperature, foEs and hEs. The COI is seen as a thick contour aiming to left and right upper corners and is set to 5% significance level

against red noise.
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stable temporal influence of the diurnal tide on the Es layer
formation. It may be simply interpreted so that the propagating
tide observed in the stratospheric temperature variation is
reflected in the formation and variations of the Es layer. The
phase delay of �6 h seems to be a realistic time for a propagation
of the waves from the heights corresponding to 10 hPa (approxi-
mately 30 km above sea level) to the area of the Es layer
(100–130 km). Although it is difficult to estimate the velocity of
the waves propagating upwards exactly (our study does not cover
direct methods to estimate it) a simple computation under many
simplified assumptions (for instance Davies, 1990) gives us the
result of the phase velocity at about 4 m/s.

At longer periods corresponding to planetary wave domain,
CWT detects a wide range of wave-like oscillations represented
by the increase of power. Applying cross wavelet transform on
pairs of time series (T, foEs) and (T, hEs), we obtain large areas of
high power in spectra XWT (T, hEs) and XWT (T, foEs) at periods
exceeding 4 days. However, these regions do not exhibit a stable
phase difference between oscillations.

Despite the existence of large regions of oscillations detected by
CWT and XWT, the wavelet coherence WTC(T, hEs) and WTC(T, foEs)
reveals only domains of limited time duration of coherent

oscillations both in stratospheric temperature and sporadic E layer.
At first sight, these coherent structures look random without any
general pattern. As seen in Fig. 4, there are coherent wave bursts
detected at periods of about 2, 4, 8 and 16 days. Both temperature–
hEs (Fig. 4, left panel) and temperature–foEs (Fig. 4, right panel)
coherent wave-like oscillations occur on periods very close to
planetary eigen-periods. This finding supports the idea that vertical
coupling between regions provided by planetary waves takes place
predominantly on periods close to main planetary periods. High
variability of the phase shift detected by WTC indicates a nonlinear
link between planetary wave-type oscillations in temperature and
corresponding wave bursts in the Es layer. The resulting time-lags or
phase delays (marked as arrows on the plot) are highly variable and
thus cannot be simply interpreted. The time-lags do not have stable
values even for one selected period. Hence the mechanism of the
planetary wave modulation of the sporadic E behavior calls for a
more complex approach. However, the existence of coherent oscilla-
tions within stratospheric temperature and sporadic E data sets can
be considered as a proof of their close connection.

According to the windshear theory, Es layers are connected to
vertical tidal movements as they follow the wind shear conver-
gence null. Below approximately 115–120 km, ion-neutral

Fig. 3. Cross wavelet transform (XWT) of stratospheric temperature and hEs (left) and temperature and foEs (right) from year 2008. The relative phase relationship is

visualized using arrows. The COI is set to 5% significance level against red noise.

Fig. 4. Squared wavelet coherence (WTC) between stratospheric temperature and hEs (left) and between temperature and foEs (right) from year 2008. The relative phase

relationship is visualized using arrows. The COI is set to 5% significance level against red noise.
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collisions delay ion convergence and thus the times of Es forma-
tion are too long to follow the convergence null. This explains the
descending of the sporadic E layers as well as the curves of the
slope on the height vs. time diagram (Fig. 1 panel A) below
approximately 115–120 km. Below altitudes near 110 km wind
shears propagate through the layers but do not affect them
significantly (Haldoupis, 2011). However, connection of waves
with longer periods (e.g. PWs) to the Es formation remains much
less explained.

5. Conclusion

Planetary-scale atmospheric waves propagating from the
stratosphere into the ionosphere have been recognized as an
important factor influencing the formation and occurrence of
sporadic E. As suggested by Pancheva et al. (2003), Šauli and
Bourdillon (2008) and Voiculescu et al. (2000) the same long-term
periodicities are present in PWs and Es, which implies their close
relationship.

The continuous wavelet transform shows strong oscillations at
one day period within all analyzed data which is the signature of
the diurnal tide and diurnal changes in ionizing radiation. Addi-
tional analyses by means of XWT and WTC reveal roughly stable
phase shifts between the data sets. This result is consistent for all
three campaigns which may imply a linear influence of the
diurnal tide on sporadic E layer formation. Scalograms of all time
series show significant high power content at periods 2–16 days
which correspond to planetary wave modes. Detected dominant
oscillations vary from campaign to campaign due to known
natural variability of planetary waves. The cross wavelet trans-
form of joint stratospheric and ionospheric data locates high
planetary wave activity in a broad period range. However, the
phase lags between wave-like oscillations are not stable and show
very high variability.

Wavelet transform coherence detects only very limited wave
bursts where the oscillations are coherent in both the strato-
sphere and the ionosphere. Similar to XWT, the phase shifts
between temperature and Es data are not stable. It is important
to emphasize that coherent wave bursts occur on periods similar
to planetary eigen-periods. It supports the idea that vertical
coupling via propagating planetary waves predominantly pro-
ceeds on main modes of planetary waves (Rossby modes).
Although the existence of coherent oscillations within strato-
spheric temperature and sporadic E data confirms their close
connection, the exact explanation of the relationship between
PWs and Es formation calls for further research.

Complete set of scalograms, XWT and WTC for all three
campaigns can be found in the supplementary Appendix A.
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a b s t r a c t

Various atmospheric parameters are in some periods positively and in others negatively correlated with

solar activity. Solar activity is a result of the action of solar dynamo transforming solar poloidal field

into toroidal field and back. The poloidal and toroidal fields are the two faces of solar magnetism, so

they are not independent, but we demonstrate that their long-term variations are not identical, and the

periods in which solar activity agents affecting the Earth are predominantly related to solar toroidal or

poloidal fields are the periods in which the North Atlantic Oscillation is negatively or positively

correlated with solar activity, respectively. We find further that solar poloidal field-related activity

increases the NAM index, while solar toroidal field-related activity decreases it. This is a possible

explanation of the changing correlation between the North Atlantic Oscillation and solar activity.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The influence of solar activity on the Earth’s climate is a matter
of high scientific as well as practical importance—not only
because the chain of coupling processes from the Sun through
the interplanetary medium to the Earth’s magnetosphere, iono-
sphere and various atmospheric regions is a challenge to our
present understanding of the underlying physical mechanisms,
but also because the global warming observed in the XX century
requires an objective estimation of natural versus anthropogenic
factors for climate change in order to adopt the most appropriate
strategies for environmental behavior with far reaching econom-
ical, political and societal consequences.

Solar variability is a result of the magnetic activity of the Sun,
maintained by the action of the solar dynamo which transforms
the solar poloidal field prevailing during sunspot minimum into
toroidal field with a maximum at sunspot maximum, and back
into poloidal field with the opposite magnetic polarity during the
next sunspot minimum (Choudhuri, 2011). The different solar and
heliospheric manifestations of solar variability are related to
these two faces of solar magnetism: sunspots, solar flares, varia-
tions in total and spectral solar irradiance, coronal mass ejections
and magnetic clouds – to the solar toroidal field, and coronal
holes and high speed solar wind streams emanating from them –
to the solar poloidal field (Feynman, 1982). These different
manifestations of solar activity have different impacts on the
terrestrial system (Boberg et al., 2005; Borovsky and Denton,

2006; Georgieva et al., 2006), resulting from different physical
mechanisms. However, these impacts are not thoroughly studied,
and the mechanisms are not yet clear enough.

The Earth’s atmosphere is a highly complex system with a
number of factors and processes determining its state which
makes it difficult to detect the effect of solar activity on the
background of the atmosphere’s internal variability. An additional
difficulty is that the effects are often nonlinear, and solar activity
can at some times increase and at other times decrease the values
of atmospheric parameters like surface air temperature, precipi-
tation, circulation indices, etc. (Herman and Goldberg, 1978, and
the references therein). This gives rise to doubts about the reality
of the Sun–climate relations. An argument against the suspicion
that the observed correlations between solar activity and atmo-
spheric parameters are accidental is the finding that the way in
which Sun affects the atmosphere changes rather systematically,
depending on either the level of solar activity in its centennial
cycle (Sazonov and Loginov (1969); Gimeno et al., 2003), or on the
predominantly more active solar hemisphere (Georgieva and
Kirov, 2000, Georgieva et al., 2007).

The present study is focused on the circulation in the northern
hemisphere as characterized by the North Atlantic Oscillation
(NAO) and quantified by the index of the Northern Annular Mode
(NAM). The North Atlantic Oscillation is a large-scale seesaw
oscillation of atmospheric mass between middle and high Atlantic
latitudes determining the large-scale atmospheric circulation,
temperature and precipitation over most of the northern hemi-
sphere. This oscillation is detectable in all months but is most
pronounced in winter. The NAO index is based on the difference
of normalized sea level pressures between two atmospheric
‘‘centers of action’’ (large-scale semi-permanent high and low
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pressure systems): the Azores high and the Icelandic low. In
winters in which the high pressure in the Azores is even higher
than average, the low pressure in Iceland is even lower than
average. In this case NAO is by definition in its positive phase
associated with stronger than average midlatitude westerly (from
the west) winds carrying warm and moist maritime air from the
Atlantic over much of Europe and far downstream across Asia.
This results in mild winters there. In the same time, the flow is
anomalously southerly over the eastern United States and anom-
alously northerly across western Greenland, the Canadian Arctic,
and the Mediterranean. The result is warming in North America
and cooling in the North Atlantic, North Africa and the Middle
East. The situation changes to the opposite in the NAO negative
phase when both centers of action are weaker: the pressure is
higher than average in the Icelandic low pressure region, and
lower than average in the Azores high pressure region (Hurrell
and Deser, 2009).

NAO is the surface manifestation of a more general hemispheric-
scale pattern, the Northern Annular Mode (NAM) which is defined
as the difference in atmospheric pressure between high (above 601)
and middle (around 451) northern latitudes at pressure levels from
1000 hPa (surface) to 10 hPa (about 32 km). NAM in the lower
stratosphere is also characterized by a seesaw in mass between
the higher and middle latitudes, which is much more zonally
symmetric than in the troposphere (Thompson and Wallace,
1998). In the NAM positive phase, the polar jet stream—strato-
spheric westerly winds that encircle the pole—is enhanced and the
polar vortex is strong and anomalously cold. In the NAM negative
phase, the polar vortex is weak, the polar jet stream slows and
meanders so that the extensions of polar low pressure lobes reach
much farther to the south and block the normal circulation of the
atmosphere—the so called ‘‘blocking events’’ associated with cold
waves in the Atlantic and in Europe (Rex, 1950).

Many authors have studied the effects of solar variability on
NAO. Kodera (2002) showed that the spatial extent of NAO
depends on the level of solar activity: during sunspot maximum,
NAO has a hemispherical structure extending into the strato-
sphere, while during sunspot minimum, it is confined to the
eastern Atlantic sector and to the troposphere. Huth et al. (2006)
found that under solar maxima the NAO modes are more zonal,
their teleconnections span longer distances, and their action
centers occupy larger areas than during solar minima.
Barriopedro et al. (2008) studied the solar activity effects on
blocking events and demonstrated that the blocking episodes in
the Atlantic last longer, are located further east and become more
intense during low solar activity than during high solar activity.

On the other hand, it was pointed out that NAO depends more
strongly on geomagnetic activity than on sunspot activity (Bucha
and Bucha, 1998; Boberg and Lundstedt, 2002; Bochnı́ček and Hejda,
2005) which could be an indication of the physical mechanisms
involved. Woollings et al. (2010) argue that the open solar flux
derivable from geomagnetic data is better correlated to atmospheric
circulation variations than sunspot number or solar radioflux
(proportional to the solar UV radiation), and that this means that
the solar activity influences on the atmosphere could be realized via
a modulation of the vertical propagation of planetary waves into the
stratosphere in wintertime, or via anticyclonic Rossby wave-break-
ing. Model simulations of Baumgaertner et al. (2011) demonstrated
that strong geomagnetic activity, through the associated NOx

(¼NOþNO2) enhancements, leads to a more stable polar strato-
spheric vortex associated with a positive NAM index.

However, the dependence of NAO on both solar (as measured
by the number of sunspots) and geomagnetic activity varies in
time. Thejll et al. (2003) found that the correlation between the
geomagnetic Ap index and the NAO is high and significant since
about 1970 but not before, which might indicate that a solar

forcing, primarily acting in the stratosphere, is propagating its
influence downward in the later period but not in the earlier.
According to Palamara and Bryant (2004), the geomagnetic
forcing of atmospheric circulation in the Northern Hemisphere
is temporally and seasonally restricted and modulated by the
Quasi-Biennial Oscillation (QBO), being significant for only Jan-
uary values after 1965, and for only years in which the January
QBO is eastward. Lukianova and Alekseev (2004) placed the onset
of ‘‘geomagnetic forcing’’ even earlier, in 1940s after which the
rhythms of geomagnetic activity and NAO matched, while before
that the correlation between them was weakly negative, possibly
related to the reaching of a ‘‘threshold of sensitivity’’ of the
atmospheric circulation to the high-latitude ionospheric electric
field variations which are bigger for stronger interplanetary
magnetic field. Georgieva et al. (2007) found that the correlation
between the long-term variations of NAO and sunspot activity
changes in consecutive secular solar cycles and seems related to
the long-term variations in the north–south solar activity asym-
metry: when the southern solar hemisphere is more active,
increasing solar activity in the secular solar cycle results in
increasing NAO, while when more active is the northern solar
hemisphere, increasing solar activity decreases NAO, possibly due
to the different effects on the atmospheric centers of action of
magnetic clouds with different helicity originating from the two
solar hemispheres. Li et al. (2011) suggested that the relationship
between aa-geomagnetic index and the NAO is negative for small
to medium aa and positive for medium to large aa. Besides, the
aa–NAO relationship is dominated by the geomagnetic activity
from the declining phase of even-numbered solar cycles, implying
that an increase of long-duration recurrent solar wind streams
from high latitude coronal holes during solar cycles 20 and 22
may partially account for the significant positive aa–NAO rela-
tionship during the last 30 years of the 20th century. Veretenenko
and Ogurtsov (2012) studied the spatial and temporal structure of
long-term effects of solar activity and galactic cosmic ray varia-
tions on the lower atmosphere circulation as well as possible
reasons for the peculiarities of this structure. The study revealed
that the temporal structure of solar activity/galactic cosmic rays
effects on the troposphere circulation at high and middle latitudes
is characterized by a roughly 60-year periodicity which is appar-
ently due to the epochs of the large-scale atmospheric circulation.
The authors suggest that a possible mechanism of long-term
effects of solar activity and cosmic ray variations on the tropo-
sphere circulation involves changes in the evolution of the polar
vortex in the stratosphere of high latitudes, as well as planetary
frontal zones.

Geomagnetic activity results from different solar activity
agents interacting with the Earth’s magnetosphere, which are
manifestations of the two types of solar magnetic field—toroidal
and poloidal (Feynman, 1982; Georgieva et al., 2006; Verbanac
et al., 2010). They are not independent as they are both produced
by the action of the solar dynamo which transforms them into
each other, similar to a simple harmonic oscillator transforming
kinetic and potential energies into each other (Parker, 1955).
However, their long-term evolutions may not be identical, and
during a given period the one or the other may have the main
impact to geomagnetic activity and terrestrial system in general
(Georgieva et al., 2007). As the two types of solar agents have
different effects on the Earth (Borovsky and Denton, 2006;
Georgieva et al., 2006, 2007), the change in the correlation
between geomagnetic activity and NAO may give a clue about
the possible mechanisms through which the Sun affects atmo-
spheric circulation and climate.

The goal of the present study is to investigate the long-term
variations in the different manifestations of solar activity, and
their influence on the atmospheric circulation in the Northern
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hemisphere. Section 2 presents the data sets we use. In Section 3
we derive the long-term variations in the solar poloidal field-
related and toroidal field-related activity. In Section 4 we com-
pare the influence of these two types of activity on the NAM
index. In Section 5 we summarize and discuss our results.

2. Data

The International sunspot number R (http://solarscience.msfc.
nasa.gov/SunspotCycle.shtml), the geomagnetic aa-index derived
from two antipodal stations (Mayaud, 1972) available from ftp://
ftp.ngdc.noaa.gov/STP/SOLAR_DATA/RELATED_INDICES/AA_INDEX/
, and its reconstruction back to 1844 based on data from Helsinki
station only (Nevanlinna and Kataja, 1993), and F10.7—the solar
radioflux at a wavelength 10.7 cm (http://www.ngdc.noaa.gov/stp/
solar/flux.html) are used to quantify the different manifestations of
solar variability. As a measure of the North Atlantic Oscillation, the
index of the Northern Annular Mode NAM (Thompson and
Wallace, 1998) available at http://www.nwra.com/resumes/bald
win/nam.php is used. We have preferred the NAM index over the
NAO index because NAM provides information about the vertical
structure of the atmospheric circulation and allows evaluating the
influences at different levels, while at lower levels it is a manifes-
tation of NAO.

3. Long-term variations in the solar poloidal field-related
and toroidal field-related activity

3.1. Solar activity and its geoeffective manifestations

By the term ‘‘solar activity’’, all types of variations in the
appearance and energy output from the Sun are denoted. The
most prominent characteristic of the solar activity are the sun-
spots whose number increases and decreases cyclically with a
period of ~11 years (Schwabe, 1843). Sunspots are associated with
strong magnetic fields (Hale, 1912), and tend to occur in pairs, so
that on one hemisphere the leading (with respect to the direction
of the solar rotation) spots in all pairs have the same polarity, and
the trailing spots in the pairs have the other polarity, while on the
other hemisphere the polarities are oppositely oriented. In sub-
sequent 11-year sunspot cycles the polarities in the two hemi-
spheres reverse, therefore the full solar magnetic cycle of the Sun
consists of two 11-year cycles (Hale and Nicholson, 1925).

The number of sunspots comprises the longest instrumental
time series of solar activity indicators spanning over already 400
years, so they are often used for comparing the long-term
variations in solar activity and in various terrestrial processes.
However, the sunspots are not geoeffective, they are just an
indicator of the Sun’s magnetic activity; moreover, they are an
indicator of only one aspect of the Sun’s magnetic activity—the
one related to the solar toroidal field. Sunspots are themselves
product of the solar toroidal field, so their number and surface
area can be considered a measure of this toroidal field whose
other manifestations are the solar flares and coronal mass ejec-
tions. Coronal mass ejections are huge eruptions of plasma and
embedded magnetic fields from the corona which interact with
the Earth’s magnetic field and lead to the strongest geomagnetic
storms which are however sporadic and short lasting. Solar flares
emit huge bursts of electromagnetic radiation including X-rays,
UV, visible light and radiowaves which lead to changes in the
Earth’s upper atmosphere. They all have maximum in number
and intensity in periods of maximum sunspots, and minimum in
periods of minimum sunspots. Also a manifestation of the solar
toroidal field and proportional to its intensity are the Sun’s total

and spectral irradiance (Fligge and Solanki, 2000) which are
believed to play major role in climate variability and are impor-
tant parameters in General Circulation Models.

Another aspect of the solar magnetic activity is related to the
solar poloidal field and its manifestations are solar coronal
holes—long-lived unipolar regions of open magnetic field lines,
sources of high speed solar wind streams. During sunspot max-
imum periods, there are numerous such unipolar regions, rem-
nants of sunspot pairs, scattered all over the solar surface, but
they are small and short-lived, so they cause small and short-
lasting enhancements in geomagnetic activity. During sunspot
minimum, there are two big coronal holes encircling the two
poles; however, the fast solar wind emanating from them does
not reach the ecliptic plane and practically does not affect the
Earth. During the sunspot declining phase, when the polar field of
the new solar cycle has already been formed, low-latitude coronal
holes begin attaching themselves to the polar coronal holes and
growing in size to form wide extensions of the polar holes which
persist for several solar rotations. The strong and long duration
streams of high speed solar wind emanating from them bathe the
Earth every time the coronal hole faces the Earth and cause
moderate but long lasting and recurrent geomagnetic storms
(Wang and Sheeley, 1990).

3.2. Relative importance of toroidal field-related and poloidal

field-related geoeffective solar agents

At any phase of the solar cycle, solar agents of both types affect
the Earth, however in the course of the solar cycle their relative
importance changes. Geomagnetic activity is the most obvious
result of the solar influences on the Earth, moreover with a
relatively long data record, so it is a convenient parameter to
evaluate the long-term variations in the relative importance of
the different solar agents. Richardson et al. (2001) studied the
sources of geomagnetic storms over nearly three solar cycles
(1972–2000) and found that the most intense storms as defined
by geomagnetic Kp-index at both sunspot minimum and sunspot
maximum are almost all generated by transient structures asso-
ciated with CME’s; weaker storms are preferentially associated
with high speed solar wind streams from coronal holes at solar
minimum, and with CME’s at solar maximum, while a small
fraction of the weaker storms at both solar minimum and solar
maximum are generated by slow solar wind.

Feynman (1982) noted that if we plot a geomagnetic activity
index as a function of the sunspot number, practically all points
lie above a line (Fig. 1).

The equation of this line gives the minimum geomagnetic
activity for a given number of sunspots, so from it we can evaluate
the contribution of sunspot related, or toroidal field related solar
agents to geomagnetic activity:

aaT ¼ aþb*sunspot ð1Þ

What is left is due to non-sunspot related, or poloidal field
related solar agents:

aaP ¼ aa�aaT ð2Þ

Fig. 2 demonstrates the long-term variations in the yearly
averaged values of aaT and aaP. Each point is an average over 30
yearly averages with a step of 10 years, e.g. 1901–1930, 1911–1940,
etc. These are the so-called ‘‘climatic normals’’ used for the evalua-
tion of climate changes (Guttman, 1989). It is clearly seen that while
both aaT and aaP have increased by about 30% between the middle
of the 19th century and the middle of the 20th century, beginning
from the period 1951 to 1980 aaT was decreasing while aaP

continued increasing.
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Another important feature obvious in Fig. 1 is that for every
number of sunspots, even zero, there is some non-zero level of
geomagnetic activity which is obviously due to non-sunspot
related, or non-toroidal field related solar agents. Therefore, the
coefficient a in Eq. (1) is a measure of the geomagnetic activity
caused by poloidal field related solar activity, and the coefficient b

reflects the sensitivity of the geomagnetic activity to the varia-
tions in the toroidal field related solar activity. Different authors
using data covering different periods, have derived different
values of the coefficients a and b in Eq. (1):

aaT¼5.38þ0.12*R (Feynman, 1982)
aaT¼5.17þ0.07*R (Ruzmaikin and Feynman, 2001)
aaT¼10.9þ0.097*R (Hathaway and Wilson, 2006)
aaT¼7.1þ0.106*R (Georgieva and Kirov, 2007)

The differences may be due to the different methodology
for deriving the coefficients, or may be due to a real temporal
variation. To check these possibilities, we have derived the a and b

coefficients for consecutive periods covering 3 full sunspot cycles
from minimum to minimum, e.g. cycles 9–11, 10–12, 11–13, etc.
until cycles 21–23 applying the same method—the one described
by Hathaway and Wilson (2006). The scatterplots showing the

dependence of the geomagnetic activity on the number of sun-
spots in these consecutive ~30-year periods are presented in
Fig. 3. It is clearly seen that both the ‘‘floor’’ of geomagnetic
activity and the rate of increase of the geomagnetic activity with
increasing sunspot activity do vary in time which means that the
relative importance of poloidal field-related and toroidal field-
related solar activity vary in time or, in other words, the way in
which Sun affects the Earth varies in time.

A major change in the relative impact of the manifestations of
the two types of solar magnetic activity seems to have occurred
between sunspot cycles 19 and 20. To better illustrate the two
different modes of influence of the solar activity on geomagnetic
activity, in Fig. 4a and b the scatterplots are presented for all years
from 1844 to 1964, and from 1965 to 2005, respectively. In the
first period, poloidal field-related sunspot activity (non-sunspot-
related activity) has little impact on geomagnetic activity, while
with increasing toroidal-field related solar activity (sunspot-
related activity), the geomagnetic activity quickly increases. In
the second period, the ‘‘floor’’ in geomagnetic activity due to
poloidal field-related (or non-sunspot-related) activity is 2–3
times higher than in the first period, and the impact of toroidal
field-related (or sunspot related) activity on geomagnetic activity
is small to vanishing, especially in the end of the period (compare
with the last plot in Fig. 3). In other words, up to the 19th sunspot
cycle, the solar agents which affected geomagnetic activity and
the terrestrial system in general, were mainly manifestations of
the solar toroidal field, while from sunspot cycle 20 onwards,
poloidal field-related solar agents were the main drivers
of geomagnetic activity. The period when the two types of
manifestations of solar activity switched roles coincides with
the period when the correlation between solar/geomagnetic
activity and NAO index changed from weakly negative to
significantly positive.

Fig. 5 presents the long-term variations in the coefficients a

and b. The two coefficients are in antiphase and vary cyclically
with a century-scale period. Such long cycles have been found
earlier in the number of sunspots (Gleissberg, 1939) and in 14C
data (Suess, 1986). This behavior of the relative impact of the
poloidal field-related and toroidal field-related solar agents
reveals an unknown so far periodicity in the mode of operation
of the solar dynamo, and may be an alternative explanation of the
secular variation in the correlation between solar activity and
NAO (Georgieva et al., 2007).

The question we must answer now is how these two types of
solar agents influence the atmospheric circulation, and in particu-
lar the North Atlantic Oscillation and the Northern Annular Mode.

4. Effects of toroidal field-related and poloidal field-related
sunspot activity on atmospheric circulation

To characterize the atmospheric circulation, we use the
NAM-index calculated by Baldwin and Dunkerton, available
online at http://www.nwra.com/resumes/baldwin/nam.php. The
daily values of the NAM-index are calculated at 17 pressure
levels: 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150,
100, 70, 50, 30, 20, and 10 hPa based on the National Centers for
Environmental Prediction (NCEP) reanalysis data for 1000–10 hPa
during 1958–2006. For each pressure altitude, latitude, longitude,
and day of year, the anomalies are calculated by subtracting the
seasonally varying climatology, and the EOF time series are
derived. The annular mode patterns (NAM-indices) are defined
as the regression between the EOF time series and the data field
used in the EOF calculation (Baldwin and Dunkerton, 2001).

In the stratosphere, NAM values are a measure of the strength
of the polar vortex, while the near-surface annular mode is called

Fig. 1. Dependence of the geomagnetic activity as measured by aa-index (since

1868) and ak-index (1844–1867) on the sunspot number.

Fig. 2. Long-term variations of the sunspot-related (full circles, solid line) and

non-sunspot-related (open circles, dashed line) geomagnetic activity, moving

averages over 30 years with a step of 10 years (climatic normals).
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Fig. 3. Dependence of the geomagnetic activity on the sunspot number in consecutive �30-year periods, each covering 3 sunspot cycles: (a) cycles 9–11; (b) cycles 10–12;

(c) cycles 11–13, y (m) cycles 21–23.
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the ‘‘Arctic Oscillation’’ (AO), which is recognized as the North
Atlantic Oscillation (NAO) over the Atlantic sector.

Though the NAM-index is defined for every day of the year, it is
best expressed during northern winter when it accounts for more

than one-third of the hemispheric interannual variance of the
surface temperature anomalies, far more than any other pattern of
variability (Hurrell, 1996). The stratospheric circulation is also most
variable during winter, when the cold, cyclonic polar vortex varies in
strength and is disturbed by planetary-scale Rossby waves (Baldwin
and Dunkerton, 2001). Therefore, we use the NAM-index values
averaged over the months of December, January, and February.

As noted, many authors have shown that atmospheric circula-
tion is better correlated to geomagnetic activity than to the
number of sunspots. This is to be expected because, as explained
above, the geomagnetic activity reflects the impact of different
solar drivers while the sunspot number is a measure of only the
solar toroidal field-related activity. However, most studies com-
pare atmospheric circulation for high and low geomagnetic
activity, without specifying what solar activity agents cause the
geomagnetic activity. In an attempt to distinguish between the
impacts of different solar drivers, we choose from the observa-
tional data winters falling into two categories, based on the
number of sunspots, the index of solar radio-flux F10.7, and the
geomagnetic aa-index:

(1) High aa-index, low sunspot number and F10.7. In this case,
the sunspot-related, or toroidal field-related geomagnetic
activity is low, and the major impact on the geomagnetic
activity and on the terrestrial system as a whole belongs to
non-sunspot-related, or to poloidal field-related solar activi-
ty—high speed solar wind streams from solar coronal holes.
These periods are mainly during the declining and minimum
phase of the sunspot cycle when the big low-latitude solar
coronal holes formed earlier still persist while the number
and intensity of coronal mass ejections and the electromag-
netic radiation are already strongly reduced.

(2) High sunspot number and F10.7, low aa-index. In this combi-
nation, we have high levels of electromagnetic radiation due
to the high intensity of the toroidal field whose manifestation
is the number of sunspots, intense but sporadic and short-
lasting coronal mass ejections and magnetic clouds, and none
or few high speed solar wind streams. These periods are
around sunspot maximum.

For the solar and geomagnetic activity indices, we use their
12-month sliding average values, with weight of 0.5 for the first
and last month, and 1.0 for the other points. As the atmospheric
effects may lag the solar driver, we define the levels of the
sunspot number, F10.7 and aa-index by their average values for
November, December, January and February, and compare them
to the NAM index averaged over December, January and February.

The calculated mean NDJF mean values of the solar and geo-
magnetic activity parameters over the 48-year period are as follows:
aa-index 23.43; sunspot number 75.985; F10.7 131.968. Therefore,
we define low/high values of the indices in the following way:

low/high aa-index means aa-index below/above 23.43;
low/high sunspot number means sunspot number below/
above 75.985;
low/high F10.7 means F10.7 below/above 131.968.

For low/high toroidal field-related solar activity we require
both the sunspot number and F10.7 to be low/high.

There are 11 winters in the first category (aa high, sunspot and
F10.7 low), and 9 winters in the second category (aa low, sunspot
and F10.7 high). The years falling in these two categories, are:

(1) 1961, 1973, 1975, 1976, 1984, 1985, 1986, 1994, 1995,
2004, 2005;

(2) 1968, 1969, 1970, 1971, 1980, 1981, 1991, 2001, 2002.

Fig. 4. Dependence of the geomagnetic activity on the sunspot number in the

period (a) 1844–1964 and (b) 1965–2005.

Fig. 5. Long-term variations in the coefficients a and b in Eq. (1), moving averages

over the consecutive �30-year periods as in Fig. 3.
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The year is defined to correspond to the month of January: for
example, 1961 means the period from November 1960 to Feb-
ruary 1961 for the solar and geomagnetic indices, and from
December 1960 to February 1961 for the NAM-index.

We use the daily values of the NAM-index which gives a total
of 993 days in the first category, and 812 days in the second
category.

Among the remaining years, in 11 winters all three indices
have values above their averages for the 48-year period, in 13
winters all three indices have values below their averages, and in
4 winters the sunspot number and F10.7 are not simultaneously
below or above their respective averages for the period studied.

Fig. 6 presents the comparison of the two contrasting cases:
(1) high aa-index, low sunspot number and F10.7; and (2) high
sunspot number and F10.7, low aa-index. At all altitudes, the
winter NAM-index is on the average higher for predominantly
solar poloidal-field related activity, and lower for predominantly
solar toroidal field-related activity. The differences are higher
with increasing pressure levels—closer to the surface. In winters
with high aa-index and low sunspot number and F10.7, the
average NAM-index is positive from the surface up to 150 hPa,
and above this level its mean is about zero. In winters with low
aa-index and high sunspot number and F10.7, the NAM-index is
on the average negative at all altitudes, and sharply decreases
above 150 hPa. The differences between these two cases, evalu-
ated by means of Student’s t-test are significant at po0.001.

Fig. 7a–f present histograms for the two cases at selected
altitudes: 1000 hPa (Fig. 7a), 500 hPa (Fig. 7b), 250 hPa (Fig. 7c),
100 hPa (Fig. 7d), 50 hPa (Fig. 7e), and 10 hPa (Fig. 7f). At all altitudes
the normal distribution peaks at higher NAM-index for predomi-
nantly solar poloidal-field related activity than for predominantly
solar toroidal field-related activity. More important than the shift in
means are the differences in the shapes of the distribution functions,
especially between the tails of the curves (Baldwin and Dunkerton,
2001). Values of NAM-index smaller than �1.0/greater than 1.0 are
more likely during periods of predominantly solar toroidal field-
related/poloidal-field related activity.

To further elaborate on the influence of solar activity agents on
the NAM-index, we apply the method of factor analysis (STATIS-
TICA, StatSoft Inc., 1984–2004). One of the main applications of
this method is to detect structures in the relationships between
variables, in other words to classify variables (Thurstone, 1947;
Stevens, 1986). The basic idea of the method is that the variability

Fig. 6. NAM index at levels from 1000 to 10 hPa for: high aa-index, low sunspot

number and F10.7 (full circles, solid line) and high sunspot number and F10.7, low

aa-index (open circles, dashed line), together with their error bars.

Fig. 7. Histograms of the NAM-index values for high aa-index, low sunspot number and F10.7 (solid line) and high sunspot number and F10.7, low aa-index (dashed line)

at (a) 1000 hPa, (b) 500 hPa, (c) 250 hPa, (d) 100 hPa, (e) 50 hPa, and (f) 10 hPa.
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among the observed variables can be described in terms of a
potentially lower number of unobserved variables called factors.
Stated in another way, it is possible that the variations in a
number of observed variables (in our case the values of the NAM-
index at different altitudes/pressure levels for different combina-
tions of the levels of solar toroidal field-related and poloidal field-
related activity) mainly reflect the variations in fewer unobserved
variables (which we suppose to include the levels of the different
manifestations of solar activity).

In the simplest case of two variables, the correlation between
them can be represented as the regression line which best fits the
scatterplot of the variables. We can therefore define a new
variable (a ‘‘factor’’) which approximates this regression line. In
the case of more variables the calculations are more complex but
the idea is the same: to find a regression line which we represent
by a new variable that best fits the original variables. After the

first factor has been extracted, that is, after the first line has been
drawn through the data, we continue and define another line
which best fits the remaining variability, and so on. In this
manner, consecutive factors are extracted, until no significant
variance remains (obviously, the consecutive factors which are
extracted account for less and less variability). Because each
consecutive factor is defined to account for the variability which
is not captured by the preceding factors, consecutive factors are
independent of each other.

We can now look at the correlations between the variables and
the extracted factors. These correlations are called ‘‘factor load-
ings’’. If a factor has similar high loadings on two or more variables,
we can conclude that these variables are related because they are
all influenced by this common factor (unobserved variable).

The variables analyzed are the NAM-index values at 17 levels
from 1000 to 10 hPa for winters with high aa-index and low
sunspot number and F10.7 (marked hereafter 1000-1, 925-1,y,
10-1), and for winters with low aa-index and high sunspot number
and F10.7 (1000-2, 925-2,y, 10-2), or a total of 34 variables.

The method requires an equal sample size for all variables, so the
periods covered by both categories had to be limited to 9 years. To
this end, two winters with the lowest aa-index and highest sunspot
number and F10.7 have been removed from the first category (1961
and 1973). Thus, each of the variables has 812 values.

Four factors were extracted for the 34 variables. Table 1 lists
the extracted factors together with their eigenvalues and percen-
tage of the total variance which they explain. The total explained
variance by the 4 factors is 93.3%. Table 2 summarizes the factor

Table 1.
Extracted factors for the 34 variables with their eigenvalues and percentage of the

total variance which they explain.

Eigenvalue % Total variance Cumulative variance Cumulative %

Eigenvalues extraction: Principal components

1 13.77181 40.50531 13.77181 40.50531

2 8.95487 26.33787 22.72668 66.84318

3 5.37395 15.80572 28.10063 82.64890

4 3.63014 10.67689 31.73077 93.32579

Table 2
Factor loadings on the NAM-index values at 17 levels from 1000 to 10 hPa for winters with high aa-index and low sunspot number

and F10.7 (1000-1, 925-1,y, 10-1), and for winters with low aa-index and high sunspot number and F10.7 (1000-2, 925-2,y, 10-2).

hPa Factor 1 Factor 2 Factor 3 Factor 4

Factor loadings (varimax raw) extraction: principal components (marked loadings are 4 ,700,000)

1000-1 �0.864306 0.088508 0.089262 0.191191

925-1 -0.901524 0.086308 0.066177 0.192419

850-1 �0.927235 0.084816 0.052501 0.189112

700-1 �0.963960 0.081679 0.039853 0.177365

600-1 �0.975777 0.081130 0.031989 0.164898

500-1 �0.968669 0.079767 0.019457 0.150209

400-1 �0.939356 0.077760 0.005392 0.140421

300-1 �0.910790 0.082078 0.005880 0.186756

250-1 �0.900192 0.090311 0.022691 0.294320

200-1 �0.833427 0.097810 0.044426 0.492596

150-1 �0.666038 0.093452 0.047547 0.703477
100-1 �0.474145 0.079833 0.035473 0.852050
70-1 �0.366686 0.064045 0.025401 0.913869
50-1 �0.294206 0.053421 0.024702 0.947058
30-1 �0.212152 0.044048 0.032231 0.972373
20-1 �0.159686 0.035734 0.042701 0.972894
10-1 �0.090618 0.006821 0.075108 0.924446
1000-2 0.103427 �0.892094 �0.126073 �0.048026

925-2 0.093600 �0.919438 �0.114234 �0.049363

850-2 0.090373 �0.940706 �0.100407 �0.053503

700-2 0.087552 �0.976720 �0.055464 �0.055029

600-2 0.082914 �0.988994 �0.015263 �0.048283

500-2 0.077028 �0.983487 0.025032 �0.033618

400-2 0.068984 �0.959070 0.053364 �0.016028

300-2 0.061817 �0.942075 0.017452 �0.009208

250-2 0.062461 �0.948317 �0.089447 �0.024861

200-2 0.073902 �0.911800 �0.323796 �0.060532

150-2 0.087432 �0.727343 �0.630654 �0.087428

100-2 0.063695 �0.426934 �0.872066 �0.076388

70-2 0.043525 �0.245119 �0.953754 �0.052787

50-2 0.033234 �0.129219 �0.984943 �0.036842

30-2 0.027996 �0.012332 �0.995131 �0.022475

20-2 0.029521 0.054369 �0.982632 �0.018139

10-2 0.040379 0.133408 �0.924052 �0.018777

Expl. var. 9.508271 9.870381 6.040587 6.311529
Prp. total 0.279655 0.290305 0.177664 0.185633
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loadings for the four factors. The loadings 40.7 are marked
in bold. The level 0.7 or higher is commonly accepted as
an indication that independent variables identified a priori
are represented by a particular factor, because the 0.7 level
corresponds to about half of the variance in the indicator being
explained by the factor.

The most important result evident in Table 2 is that the factor
loadings for the two cases as defined by the relative importance of
solar poloidal field-related and toroidal field-related solar drivers
are markedly different. Case 1 (high aa-index, low sunspot
number and F10.7) has high loadings for factors 1 and 4, and
case 2 (low aa-index, high sunspot number and F10.7)—for
factors 2 and 3. In other words, the atmospheric circulation from
the surface to the top of the stratosphere quantified by the NAM-
index is different at all levels from 1000 hPa up to 10 hPa
depending on which solar driver contributes more to the level
of geomagnetic activity.

Another interesting feature is that in each case, the variables
describing the NAM-index in the troposphere and in the strato-
sphere are represented by different factors. Up to 200 hPa, the
NAM-index values have high loadings for factor 1 in Case 1 and
for factor 2 in Case 2; above this level the loadings are high for
factor 4 in Case 1 and for factor 3 in case 2. Fig. 8a illustrates the
factor loadings for factors 1 and 4. All variables representing the

NAM-index in Case 2 (seen as tightly grouped points in the lower
right corner of the graph) have low loadings for both factors. The
variables representing the NAM-index in Case 1 up to 200 hPa
have high loadings for factor 1 and low loadings for factor 4. With
increasing altitude, the factor 1 loadings are decreasing while the
factor 4 loading are increasing. Similarly, Fig. 8b presents the
factor loadings for factors 2 and 3. Here, these two factors have
low loadings on all Case 1 variables (grouped in the upper right
corner of the graph). Factor 2 has high loadings on the variables
representing the NAM-index in Case 2 up to 200 hPa, and factor
3 has low loadings on these variables. With increasing altitude,
the factor 2 loadings are decreasing while the factor 3 loading are
increasing.

Fig. 9(a) and (b) are composites of time–height development of
the northern annular mode for the 11 winters of high aa-index
and low sunspot number and F10, and the 9 winters of high
sunspot number and F10.7 and low aa-index, respectively. In the
whole altitudinal interval studied, the NAM patterns in these two
cases are markedly different. At all levels, from the surface
(1000 hPa) up to about 32 km (10 hPa), NAM-index is on the
average positive for predominantly solar poloidal field-related
solar drivers (Case 1) and negative for predominantly solar
toroidal field-related solar drivers (Case 2). In Case 1, anomalies
seem to appear at the top of the diagram and gradually move

Fig. 9. Composites of time-height development of the northern annular mode for

the 11 winters of high aa-index and low sunspot number and F10.7 (a), and the 9

winters of high sunspot number and F10.7 and low aa-index (b). The horizontal

line denotes the approximate altitude of the tropopause. In the black-and-white

version, the zero value is marked by pale gray shading, the positive/negative

values are marked by white/dark gray areas.

Fig. 8. Factor loadings on the NAM-index values at 17 levels from 1000 to 10 hPa

for winters with high aa-index and low sunspot number and F10.7 (1000-1, 925-

1,y, 10-1), and for winters with low aa-index and high sunspot number and F10.7

(1000-2, 925-2,y, 10-2): (a) factors 1 and 4; (b) factors 2 and 3.
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downwards down to the tropopause, and pervade with practically
no delay the whole troposphere where the time-scale is much
shorter. In Case 2, the NAM-index in the stratosphere, which is a
measure of the strength of the polar vortex, is negative during
almost the whole winter denoting that in these winters the polar
vortex is warm and weak. Negative is also the NAM-index in the
troposphere which is interpreted as the Arctic Oscillation near the
surface, recognized as the North Atlantic Oscillation over the
Atlantic sector. Positive anomalies appearing in the upper part of
the domain are rare, and in general short-living and not reaching
lower altitudes. In both cases, anomalies occasionally appear in
the troposphere without similar events in the stratosphere
(Baldwin and Dunkerton, 2001).

5. Summary and discussion

When evaluating the influence of solar activity on the terres-
trial system, most often the number of sunspots is used because
this is the solar activity index with the longest data record.
However, sunspots themselves do not in any way affect the
terrestrial system, they are just a manifestation of the solar
activity caused by the solar toroidal magnetic field. The solar
toroidal and poloidal fields are the two faces of solar magnetism,
and in the course of the 22-year solar magnetic cycle, the solar
dynamo transforms the solar poloidal field into toroidal field, and
this toroidal field back into poloidal field with the opposite
magnetic polarity. Though the two types of solar magnetic fields
are both manifestations of the solar magnetic activity, one of
them can have the major impact on the terrestrial system in a
given period, and the other one in another period. As the
geomagnetic disturbances are the most straightforward conse-
quences of the different solar activity agents on the Earth, we
have used the geomagnetic activity record to estimate the long-
term variations of these different solar activity agents. We have
demonstrated that the relative impact on geomagnetic activity of
the solar drivers resulting from the two types of solar magnetic
field vary cyclically with a century-scale period. This is an
unknown so far solar activity periodicity which may have impor-
tant implications for the solar dynamo theory. From the terrestrial
perspective, we have shown that neither the number of sunspots
which is a measure of only the toroidal field-related solar activity,
nor even the geomagnetic activity which is a result of solar
agents, manifestations of both types of solar drivers, without
distinguishing between them, can be used as a single index
quantifying the influence of the Sun on the Earth. Therefore,
quantifying the level of solar activity by only one index, especially
if this is the number of sunspots, leads to neglecting the impact of
important manifestations of solar activity on the Earth.

Further, we have shown that the toroidal field-related solar
activity decreases the zonality of the wintertime atmospheric
circulation at all levels in the atmosphere as measured by the
NAM index, while the poloidal field-related solar activity
increases the zonality of atmospheric circulation and respectively
the values of the NAM-index. Model simulations of the reaction of
the atmospheric circulation to changes in total and spectral
radiation give controversial results. For example, a recent
ocean–atmosphere climate model with ultraviolet irradiance
variations based on Spectral Irradiance Monitor satellite measure-
ments, responds to the decrease in solar UV typical for solar
minimum with patterns in surface pressure and temperature that
resemble the negative phase of the North Atlantic or Arctic
Oscillation, of similar magnitude to observations (Ineson et al.,
2011). Similarly, Meehl et al. (2008, 2009) show that total solar
irradiance (TSI) variations alone or TSI variations in combination
with solar UV variations can result in a strengthening of the

Hadley circulation in the Pacific region and an associated positive
NAM near solar maxima. Opposite results are presented by Haigh
et al. (2005) and Haigh and Blackburn (2006) whose model
simulations confirmed by observations show that the response
to the higher level of solar UV in sunspot maximum consists of
weakening and poleward expansion of the Hadley cells and
therefore negative NAO, as the Hadley cells are closely related
to the NAO index, with a stronger Hadley cell corresponding
to NAO positive phase (Wang, 2002). Our results favor the
latter model.

It should be noted here that solar toroidal magnetic activity
also leads to CMEs, which produce the strongest geomagnetic
storms. The question remains open of whether this geomagnetic
activity near solar maxima would also produce a positive NAM
response, thereby countering the negative NAM response, or
would produce a negative NAM response adding to the negative
response produced by the solar UV. As mentioned above, it is
known that CMEs and high speed solar wind, though both leading
to geomagnetic disturbances, have different ways of interaction
with the geomagnetic field and lead to different types of geo-
magnetic storms (Borovsky and Denton, 2006), so they well may
also have different effects on the atmosphere. The present study
cannot distinguish between the effects of UV and CME-induced
geomagnetic activity because we have only 4 years in which the
number of sunspots and the F10.7 index are not simultaneously
above or below their mean values, and the differences between
their values in these 4 years are not significant.

Seppälä et al. (2009) found different winter surface air tempera-
ture patterns for high and low geomagnetic activity, with the
differences more expressed in periods of low F10.7 (these periods
corresponds to our case 1). The differences are similar to the
differences between positive and negative NAM index, and the
authors checked whether the NAM phase, among other modes of
atmospheric variability, could be the reason for the differences in
surface temperatures. They found that the difference in the NAM-
index between the two cases is positive and statistically significant,
and commented that the resemblance of the northern hemisphere
surface air temperature patterns to the typical cell-like NAM pattern
perhaps indicates a common mechanism between the NAM and the
temperature changes induced by geomagnetic variations.

Lu et al. (2008) found significant positive correlations between
the solar wind dynamic pressure and the NAM-index in winter all
the way from the surface to 20 hPa, in agreement with Seppälä
et al. (2009) and with the results presented here. However, they
found that these correlations only exist when F10.7 is high, in
contrast to our results and to the conclusion of Kodera and
Kuroda (2002) that stronger solar UV forcing seems to result in
the breaking down of the polar vortex in middle to late winter
which is related to weakening of NAM. Obviously this question
requires additional study.

Several mechanisms have been proposed for the influence of
high speed solar wind streams on tropospheric circulation. The
most promising seems to be the one related to NOx enhancement
leading to a more stable vortex in the polar stratosphere associated
with a positive NAM-index (Baumgaertner et al., 2011, and the
references therein). The precise mechanisms linking the two types
of solar drivers to the changes in tropospheric circulation are still
to be studied, but what is obvious from the present study is that
their influence is opposite. The period when the relative impor-
tance of the two types of solar drivers changes coincides with the
period when the relation between the sunspot number/geomag-
netic activity indices and the North Atlantic Oscillation changes
sign. The different effects of the two types of solar activity on
atmospheric circulation and the temporal variations in their
relative importance provide a natural explanation of the changing
correlation between NAO and solar/geomagnetic activity.
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Huth, R., Pokorná, L., Bochnı́ček, J., Hejda, P., 2006. Solar cycle effects on modes
of low-frequency circulation variability. Journal of Geophysical Research 111
(D22), CiteID D22107.

Ineson, S., Scaife, A.A., Knight, J.R., Manners, J.C., Dunstone, N.J., Gray, L.J., Haigh,
J.D., 2011. Solar forcing of winter climate variability in the Northern Hemi-
sphere. Nature Geoscience 4 (11), 753–757.

Kodera, K., 2002. Solar cycle modulation of the North Atlantic Oscillation:
implication in the spatial structure of the NAO. Geophysical Research Letters
29 (8), 51–59, CiteID 1218.

Kodera, K., Kuroda, Y., 2002. Dynamical response to the solar cycle. Journal of
Geophysical Research 107 (D24), CiteID 4749.

Li, Y., Lu, H., Jarvis, M.J., Clilverd, M.A., Bates, B., 2011. Nonlinear and nonstationary
influences of geomagnetic activity on the winter North Atlantic Oscillation.
Journal of Geophysical Research 116 (D16), CiteID D16109.

Lu, H., Jarvis, M.J., Hibbins, R.E., 2008. Possible solar wind effect on the northern
annular mode and northern hemispheric circulation during winter and spring.
Journal of Geophysical Research 113 (D23), CiteID D23104.

Lukianova, R., Alekseev, G., 2004. Long-term correlation between the NAO and
solar activity. Solar Physics 224 (1–2), 445–454.

Mayaud, P.-N., 1972. The aa indices: a 100-year series characterizing the magnetic
activity. Journal of Geophysical Research 77, 6870–6874.

Meehl, G.A., Arblastr, J.M., Branstator, G., Van Loon, H., 2008. A coupled air–sea
response mechanism to solar forcing in the Pacific region. Journal of Climate
21, 2883–2897.

Meehl, G.A., Arblaster, J.M., Matthes, K., Sassi, F., van Loon, H., 2009. Amplifying the
Pacific climate system response to a small 11-Year solar cycle forcing. Science
325 (5944), 1114–1118.

Nevanlinna, H., Kataja, E., 1993. An extension of the geomagnetic activity index
series aa for two solar cycles (1844–1868). Geophysical Research Letters 20
(23), 2703–2706.

Palamara, D., Bryant, E., 2004. Geomagnetic activity forcing of the Northern
Annular Mode via the stratosphere. Annales Geophysicae 22 (3), 725–731.

Parker, E., 1955. Hydromagnetic dynamo models. Astrophysical Journal 122,
293–314.

Rex, D.F., 1950. Blocking action in the middle troposphere and its effect upon
regional climate. Part II: The climatology of blocking action. Tellus 2, 275–301.

Richardson, I.G., Cliver, E.W., Cane, H.V., 2001. Sources of geomagnetic storms for
solar minimum and maximum conditions during 1972–2000. Geophysical
Research Letters 28, 2569–2572.

Ruzmaikin, A., Feynman, J., 2001. Strength and phase of the solar dynamo during
the last 12 cycles. Journal of Geophysical Research 108 (A8), 15,783–15,789.

Schwabe, H., 1843. Solar observations during 1843. Astronomische Nachrichten
21, 233–237.

Sazonov, B.I., Loginov, V.F., 1969. Solnechno-troposfernye sviazi (solar–tropo-
spheric connections). Gidroneteoizdat, Leningrad (in Russian).
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Příloha C2 D(h) pro AE, Dst, Kp, ΣKp a F10.7 
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