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Uvod

Prace se zabyva promeénlivosti ionosféry v rozmezi period v fadech minut po nékolik
slune¢nich cykli v zavislosti na geomagnetické aktivité, slunecni aktivité a vlnovych
procesech v neutralni atmosféfe. Vysoka variabilita ionosféry souvisi s piisobenim vnéj-
Sich vliva (slunecni a geomagneticka aktivita) i s vilnovymi procesy v neutrélni atmo-
sféfe a jejich naslednym Sifenim zemskou atmosférou. Nelinearita, dlouhodoba pamét,
prekryvy trendi, ¢i nestacionarita datovych fad zpusobuji problémy a pro analyzu dat
je tedy obtizné pouzit jen ,klasické* metody spektralni analyzy zaloZzené na Fourierové
transformaci ¢i (auto)korelaci.

Kapitoly 1 a 2 jsou vénovany tuvodu do studia ionosférickych procesii a vlivu slune¢ni
aktivity na ionosféru. Kapitola 3 se zabyva teoretickym konceptem scale invariance.
Pouzita data jsou popsana v kapitole 4, kapitola 5 vymezuje cile prace.

Rozdilim mezi vyhodnocenim pozemniho méfeni pomoci dvou algoritmi POLAN a
NHPC pro vypocet profilu elektronové koncentrace je vénovana kapitola 6.

Vazbou neutralni atmosféry a ionosféry v oblasti stratosféry, mezosféry a dolni ter-
mosféry se zabyva kapitola 7. Cross waveletova analyza a waveletova koherence zde byly
pouzity pro hledani vazby mezi stratosférou reprezentovanou jeji teplotou a hlavnimi
parametry sporadické vrstvy Es.

Detailni méteni kritickych frekvenci a vysek vrstvy F2 s vysokym rozlienim (ionosfé-
rickd pozemni méfeni kazdych 5-15 min) byly podkladem pro studium odezvy ionosféry
na rizné projevy extrémni slune¢ni aktivity a poruchy meziplanetarnitho magnetického
pole. Vysledky jsou shrnuty v kapitole 8.

V kapitole 9 jsme se pomoci scaling analyzy dlouhych ¢asovych fad o délce nékolika
slune¢nich cykli pokusili vymezit oblasti period, na kterych pravdépodobné existuje
vyznamny vliv slunecni a geomagnetické aktivity na ionosféru.






1. Ionosféra

Ionosféra predstavuje ionizovanou ¢ast hornf atmosféry, které obsahuje dostatec¢né mnoz-
stvi elektricky nabitych ¢astic, a kde dochézi k podstatnému ovliviiovani sifeni radiovych
vin. Pti Sifeni vln v prostfedi plazmatu magnetického pole dochazi k modifikaci jejich
pohybu, naptiklad absorpci nebo odrazu [Chen, [1984; Davies, [1990|. V pfitomnosti mag-
netického pole dochazi k rozstépeni elektromagnetické viny na dva charakteristické mody
— fadny a mimoiadny mod s odlisnou polarizaci [Davies, [1990).

Ionosféra ovliviiuje velkou mérou vysledky méteni technickych zafizeni typu globalni
naviga¢ni systémy GNSS (napiiklad GPS, GALILEO, Glonas atd.) i telekomunikaéni a
dalsi systémy [Belehaki et al., [2007].

Spodni hranice ionosféry se ve dne nachéazi ptiblizné ve vysce 50 km a v noci okolo
90 km. Horn{ hranice neni definovina ptesnou vyskovou hodnotou, ale pomoci ionto-
vého slozeni jako vyska, ve které zacinaji prevladat lehké ionty H*, He™t. Ionosféra zde
prechazi do protonosféry /plazmasféry a magnetosféry |Tascioni, [1994].

Horni atmosféra je smés ionizovanych a neutralnich ¢astic. Stupen ionizace (podil
ionizovanych ¢astic viéi neutralnim) s vyskou nartsté, ale az do vysek do cca 1000 km
je vyrazné mensi nez jedna. Obr. uvadi slozeni neutralnich c¢astic pro vysky 0-1000
km.

Vyska (km)

ol Y i =t
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Obrézek 1.1: Hustota neutralnich ¢astic v zavislosti na vysce: O1, Og, No, Ar, Hy, He,
Total (pfevzato z Richmond| [1983)]).

V oblastech maxima elektronové (iontové) koncentrace (vyska okolo 250-300 km),
kde je hustota neutralnich ¢éastic v fadu 10'° m™3, je stupei ionizace v rozmezi 10~4 —



102 (dominantnim iontem je zde O*, obr. [1.2).
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Obrazek 1.2: Ionosférické iontové slozeni ve stiednich sitkach (pievzato z Prolss [2004])

Chovani ionosféry se vyznamné lisi v zavislosti na zemépisné $ifce. Z tohoto divodu
se rozliSuji t¥i hlavni oblasti: ionosféra vysokych, stfednich a nizkych §ifek. Ionosféra
stfednich §ifek ma nejpravidelnéjsi chovani a nejlépe odpovida klasickym modelim.
[onosféra vysokych sitek je pfimo vazana na magnetosféricky chvost, zatimco ionosféra
v nizkych $itkach je ovliviiovdna magnetosférickym kruhovym proudem [Hargreaves,
1992; [Tascioni, 1994].

Zemskou atmosféru je mozné ¢lenit podle nékolika hledisek. Pravdépodobné nejzna-
méjsi je déleni podle prubéhu teploty s vyskou. Podle tohoto hlediska se atmosféra déli
na troposféru, stratosféru, mesosféru a termosféru. Podle slozeni, resp. procentualniho
zastoupeni plyni, je mozné definovat homosféru a heterosféru, podle pohybu turbosféru
a turbopauzu atd. Se vzristajici vyskou dochéazi ke zméné koncentrace jednotlivych
prvki. Dolni a stfedni atmosféra, kde je pomér prvki diky turbulentnimu migSeni prak-
ticky konstantni, se nazyva homosféra a slozeni plynu se s vyskou vyznamné neméni (a7
na vodni paru a minoritni slozky, napt. Oz). Ve vétsich vyskach dochézi ke gravitacni
separaci, kdy koncentrace tézsich plyni klesa rychleji nez je tomu u plyni lehéich. Tato
oblast se nazyva heterosféra. Podle téchto kritérii se ionosféra nachézi v oblasti meso-
sféry a termosféry, spodni ¢ast ionosféry se nachazi v oblasti homosféry (vrstva D, E) i
heterosféry (vrstva F).

Pokud mé slune¢ni zafeni vstupujici do atmostéry dostatecnou energii, neutralni
¢astice absorbuje foton a dojde k ionizaci. S klesajici vyskou tak dochazi k zeslabeni in-



tenzity slune¢niho zafeni na vlnovych délkach odpovidajicich ioniza¢nim energiim plynt,
které se nachazeji ve vétsich vyskach. To, jak4 je intenzita a spektrum slunec¢niho za-
feni v dané vysce a jaké plyny jsou zde pritomné, jsou rozhodujici faktory pro ionizac¢ni
procesy v dané vySce. V ionosfére se tak vytvari nékolik oblasti zvySené koncentrace
iontl a elektront (ionosférické vrstvy), které se z historickych duvodia nazyvaji D, E a
F (smérem od zemé vzhiru). Vrstva F se nékdy pies den (pokud ano, tak tomu dochazi
v 1ét&) rozdéluje na vrstvy s oznacenim F1 a F2. V noci vzhledem k rychlému procesu
neustélé rekombinace dochazi v oblastech dostate¢né vysoké hustoty plynu (vrstvy D,
E a F1) k rapidnimu sniZeni koncentrace nabitych ¢astic a vymizeni téchto vrstev v di-
sledku pferuSeni ionizace po zapadu slunce. Koncentrace ionizovanych ¢astic ve vrstvé
F2 zustava dostatecné vysoka i v noci.

1.1 Ionizac¢ni a rekombinac¢ni procesy v ionosfére

Tonizace je vznik elektricky nabité ¢astice (iontu) z atomu nebo molekuly pomoci za-
chytu nebo odstépeni nabité ¢astice (napf. elektron, iont). Vyslednou ¢astici muze byt
kladny nebo zaporny iont. Rekombinaci rozumime reakci nabitych ¢astic za vzniku ne-
utralni ¢astice. Tonizace a rekombinace jsou pro stav ionosféry zasadni procesy a jejich
¢asto vysokeé rychlostni koeficienty jsou jednou z pii¢in vysoké variability ionosféry. Toni-
zace plynu je zpisobena zejména absorpci fotont s dostate¢nou energii, interakei plynu
s ¢asticemi slunec¢niho vétru a dal$imi nabitymi ¢asticemi a v mensi mife kosmickym
zéfenim. Rekombinace (zanik iontt) probiha reakci molekularniho iontu s elektronem
(disociativni rekombinace, rychla reakce), atomarniho iontu s elektronem (radiativni
rekombinace, pomalé reakce) nebo vyménou elektronu z neutralni ¢astice na pozitivni
iont. Kombinaci vlivu vyskové zéavislosti koncentrace jednotlivych plynu i zmény inten-
zity slunec¢niho zareni s vyskou dochazi ke stratifikaci ionosféry, ve které se vytvareji
nasledujici oblasti zvysené elektronové koncentrace (ionosférické vrstvy):

1.1.1 Vrstva D

Ve vrstvé D (vyska cca 50-95 km) je hlavnim ionizatorem zareni Lyman—« (ionizace
molekul NO) a v mensi miie rentgenové zafeni 1-10 A a extrémni ultrafialové zéfen
V obdobi vysoké slune¢ni aktivity i v prubéhu slune¢nich erupci hlavni roli v ionizaci
hraje tvrdé rentgenové zareni. Vrstva D je jedina oblast, kde se tvori zaporné ionty,
konkrétné O~ a O . Je typicka nizkymi iontovymi koncentracemi (1 cm™3 v 50 km —
10* cm™3 v 90 km) a pritomnosti negativnich ionti. Stupet ionizace (podﬂ ionizovanych
a neutralnich ¢astic —) je v této vrstvé velmi nizky (maximalng 1077). Molekula O,
tvori (na rozdil od molekuly Ny) negativni iont t¥i¢asticovou reakei v rovnici:

OQ+67+OQ—>O;+OQ (11)

s rychlostni konstantou k=5 x 1073 cm*6/s.
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Negativni ionty ve dne rekombinuji odtrzenim elektronu fotonem s energii viditelného
svétla
O; +hvy — Oy + e (1.2)

a béhem dne i v noci srazkovym odtrzenim elektronu
OQ_‘"OQ — 02+e_—|—02 (13)

s k~107%2 cm ™3 7! (hodnota pro 200 K). Pozitivni ionty vznikaji fotoionizaci Ny a O
sluneénim rentgenovskym zafenim a dale ionizaci NO fotony o energii odpovidajici ¢are
Lyman—«a v reakci

A +hr— A" +e, (1.4)

kde A reprezentuje Ny, Os nebo NO. Zanik ionti pak probiha vzajemnou rekombinaci
At+B” - A +B (1.5)
sk ~2x 107" ecm™3s7!. Dochézi i k disociativni rekombinaci O a NO*

O +e- =0 +0 (1.6)

NOT +e” - N+O (1.7)

s rychlostni konstantou k = 3x 1077 ¢cm3 /s , déle k rekombinaci srazkovym odtrzenim
elektronu
O +0 = 0pte (1.8)

a k vzajemné primé rekombinaci
O"+A" >0 +A. (1.9)
Pro tuto vrstvu jsou typicke tzv. vodni klastry, tézké ionty odvozené z ionti H3O™ (napf.

H;03, obecné Hy,110,).

1.1.2 Vrstva E

Nejvyznamnéjsimi ionty ve vrstvé E jsou O3 a NOT. K ionizaci ve vrstvé E (maximum
ionizace ~110 km) dochéazi zejména absorpci fotonii s energii hv > 12 eV molekulou O,

Oz + hv — O +e7, A <102, 7 nm, (1.10)
kde A je vinova délka ionizujiciho zareni a déle fotoionizaci podle
No+hy — N +e,A <79 6nm. (1.11)
Dochézi také k naslednym reakcim s N3 (pienos néboje)
Ny +0 — N+NO' k=5x10""cm 3! (1.12)
Ny +0; — Np+0Of, k=1x10""cm 3. (1.13)

8



Ve vrstvé E je disociativni rekombinace pfimé (rov. a|1.7). K abytku iontu dale
dochézi radiativni rekombinaci

At +e” = A" +hy, (1.14)

ovsem radiativni rekombinace je mnohem pomalejsi a vyrazné se uplatnuje az ve vyso-
kych sitkadch v oblastech, kde je prakticky nulova koncentrace atmosférickych molekul.
Zména elektronové koncentrace se da obecné vyjadfit rovnici kontinuity
ON L,
— =q—L—-V-(N-q), (1.15)
ot
kde N je hustota ionizovanych ¢astic, g je rychlost vzniku iontt, L(N) je rychlost ztraty
a u je transportni rychlost [Rishbethl [1986]. Ztratové procesy se daji vyjadiit pomoci
rovnice

L =k, [AY]N,, (1.16)

kde k;, je rychlostni koeficient ztraty, [A™] je koncentrace O3 nebo NOT a N, je kon-
centrace elektronti. Protoze ve vrstvé E plati

[A*] =~ N, (1.17)
po zanedbéani transportniho ¢lenu mizeme psat
L~ k,NZ. (1.18)

Zmeéna elektronové koncentrace je zde dédna rozdilem mezi produkei ionti a jejich ubyt-
kem AN
dte =q,—k N2, (1.19)
kde ¢, symbolizuje ioniza¢ni procesy podle rov. [[.I0HI.I3] St¥edni doba zivota moleku-
larnich iontu v E—vrstvé je pro predstavu asi 10 sekund, proto tato vrstva po zapadu
slunce rychle vymizi.
Vrstvy, ve kterych se ztratové procesy tidi rovnici

L = g N2, (1.20)

kde acss je efektivni rekombinaéni koeficient, se daji pfiblizné popsat Chapmanovym
modelem a nazyvaji se a—Chapmanovy vrstvy |[Chapman, 1931; Tascioni, 1994]. Vrstva
E je tedy Chapmanova vrstva.

1.1.3 Vrstva F1

Ve vrstvé F1 (~140-200 km) je dominantnim iontem O, ktery vznikd piimou fotoioni-
zaci atomarnfho kysliku

O +hy — O" +e, A <91, 1nm, (1.21)



dale dochazi ke vzniku NOT a O prenosem néboje

Ot + Ny, - NOT +N (1.22)
0" +0,— 05 +0 (1.23)

a v mendi mife se zde vyskytuje iont N3
Ny +hy — NJ + e, A < 97, 6nm. (1.24)

Rekombina¢ni proces je fizen (rychlou) disociativni rekombinaci.
Ztratova rovnice je

L = k[A"]N, (1.25)

a po dosazeni [AT] = N, vychézi rovnice
L=~k N?, (1.26)

Chovéni vrstvy F1 lze opét velmi dobie popsat modelem Chapmanovy vrstvy.

1.1.4 Vrstva F2

Vrstva F2 je oblasti, kde se obvykle nachazi maximum elektronové koncentrace (vy-
jimkou muze byt anomalné vysoka koncentrace elektronu ve vrstvé F1 nebo vyskyt Es
vrstvy s vyssi elektronovou koncentraci nez v F2). Typické maximéalni koncentrace [e~]
jsou zde cca 10° a 10° cm ™3 pro noéni, resp. poledni ¢asy. Ionizace probiha stejnym zpi-
sobem jako ve vrstvé F1, dvoustupnové rekombinac¢ni procesy jsou pak velmi pomalé, a
to je pri¢inou toho, 7ze vrstva F2 jako prakticky jedina ptretrvava stabilné i v noci.

lonizace dominantntho iontu OT je pfima (rov. [L.21] tab. 1.1). Ztrata ionta OF
pirenosem naboje (rov. 1.12 a rov. 1.13) se da vyjadfit rovnici

_dN.

L
dt

—k[A]N.. (1.27)
Clen [A] zde oznacuje koncentraci molekularnich plynii Oy a zejména N,. Tato rovnice
se da& prepsat do nasledujici podoby

dN,
dt

= —pBN., (1.28)

kde B = k[A] je klesajici funkci koncentrace neutralnich ¢astic. Tento proces se na-
zyvéa Bradburyho, nebo také 5 (f—Chapmanova) rekombinace, na rozdil od predeslé a—
Chapmanovy rekombinace z rov. kterd popisuje rozlozeni elektronové koncentrace
ve vrstvach E a F1. ReSeni rovnice nevede k nalezeni maxima. Podle této rovnice by
elektronové koncentrace ve vrstvé F'2 neomezené rostla s vyskou, coz je v rozporu s exis-

vvvvvv
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vrstvy F2 je nutné uvazovat nejen rovnovahu chemickych procesi, ale i atmosférickou
dynamiku, tedy pohyby atmosférickych plynii. Rekombinacni proces je dvoustupiiovy.
Prvnim krokem je pienos naboje

0% + Ny — NO* +N. (1.29)

Rychlost rekombinace je zavisla na 5[O7].
Druhym krokem je
NOT +e” - N+ O. (1.30)

Tento stupenn limituje rychlost celé rekombinace, jeho rychlost je =zavisla
na a«[NOT]N, a je velmi pomala.

Rovnovaha mezi ioniza¢né-rekombina¢nimi procesy vede k tomu, Ze se zde obvykle
nachézi zminéné maximum elektronové koncentrace z celé oblasti ionosféry (pokud
ovSem neuvazujeme zvlasgtni piipad sporadické E—vrstvy). Tato hodnota maximalni elek-
tronové koncentracdﬂ se zna¢i symbolem NmF2 a je dulezitym parametrem ionosféric-
kych procest.

Tabulka 1.1: Typické denni ionosférické parametry vrstvy F2 pro stfedni sitky a nizkou
slune¢ni aktivitu

Vyska ~170-1800 km
Dominantni ionty O*,05,NO*T, H
Dominantni neutraly O (N3, 02)

Maximalni ionizace a vyska || ~ 4 x 101m=3 v 280 km
Hustota neutralnich ¢astic || ~ 9 x 10m=2 v 280 km

Hlavni zdroj Fotoionizace O pomoci EUV
(cca 17 < A < 91 nm)
Ztraty Reakce s pfenosem naboje pomoci Ny a O,
a nasledna disociativni rekombinace
Transport Ambipoléarni diftize, neutralni vitr,
drifty vyvolané el. poli
Teploty Tion = Theutral =950 K, T ~ 2200 K

1.2 Meéreni zdkladnich parametrt ionosféry

Pozemni ionosférické méreni se standardné provadi na fadé svétovych observatofi me-
todou vertikalni sondaze (napf. Reinisch et al.|[2005]; Ulich| [1996]; [Morris et al.| [2004];
Galkin [2006]). Principem vertikalni sondéaze je vysilani vysokofrekvenéniho elektromag-
netického pulzu smérem vzhiru a méfeni doby navratu signélu po odrazu v ionosféfe.
V ionizovaném prostiedi je grupova rychlost elektromagnetického signalu nizsi nez
rychlost svétla a je funkei plazmové frekvence (tzn. je i funkei elektronové koncentrace).

2Vztah mezi elektronovou koncentraci a plazmovou frekvenci je uveden v rov. m
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Rychlost signalu pak limitné klesa k nule v misté, kde je jeho frekvence rovna plazmové
frekvenci (dochézi ke stojatému vilnéni) a signal se odrazi zpét. Vertikalni sondaz tedy
dava informaci o plazmové frekvenci prostiedi a pomoci méfeni doby navratu signalu
ziskavame tzv. virtualni vysku| plazmatu o dané plazmové frekvenci. Nasledujicim kro-
kem je vyslani pulzu s vyssi frekvenci a zméfeni ¢asu navratu pulzu a timto zptisobem se
zmeéii cely pozadovany frekvencni rozsah. Vyslednym frekvencéné vyskovym diagramem

je ionogram (obr. [L.3).

Obréazek 1.3: Ionogram ze stanice Prihonice zméreny pomoci ionosondy IPS42 firmy
KEL Aerospace. Na vodorovné ose je frekvence, na svislé ose je virtualni vyska vrstev.
Zaznamenany jsou odrazy z vrstev E, Es, F1 a F2. Na ionogramu je zobrazen radny i
mimoiadny mod signalu.

Méteni vysky ionosféry pomoci odrazu bylo popsano poprvé v [Breit a Tuve, [1926|
za pouziti signalu o vlnové délce 70 m (4,28 MHz). Byla zaznamenana sezénni variace
ve vy$ce vrstvy (efektivni vySka byla stanovena na 80-210 km) a piedpokladana za-
vislost na denni dobé. Nejvétsi rozvoj v méreni ionosféry nastal s vyuzitim radaru po
2. svétové valce a zejména pak po Mezindrodnim geofyzikalnim roce (IGY) 1957/1958,
kdy byla uvedena do provozu fada ionosférickych stanic po celém svété. V mirné modi-
fikované formé je tento princip méfeni pouzivan dodnes v piistrojich, které se nazyvaji
ionosonda/digisonda.

Na stanici Prihonice probihalo od roku 1957 soustavné méfeni pomoci ionosférické
stanice AIS Izmiran a nasledné pomoci ionosondy IPS42 australského vyrobce KEL Ae-
rospace (od roku 1984 do roku 2004, obr. . Tento ptistroj byl v roce 2004 nahrazen
digisondou DPS—4. Digisonda DPS-4 pracuje zaroven jako radar a dopplerovsky inter-
ferometr. Signal na stanici Prithonice je v soucasné dobé vysilan pomoci antény typu
zkiizend dvojita delta a ma kruhovou polarizaci. Ptijem odrazeného signalu zajistuje
anténni pole slozené ze ¢tyf zkiizenych smycek, které se nachazeji ve vrcholech rovno-

MV

stranného trojihelnika a v jeho tézisti. Digisondou je mozné rozlisit u odrazu rfadny a

3Tato vyska je vypoditana z predpokladu &iFeni signalu rychlosti svétla, coz v plazmatu neplati.
Proto je virtualni vyska vzdy vétsi nez skuteéna hodnota.
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Tabulka 1.2: Pfevodni tabulka pro typické hodnoty elektronovych koncentraci a plazmo-
vych frekvenci v ionosféie

Plazmova frekvence (MHz) 2 |4 6 8 10 12
Elektronova koncentrace (10 cm™3) || 50 | 200 | 440 | 790 | 1230 | 1780

mimoiadny mod, identifikovat sméry piichodu odraZzeného signélu, mérit vertikalni a
horizontalni rychlosti plazmatu atd. [Reinisch et al., [2005; Kouba a Kouckal 2012].

Na ionogramu (obr. zméfeném na stanici Prithonice pomoci sondy DPS — 4D
[Reinisch et al., 2005| jsou vidét odrazy ze tii vrstev E, F1 a F2. Cervenou barvou a jejimi
odstiny jsou oznaceny fadné mody odrazu a zelené mimotradny mod. Tonogramy jsou
odesilany do svétovych databézi a aktualni i starsi ionogramy jsou dostupné na adrese
http://digisonda.ufa.cas.cz. Hodnoty foE, foF'1 a fol'2 oznacuji kritické frekvence
jednotlivych vrstev odvozené z profilu plazmové frekvence (plna ¢ara). Hodnoty hmF2 a
h’F2 oznacuji (skute¢nou) vysku maxima elektronové koncentrace a virtualni (zdanlivou)
vysku vrstvy F2. Tento ionogram je prikladem typického denntho letniho ionogramu
s plné vyvinutymi vrstvami E, F'1 a F2.

Maximalni plazmové frekvence v jednotlivych vrstvach se nazyvaji kritické frekvence
a oznacuji se pismenem ,fo*; kde o znaci fadny (ordinary) mod, nasledované oznacenim
vrstvy. Kritické frekvence vrstev E, Es, F1 a F2 se znaci foE, foks, foF1 a foF2.

Vztah mezi elektronovou plazmovou frekvenci a elektronovou koncentraci je dan

rovnici
, N, -e?
N=—", (1.31)
€y - m - 4w
kde fn, Ne, e, g a m znaci plazmovou frekvenci, koncentraci ¢astic, naboj elektronu,
permitivitu vakua a hmotnost elektronu. Pfevod koncentraci a plazmové frekvence pro

typické hodnoty v ionosféie je uveden v tab. [I.2]

Pojem plazmové frekvence se v ionosférickém vyzkumu tradi¢né pouziva kvili prin-
cipu méfeni odrazem (maximalni koncentrace ve vrstvach se tedy udavaji pomoci maxi-
malni plazmové frekvence). Termin elektronovéa koncentrace se naopak pouziva ve spoje-
nich , profil elektronové koncentrace”, pripadné celkova elektronova koncentrace (TEC)
nebo pii métenich in situ pomoci piistroju umisténych na satelitech.

Koncentrace elektronti N, v zavislosti na vysce je jednim ze zakladnich parametrt pro
popis ionosféry. Méni se v pribéhu dne i noci, zavisi na ro¢nim obdobi a na zemépisné
poloze. V prvni fadé zavisi na slunecni a geomagnetické aktivité, zejména intenzité
kratkovinného slune¢niho zatreni, dale na stavu meziplanetarniho magnetického pole.
Profil elektronové koncentrace zavisi i na procesech v neutralni atmosféie. Typické profily
elektronové koncentrace pro letni a zimni obdobi a den a noc jsou zobrazeny na obr.

Signal o vyssi frekvenci, nez je lokdlni maximalni plazmové frekvence, se neodrézi a
prostiedim prochazi. Z toho vyplyva, ze sondovanim ziskavame informaci pouze o plazmové
frekvenci v dolni ¢asti ionosféry do vysky maxima elektronové koncentrace (obr. .
Na tomto obrazku je vidét, které ¢asti jsou vypocteny piimo na zakladé méreni, a které
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Obrézek 1.4: Tonogram ze stanice Prithonice zméfeny pomoci digisondy DPS-4. Na ho-
rizontélni ose je plazmova frekvence, na vertikalni ose je vyska. Detekovany jsou vrstvy
E, F1, F2 (typicky denni letni ionogram). Indexy foE, foF1 a foF2 oznacuji kritické
frekvence jednotlivych vrstev, hmF2 je vyska maxima elektronové koncentrace, h’F2 je
zdanliva vyska vrstvy F2. Digisonda DPS-4 umoziuje rozlisit fadny (Cervené) a mi-
moiadny (zelené) mod odrazu a sméry pfichodu odrazeného signélu (legenda vpravo
nahore).

jsou jsou dopocteny za pomoci modeli. Informace o plazmové frekvenci v nékterych
oblastech profilu totiz neni pomoci pozemniho sondovani dostupna. Vzdy se jedna o ob-
last nad globalnim maximem plazmové frekvence (foF2) a v konkrétnim ptipadé i o tzv.
udoli, tedy oblast s lokadlnim minimem plazmové frekvence mezi vrstvou E a F. Vzhle-
dem k tomu, Ze minimélni sondovaci frekvence v tomto pfipadé byla 1 MHz, je i ¢ast
profilu pod touto frekvenci extrapolovana za pouziti modelu, protoze o ni nejsou primé
informace z aktudlniho méfeni. Podkladem pro pouzité modely pro spodni i horni ¢ast
ionosféry jsou méteni z raket, ze sateliti (topside soundery a méfeni koncentrace ¢astic)
[Mechtlyl 2012; Chapman a Warren, [1968; Huang et al.l [2002; [Friedrich a Torkar, 2012],
a dalgich metod, zejména EISCAT radaru |[Hagfors a Silen| |1982; |[Folkestad et al., 1983}
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Obrazek 1.5: Typické letni (tlustd Cervend ¢ara) a zimni (tenkd Cernd ¢ara) profily
plazmové frekvence pro den (plnd ¢ara) a noc (preruSovana ¢ara). Koncentrace elek-
trontt N, v cm ™ je uvedena na horni horizontalni ose obrazku.

Mikhailov, A. a Schlegel, K.| 1997].

Pro konverzi ionogramu na redlny profil elektronové koncentrace se pouzivaji in-
verzni metody. Ptikladem je algoritmus POLAN (POLynomical ANalysis, Titheridge
[1985|, vyuzivany napiiklad pro ionosondy typu IPS42) nebo software NHPC |Huang
a Reinisch| 1996; [Reinisch et al. 2005|, pouzivany pro fadu digisond DPS-4/DPS—4D.
Podle pouzitého zarizeni na observatofi uzivatelé upfednostiuji konkrétni metodu. Pro
interpretaci dat z jedné stanice s vyuzitim jednoho algoritmu neni jeho volba z4sadnf]
Pti spole¢né analyze dat z nékolika stanic ovSsem miize byt pouziti riznych algoritmi pro
vysledek nevhodné a mize vést k nespravnym zavérim. Této problematice je vénovana
kapitola 6.

1.3 Vliv prilivovych a planetarnich vin na ionosféru

Chovani ionosféry je vazano na mnoho faktori, jako jsou stav neutralni atmosféry, ge-
omagnetickd aktivita a slunecni aktivita, a je velmi proménlivé. Jsou zndmé zmény
cyklického ¢i pravidelného charakteru souvisejici s pohyby Zemé a Slunce (1-denni, 27
denni, ro¢ni), slune¢ni aktivitou (~11-22 leté), ale jsou pozorovany i zmény, které nemaji
s témito cykly pfimou souvislost (napi. Lastovicka [2006]).

Atmosférické prilivové viny jsou globalni oscilace neutralni atmosféry s periodami,
které jsou odvozené od periody otédceni Zemé kolem Slunce. Pohyb vin je ve vychodnim i
zapadnim sméru. Sluneéni (termalni) pfilivové vlny jsou zptusobeny ohievem troposféry

4napiiklad pro studium trend
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Obréazek 1.6: Ionosondou méfitelné a neméfitelné (dostupné a nedostupné) ¢asti elek-
tronového profilu. Dostupné ¢asti (plna ¢ara) jsou vypocteny pomoci inverznich metod,
nedostupné ¢asti (¢arkovana ¢ara) jsou extrapolovany s vyuzitim modelia. Oblast pod
minimalni sondovaci frekvenci 1.0 MHz je vyznacena teckovanou carou.

slune¢nim zdrojem a déle se §ifi smérem vzhuru do termosféry (Forbes [1994]). Typické
periody zahrnuji 6, 8, 12 a 24 hodin.

Planetarni viny jsou rovnéz buzené v troposfére a pokryvaji Siroké spektrum pe-
riod, nap¥. 2, 5, 10 a 16 dni, a zhruba odpovidaji vlastnim (rezonan¢nim) periodam
neutralni atmosféry (Rossbyho mody) o periodach 1, 2, 5, 8 a 12 dni, posunuté vlivem
prevladajicich vétri.

Vztahem mezi periodickymi oscilacemi neutralni atmosféry a ionostérou se zabyvaji
prace uvedené napi. v referen¢ni ¢asti prace [Mosna a Koucka Knizoval 2012, A8|. Jde
jak o vztahy mezi neutralni atmosférou a spodni ¢ésti ionosféry tak, o vazbu neutralni
atmosféra — oblast vrstvy F. Vazbou neutralni atmosféry a sporadické vrstvy Ef|se kon-
krétné zabyvaji napf. Pancheval [2003]; Haldoupis et al.| [2004, [2006]; Sauli a Bourdillon
[2008|; Tsunoda et al.|[1998] a dalsi (napi. nalezeni podobné 7-denni periodicity v da-
tech z Es a planetarnich vinach je publikovano v Haldoupis et al.| [2002], vazba 6—denni
oscilace Es na planetarni vlny je uvedena v Zuo et al. [2009]). Tito autofi pozorovali
shodny ¢i podobny vyskyt periodicit v planetarnich vinach a sporadické vrstvé. Tato
pozorovani potvrzuji vliv planetarnich vln na chovani sporadické vrstvy. Pomoci studia
chovani Es vrstvy je mozné detekovat aktivitu planetarnich vin, které na sporadickou
vrstvu pusobi, a tim i odvodit z ionosférickych méfeni Es vrstvy vlastnosti planetarnich

®viz nésledujici podkapitola
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vin.

1.4 Sporadické E-vrstvy

Sporadické E—Vrstvyﬁ (Es vrstvy) se v letnich mésicich vyskytuji v oblasti vrstvy E
ve vyskach mezi 90 a 120 (nékdy i vyse) km. Jejich vyskyt navzdory nézvu nemusi byt
obc¢asny. Toto zvrstveni se mize znenadani ,,objevit* na nékolik hodin ¢i dni a stejné tak
ne¢ekané mize zmizet[| (Whitehead| [1961} [1989]; Mathews| [1998]; Haldoupis et al.| [2002)
2004]). Znama je sezonni, denni a ptuldennni periodicita vyskytu Es (napi. Haldoupis et
al.[ [2004, 2006]).

Ackoliv je prispévek elektront v Es velmi maly v porovnani s celkovym obsahem
elektronti v ionosféfe (TEC) z divodu malé mocnosti Es, kriticka frekvence foEs byva
neziidka vyssi nez plazmovéa frekvence ve vrstvé F2, kde se obvykle nachazi maximum
elektronové koncentrace. Piispévek elektroni v Es k TEC je tedy prakticky zanedba-
telny, ale kvili vysoké lokalni koncentraci je vliv sporadické vrstvy na siteni elektro-
magnetickych signali ¢asto velmi zasadni (zejména pro Sifeni vin odrazem). Sporadické
vrstvy jsou Casto schopny odrazet elektromagnetické viny o vyssich frekvencich nez ob-
vyklé ionosférické vrstvy.

a) zonalni stfih vétru b)meridiona’lni stfih vétru

vychodni vitr jIZI’]I vitr

////.m \\\\
RN '\\'\'\\

zapadni vitr Nulova vysledna rychlost, severni vitr
akumulace ionttl

Obrazek 1.7: Vliv zonélniho (levy obrazek) a meridionalniho (pravy obréazek) proudéni
na tvorbu Es vrstev. Vlivem vétri a magnetického pole B o vhodné konfiguraci dochazi
k v x B driftovému pohybu nabitych ¢éstic. Pti stiihu vétri pak dochézi ke konvergenci
iontt a ke vzniku tenké vrstvy. Upraveno podle [Haldoupis et al., [2004].

Ve sporadické vrstvé Es hraji dominantni roli srazky ionizovanych a neutralnich

6 Ackoliv je mnozné &islo ,,vrstvy® & vyraz ,zvrstveni® spravnéjsi, v literatuie se b&zné pouZziva i
jednotné ¢islo ,,vrstva‘.

"Sporadicka vrstva je i pies intenzivni studium ve védeckych kruzich bézné oznacovana za ionosfé-
rickou z&hadu.

17



¢astic, coz je pri¢inou relativné rychlych rekombinacnich procesti. Mechanismus vzniku
sporadickych vrstev je nejcastéji vysvétlovan plisobenim vertikalniho stfihu neutralnich
vétri, jak je naznaceno na obr. [Whitehead, 1961}, 1989; Mathews, 1998]. Ve vyskach
vrstvy E dochézi ke konvergenci kovovych ionti (Nat, Ca™, FeT) do tenkych vrstev
s mocnosti stovek metri az jednotek km s celkovou tloustkou cca 10 km [Clemesha,
1995|. Pro vysky pod cca 125 km jsou rozhodujici zonalni sméry proudéni neutralniho
vétru. Vertikalni drifty plazmatu v téchto nizsich vyskach podléhaji srazkdm a pohyb
plazmatu je ovlivnén pievazné zonalnimi vétry. Nejefektivnéjsi stiih vétru pro vznik
Es vrstvy je vychodni (tedy vanouci smérem na zapad) vitr nahofe a zapadni vitr dole,
protoze vychodni smér zpusobuje klesajici drift a zdpadni smér stoupajici drift plazmatu.

Ve vyskach nad cca 125-130 km je srazkova frekvence natolik mala, Ze je pohyb
plazmatu limitovan zejména magnetickym polem. Dominantnim ¢initelem ovliviiujicim
vertikdlni pohyby plazmatu je zde meridionalni proudéni. Podminky konvergence jsou na
severni polokouli splnény pfi jiznim vétru nahote a obraceném ¢i pomalejSim proudéni
v nizsich vyskach.

Sporadické vrstvy jsou na ionogramu viditelné jako vodorovné cary ve vysce od-
povidajici vyskdm vrstvy E a vzhledem k c¢asto vysoké kritické frekvenci ¢astecné ¢i
plné zastinuji vyse lezici vrstvy. Morfologicky jde spiSe o utvary oblakovitého ¢ diskovi-
tého charakteru nez o souvislé zvrstveni. Priubéh koncentrace kovovych iontti zméfenych
pomoci raketové sondaze je znazornén na obr. [1.§

Detekéni limit ionosondy /digisondy je zdola omezen hodnotou gyrofrekvence (v okoli
této frekvence dochazi k dtlumu vyslanych vin), a proto se sporadicka vrstva s nizsi
plazmovou frekvenci na ionogramu nezobrazi, prestoze muze byt v daném okamziku
pritomna.

Tonogram ze stanice Prithonice (obr. zobrazuje situaci s dvéma pritomnymi Es
vrstvami. Parametry vrstev jsou h’Es=100km, foEs=2,45 MHz pro nizs$i a h’Es=110km,
foEs=4,5 MHz pro vyssi detekovanou vrstvu.

Podle st¥ihové teorie je efektivita vzniku Es vrstev nejvétsi ve stfednich sitkach, coz
je ve shodé s pozorovanim (obr. [1.10)).

Rychlost ionizac¢nich a rekombinac¢nich procesti v Es se pohybuje v fadu minut. Dy-
namika téchto procesu je demonstrovana ionogramy na obr. V case 03:15 ionogram
zobrazuje pouze odraz z vrstvy F2. V ¢ase 03:30 dochazi ke vzniku Es s kritickou frek-
venci foEs=2,0 MHz. O patnact minut pozdé&ji je vidét vrstva Es s kritickou frekvenci
foEs=5,4 MHz a v ¢ase 04:00 pozorujeme plné vyvinutou sporadickou vrstvu s foEs=7,0
MHz, kter& zcela brani pozorovani vyse lezicich vrstev. Cas mezi vznikem, poklesem a

naslednym zanikem jednotlivych sporadickych vrstev je obvykle nékolik minut az nékolik
hodin.
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Obrazek 1.10: Prostorova a sezénni zavislost vyskytu sporadické vrstvy. Nejvyssi pravdé-
podobnost vyskytu Es vrstvy je v oblastech stfednich sitek béhem lokalniho léta (podle
Arras et al.|[2011]).
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2. Slunec¢ni aktivita a jeji vliv
na ionosféru

Slune¢ni vitr je pokrac¢ovani slune¢ni korony do velkych vzdalenosti. Je zpiisoben obrov-
skym rozdilem tlaku mezi spodni ¢asti korony a kosmickym prostorem (napt. Gombosi
[1998]). Dnes je znamo, 7Ze rychlost slunec¢niho vétru se ve vzdalenosti 1 AU od Slunce
pohybuje vétsinou v rozmezi 300-800 km/s s priiomérnou rychlosti cca 400-500 km /s a
hustota elektronti je zhruba 5 cm™3. Rychlost zvuku pro tuto hustotu ¢astic je asi 60
km /s, takZe rychlost slune¢niho vétru je silné nadzvukova. Rychlost ¢astic se vzdalenosti
od Slunce vzristé |Bisi, 2006]. Predstava o existenci stalého proudu plazmatu pohybuji-
ciho se smérem od Slunce byla popsana napt. v [Chapman a Ferraro, |1930| a navazujicich
pracich jako vysvétleni geomagnetickych variaci ¢i polarnich za¥i |[Biermann, [1951].

Tvar chvostu komet, ktery vzdy miii smérem od Slunce, byl vysvétlen v |Bier-
mann, (1957] pomoci nepfetrzitého proudu nabitych ¢astic proudicich radialné smérem
od Slunce do meziplanetarnicho prostoru jako vysledek nerovnovézného stavu slunecni
korony, ktera se rozpina vlivem rozdilu tlakii mezi slune¢nim a meziplanetarnim plazma-
tem. Detailn&j$i popis expanze korony pfinesli [Parker| [1958]; (Chamberlain| [1960|. Za-
timco Parker dosel k zavéru, ze proud c¢astic se od Slunce pohybuje vysokou rychlosti a
nazval ho slune¢nim vétrem (solar wind) s predpokladanou nadzvukovou rychlosti okolo
500 km /s, Chamberlain se piiklanél k nazoru, Ze rychlost ¢astic je mnohem mensi (pod-
zvukova, kolem 10 km/s) a navrhl termin sluneéni vanek (solar breeze). Tato debata byla
rozieSena méfenim rychlosti ¢astic po vypusténi druzic do kosmického prostoru (napf.
Gringauz| [1961]; Bonetti et al.|[1963]; Snyder et al.| [1963]; Neugebauer a Snyder| [1966])
a zvitézila Parkerova teorie.

Vliv slune¢ni aktivity na stav geomagnetického pole a periodické zmény souvisejici
s 27denni periodicitou Slunce byly pozorovany napi. v [Bartels, (1932, 1934, Newton,
1932|. Zdanlivé paradoxni vyssi vyskyt rekurentnich (opakujicich se a tedy evidentné
souvisejicich s rotaci Slunce) geomagnetickych bouii v obdobi sluneéniho minima (napf.
Bartels [1934]) byl pozdéji vysvétlen jako dusledek rychlého proudu &astic, které maji
ptvod ve slune¢nich koronélnich dérach.

Vodivost redlného plazmatu je ¢asto mozné povazovat za nekone¢nou. V bezsrazko-
vém plazmatu (coZ je napf. slune¢ni vitr) je pak mozné uplatnit koncept tzv. zamrzlého
magnetického pole v plazmatu |Alfven| 1967|, kde plati

0B
i V x (v x B), (2.1)

kde v je rychlost plazmatu a B je vektor magnetického pole. To znamena, zZe magnetické
pole je unéseno pohybujicim se plazmatem [Baumjohann a Treumann [1997|. Pohybujici
se slunecni vitr s sebou nese magnetické pole, které se pti vhodné konstelaci (B, < 0,
tedy s obracenou slozkou B, nez mé zemské magnetické pole) na denni strané propojuje
se zemskym magnetickym polem. Uzaviené zemské silocary se tak oteviraji a jsou una-
Seny ve sméru slunec¢niho vétru. Na obr. je znazornéno propojovani magnetického
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pole slune¢niho vétru se zemskym (1-2), unaseni silo¢ar pies polarni oblasti smérem na
no¢ni stranu (3-6), propojeni otevienych siloc¢ar ve vzdalenosti kolem 100-200 Rg (7).
Vzhledem k magnetické tenzi se natazené spojené zemské silocary vraceji smérem k Zemi
a silo¢ary slunecniho vétru odchézeji smérem od Slunce (8). Timto zptisobem vznika ne-
ustaly konvekéni proud plazmatu v magnetickém ohonu. Magnetické pole z noc¢ni strany
je nakonec dopraveno na denni stranu Zemé a cely kolobéh se tak uzavird. Spojovani
silocar a rekonekce se odehrava zejména v blizkosti tzv. X-linie (oznaceni pro denni i
no¢ni stranu) nebo tzv. neutralni ¢ary (oznaceni pro no¢ni stranu).

Konvektivni pohyb plazmatu na no¢ni strané vytvaii elektrické konvekéni pole mezi
ranni a veCerni stranou o velikosti cca 50-100 kV. Dalsim polem, které je vytvareno,
je korotujici elektrické pole (corotation electric field). To je zpisobeno zemskou rotaci.
Neutralni atmosféra, ktera rotuje spolu se Zemi, nuti k rotaci i plazma v dusledku srazek
mezi nabitymi a neutralnimi ¢asticemi. Elektrické pole je vyjadieno jako

E., =—(Qp xr) x B, (2.2)

kde Qp = 7,27-10"°rad /s je thlova rychlost zemské rotace. Za pouZiti rovnice [Baumj-
ohann a Treumann, 1997|

kde index g oznacuje rovnik a L je Mcllwainiiv parametifl] je mozné vypoéitat potencial
v roviné rovniku, ktery ¢ini zhruba 92 kV /L.

Na stav ionosféry ma zasadni vliv poruchova slozka meziplanetarntho magnetického
pole (IMF). Podle tvaru a vzniku magnetického pole, které se $ifi meziplanetarnim
prostorem, je mozné rozdélit extrémni slunecni udélosti na dvé zékladni skupiny.

Prvni skupina je charakterizoviana poloidalnim magnetickym polem a vysokou rych-
losti pohybu castic. Je typickd pro maximum slunec¢ni aktivity a oznacuje se jako vy-
sokorychlostni slune¢ni proudy HSS (High Speed Solar Streams). HSS jsou formované
v oblastech slunecnich korondlnich dér. Plazma méa vysokou teplotu, nizkou hustotu a
vysokou rychlost. HSS zptsobuji v oblastech zemskych vysokych zemépisnych sitek zvy-
Seni teploty v termosféfe Joulovym ohfevem i ¢asticovym ohfevem. To nasledné vede
k redistribuci hustoty plynu a zménam ve vySce maxima elektronové koncentrace, pii-
padné v elektronové koncentraci v oblasti F2 [Lei et al., [2008].

Pro druhou skupinu je typické toroidalni magnetické pole. Vyrony koronalni hmoty
CME (Coronal Mass Ejections) a jejich podmnoZina, magneticka oblaka MC (Magnetic
Clouds) maji sviij puvod v oblastech uzavienych magnetickych silo¢ar. CME maji niz-
kou protonovou teplotu (nizké ). Magnetickd oblaka se vyzna¢uji rotaci magnetického
pole |Burlaga et al.; 1981|. Hlavni efekt CME je prudky prinik zvySeného elektrického
pole do ionosféry nizkych §itek a tvorba silnych subauroralnich elektrickych poli, zvy-
Seni precipitace ¢astic a rozpinani ionosféry vlivem zvyseni jeji teploty. Precipitace ¢astic
vede ke zvySené ionizaci a zvySuje teplotu v oblasti pod maximem elektronové koncen-
trace i v jeho okoli. Vzhledem k del§imu piisobeni negativni slozky IMF se predpoklada

I'McIlwaintiv parametr, hodnota L, ozna¢uje silo¢aru, ktera se v oblasti rovniku nachazi v L nasobku
zemskych poloméri od stifedu Zemé.
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Obrézek 2.1: Propojovani silocar, unaseni otevienych siloc¢ar a jejich uzavirani vlivem
slune¢niho vétru s negativnim B, (pfevzato z Baumjohann a Treumann| [1997] se svole-
nim autori)

silngjsi efekt (vyssi geoefektivita, tedy citlivost zemského magnetického pole na piso-
beni vnéjsiho magnetického pole slune¢niho puvodu) pro udélosti typu MC oproti CME
bez rotace magnetického pole [Georgieva et al., [2006|. Z hlediska odezvy magnetosféry
na poruchu IMF byly jako nejvice geoefektivni detekovany HSS nasledované MC a jako
nejméné geoefektivni jsou povazovany CME.

2.1 Boure a subboure

Ionosférické poruchy, subboute a boufe pfedstavuji extrémni formu kosmického pocasi
(space weather) a projevuji se nezanedbatelnymi vlivy na pozemni a kosmické tech-
nologické systémy. Jsou iniciovany vysoce variabilnimi slune¢nimi a magnetosférickymi
vstupy do zemské vrchni atmosféry [Buonsanto, 1999; Prolss| [1995]. Na rozdil od pravi-
delnych ionosférickych variaci nelze jednoduse predpovidat jejich nastup. Termin ,,po-
ruchy® vyjadiuje nepravidelnost a docasnost takovych jevi. Termin ,bouie” naznacuje
zavaznost udalosti. Ackoliv od doby objevu ionosférickych poruch jsou tyto jevy neustale
a intenzivné studovany, jejich vznik a chovani nejsou doposud vycerpavajicim zptisobem
popséany (Prolss| [1995]; Buonsanto| [1999]; |Cander a Mihajlovic [2005]; Krankowski et|

a dalsf).
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2.1.1 Mechanismus vzniku ionosférickych poruch

Ionosféricka elektronova hustota N, zavisi na toku slunecniho zafeni, slozeni neutralni
atmosféry a dynamickém plisobeni neutralnich vétri a na pusobeni elektrickych poli. Za-
timco slune¢ni zafeni (zejména v oblasti UV a kratsich vinovych délek) je zodpovédné
spise za formovani ,,neporusené* ionosféry, slunec¢ni vitr se podili na poruchové slozce io-
nosféry. Uvadi se, Ze rozdily mezi piisunem energie ze slune¢niho vétru do magnetosféry
v klidném a neklidném obdobi mohou ¢init i 500 a vice procent. Béhem geomagnetické
boufe dochazi k deformaci zemské magnetosféry ptisobenim zmény rychlosti a koncent-
race ¢astic a magnetického pole ve slunec¢nim vétru a vznikla intenzivni elektricka pole se
promitaji podél geomagnetickych siloc¢ar do ionosféry vysokych geomagnetickych sirek.
Béhem tohoto procesu dochézi k vyrazné konvekci plazmatu, které nasledné ovliviiuje
proudéni neutralniho vétru pomoci srazek nabitych ¢astic s neutrély.

Déle dochazi k vysypavani energetickych ¢astic v nizsi termosféfe a nize (dochézi
ke sprskam energetickych a druhotnych ¢astic) a tim k ohfivani a rozsifovani auroralni
zony, zvySeni vodivosti ionosféry a nartustu proudu ve vysokych §itkach. Mezi ionosfé-
rou vysokych sitek a magnetosférou tecou intenzivni elektrické proudy a dochézi tak ke
zvySenému ohfevu plazmatu i neutralni atmosféry. Termosféricka expanze vyvolava silné
neutralni vétry a zaroven dochézi ke zméné ioniza¢né-rekombinacnich poméru, bud pii-
sunem téz8ich ¢astic z nizsich vrstev (Ny, Og, které urychluji rekombinaci), nebo naopak
k piisunu atomarniho kysliku (O-atomérni kyslik je prekurzor ioniza¢nich procesi).

2.1.2 Typy ionosférickych poruch

Néhla ionosféricka porucha SID (Sudden Ionospheric Disturbance) se projevuje béhem
silné slune¢ni erupce néhlym prerusenim radiové komunikace (cca jednohodinovy vy-
padek) na denni strané Zemé. Vypadek v oblasti kratkych vin je zpisoben okamzitym
silnym zvySenim elektronové koncentrace ve spodni ¢asti vrstvy D diky zesileni emise
tvrdého a ultratvrdého rentgenového zatreni ze Slunce. Kratké viny, které normélné pro-
chéazi vrstvou D, jsou v téchto okamzicich silné utlumeny (Short wave fadeout, nazyva se
téz Mogel-Dellingerav jev). K pfesunim poruchy do no¢nich oblasti vzhledem k velmi
rychlé rekombinaci nedochazi.

Ionosférickd boufte je charakterizovina pozvolnéjsim nastupem a del$im trvanim, nez
je tomu u SID. Ionosférické boute se déli na absorpci v polarnich oblastech PCA (Polar
Cup Absorption) a geomagneticky indukovanou boufi. Absorpce v polarnich oblastech,
jak napovida nazev, je pozorovina pouze ve vysokych geomagnetickych §itkach v oblasti
auroralntho ovalu. Je doprovazena vypadkem komunika¢nich zatizeni v dusledku zvySeni
elektronové hustoty ve vyskach mezi 55 a 90 km (tedy oblast vrstev D a E). Dochéazi
k ni pfichodem velmi energetickych protonii béhem slune¢nich erupci (energie ¢astic<10
MeV). Tyto ¢astice po narazu na magnetické pole sméfuji podél magnetickych silocar
do polarnich oblasti, kde piedavaji svoji energii a ionizuji neutralni ¢astice. Protoze
prichéazejici protony maji Siroké spektrum energii, k jejich piichodu dochazi postupné, a
tak oblast PCA postupné zvétsuje svoji velikost a zapliuje polarni region. Trvani PCA
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je mnohem del$i nez v piipadé SID a je typicky v rozmezi desitek hodin az po nékolik
dni.

Druhym typem ionosférickych boufi je geomagneticky indukovana bouie. Na rozdil
od PCA je mnohem intenzivnéjsi béhem noci. Auroralni subboufe za¢in& ndhlym rozsvi-
cenim jednoho z klidnych aurordlnich obloukt, pripadné rychlou tvorbou oblouku.Poté
nasleduje rychly pohyb smérem k poélu a vyduti do ptlnoc¢ni oblasti. Pokracovani au-
roralni subboute prinasi vydouvani oblouku do vSech smérii. V odpolednim sektoru se
objevuje vzdouvani a jeho pohyb smérem na zapad. V rannim sektoru se oblouk rozpada
a aktivni oblasti se pohybuji smérem na vychod rychlosti cca 300 m/s. Porusené zoéna
se rozsifuje i do niz8ich geomagnetickych Sifek [Tascioni, [1994].

Sifeni ionosférickych poruch je mozné pozorovat jako tzv. putujici ionosférické poru-
chy TID (Traveling Ionospheric Disturbances). Ohfev auroralni oblasti generuje akusticko—
gravitacni Vlnyﬂ v neutralni atmosféie, které maji silny dopad na chemické slozeni ne-
utralni atmosféry i iont a tim i koncentraci elektroni v ionosfére [Werner, 1999|. Jejich
pohyb z polarnich oblasti smérem do nizsich Sifek je mozné pozorovat napiiklad pomoci
sité ionosond jako poruchu postupné se §ifici rychlosti stovek m/s podél siloc¢ar.

2.2 Negativni a pozitivni boure

Hlavnim znakem ionosférické boute jsou rychlé zmény elektronové koncentrace a vysky
vrstvy F2. Tyto zmény se daji vyjadiit pomoci rovnice kontinuity (rov. , ve které
vystupuje transportni ¢len. Ke zméné koncentrace ionizovanych ¢astic IV, a tedy k efektu
ionosférické boufe, prispiva kazdy ze tii ¢leni na pravé strané rovnice (tzn. ioniza¢ni,
ztratovy i transportni ¢len). Kompletni popis historicky uvazovanych ¢i navrhovanych
mechanismit pfispivajicich k pozitivni & negativni boufi, je uveden v knize Prolss| [1995).
Diiraz je zde dan na nasledujici model vzniku bouti: Negativni efekty jsou zpusobeny
zejména zménami ve slozeni neutralniho vétru (p¥inos plyni zvySujici rekombinaci).
Denni porzitivni efekty jsou pfipisovany TID a zménam v cirkulaci vétri ve velkém
méritku a dale porucham elektrického pole.

2.2.1 Negativni boure vyvoland zménami slozeni neutralni at-
mosféry

Disipace slune¢niho vétru soustavné ovliviiuje hustotni rozlozeni polarni horni atmosféry.
I za magneticky klidnych podminek je dostatecné efektivni, aby formovala stalou poru-
Senou zonu. Pii zvySené aktivité slunec¢niho vétru muze dojit k nartistu obsahu tézsich
plynt a sniZeni obsahu lehéich plynu [Seaton) 1956 Prolss, [1988|. Dochazi také k ex-
panzi zmény sloZeni neutralni atmosféry do oblasti st¥ednich $ifek [Rishbeth a Edwards,

2 Akusticko-gravita¢ni viny jsou atmosférické viny s periodami fadové desitky minut a7 hodiny, ve
kterych se vyznamné uplatiiuje gravitacni sila. V troposféfe jsou generovany napiiklad frontalnimi
systémy nebo vétry proudicimi pfes velka pohoii a tyto vlny se &ifi do vys8ich oblasti atmosféry, kde
predavaji svoji energii.
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1989]. Snizenim koncentrace O tak dochazi k nizsf tvorbé OF podle rov. [1.21]a nasledkem
vy$si koncentrace Ny k prenosu naboje z OF (rov. 1.22) a nésledné k rekombinaci podle
rov. . Tyto zmény spole¢né prispivaji ke snizeni elektronové koncentrace. Pozorovana
korelace mezi zménami slozeni neutralni atmosféry a efektu negativnich ionosférickych
boufi potvrzuje existenci vlivu neutralni atmosféry na ionosféru [Prolss, 1980].

2.2.2 Pozitivni bouie zptisobené meridionalnimi vétry

Jako nejpravdépodobnéjsi vysvétleni pozitivnich ionosférickych boufi je uvadéna odezva
na nahly vstup energie do atmosféry polarnich oblasti (pozorovana pomoci AE indexu),
nasledkem ¢ehoz dochazi k dobte rozvinuté pozitivni boufi ve stfednich §itkach. Nejprve
dochéazi ke zdvihu vrstvy F spojené se snizenim hustoty ionizovanych ¢astic. Po dosazeni
maxima vySky dochézi k naslednému zvyseni koncentrace ionti a elektronu [Tanaka a
Hirao, 1973; Spurling a Jones| [1992; Prolss a Jung, |1978|. Tento jev je vysvétlovan
pomeérem koncentraci Ny a Oy a koncentraci O. Koncentrace molekuldrniho kysliku a
dusiku (rekombina¢ni ¢leny) s vyskou klesa rychleji nez koncentrace atoméarniho kysliku
(ionizac¢ni ¢len) a tudiz dochazi ke zvySeni hustoty v oblasti maxima NmF2. Rovnice

se d& prepsat do tvaru

kde f3 zavisi na koncentraci molekularnich plyntt 8 = ky [Ns] + ky[O2]. Maximalni hustota
NmEF2 ~ %7 takze se pii poklesu 8 zvysuje koncentrace NmF2. Rekombinace v oblasti
F pak probih4 podle rov. [1.6]a rov. [Danilov, [2001].
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3. Scaling — invariance délek

Chovani geofyzikalnich systému se ¢asto popisuje pomoci konceptu tzv. scale invari-
ance.Geofyzikalni data jsou vétSinou fluktuujici signaly s velmi vyraznou proménlivosti
ve velkém rozpéti period. Takovéto procesy vykazuji do velké miry nepravidelnosti a
jejich statistické vlastnosti se s ¢asem (délkou vybraného intervalu) méni. Proménlivost
systému souvisi jednak s pusobenim externich vlivii na systém a dale s jeho vlastni
nestabilitou. Problémy pii analyze dat zahrnuji nelinearitu jevi, dlouhodobou pamét,
prekryvy trendi, nestacionaritu atd. a pro analyzu dat je tedy obtizné pouzit , klasické”
metody jako spektralni analyzy ¢i (auto)korelace [Davis et al., [1994a]. Teoreticky kon-
cept popisu turbulence |[Kolmogorov, |1962] a teorie fraktala [Mandelbrot, [1967| daly
podnét pro novou interpretaci procest, které vykazuji turbulentni ¢i chaotické chovani.

3.1 Fraktaly a sobépodobnost

Fraktaly (z latinského slova fractus, zlomeny) jsou objekty, jejichz fraktalni dimenze je
odligna od topologické dimenze (tzn. neni celo¢iselnd). Vyraznou vlastnosti fraktalu je
sobépodobnost. Sobépodobnost je vlastnost objektu, ktery pfi zméné métitka vykazuje
stale podobné vlastnosti. Termin scale invariance neboli invariance (nezavislost) délek ¢i
skalova invariance popisuje nasledujici vlastnost ¢asové fady: V dané ¢asové fadé (nebo
prostorovém rozlozeni), pfipadné v jejich ¢astech, se nenachazi vyznamné casové (¢
prostorové ) periodyE] [Wendt et all 2007]. Bud v celém rozsahu studovaného objektu,
nebo v jeho vyznamné ¢asti ¢i ¢astech pak neexistuji charakteristické periody. Neexis-
tence charakteristickych period se d& ekvivalentné vyjadrit i tak, ze vSechny periody
jsou rovnocenné.

Tato predstava je pouze teoretickd; v prakticky kazdém readlném (geo)fyzikal-nim
systému je mozné nalézt vyznamnéjsi periody (napf. jednodenni, roéni atd.), které jsou
spojeny s vnitfnimi ¢i vnéjsimi procesy, napf. rotace Zemé nebo slunecni aktivita. Sca-
ling analyza vSak zkoumé piedevsim oblasti period a ne jen jednotlivé periody. Oblasti,
ve kterych neexistuje zadn& vyznacna charakteristickd délka procesu, predstavuji do-
mény Skalové invariance (angl. scale invariance). Misto hledani charakteristickych skal,
jak je tomu napftiklad u metod odvozenych z Fourierovy transformace, pak zkouméame
vlastnosti zvoleného rozmezi period (a pfipadné pomoci scaling analyzy potencialnich
na systém pusobicich procesi identifikujeme mechanismus, ktery je ovlivigje).

Termin ,scale invariance® je chapén ve smyslu mocninné rovnice

P(X) ~ X°, (3.1)

kde P(X) je vikonové spektrum signalu X. Vykonové spektrum ¢i jeho podstatnou ¢ast
¢ Casti je tedy mozné v logaritmické formé , prolozit* pifimkou.

!Termin gkéla je podle potieby autort v literatufe pouzivan obecné bud v prostorovém nebo ¢asovém
smyslu, mluvi se tedy o délkovych nebo ¢asovych skaldch. Vzhledem k tomu, Ze se tato prace zabyva
popisem ¢asovych fad, budu déle pouzivat tento termin v ¢asovém smyslu.
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Obrazek 3.1: Vykonové spektrum slune¢niho toku F10.7 (x—ova a y—ova osa jsou v loga-
ritmickém zobrazeni). Toto vykonové spektrum je mo7né aproximovat vztahem pro
oblast period cca 3-27 dni.

Scale invariance vyjadiuje i nezavislost vlastnosti studovaného systému nebo signalu
na zmeéné méiitka.

[Mandelbrot, [1983] ukazal, Ze mnoho pfirodnich jevi je mozné modelovat pomoci
frakcionalniho Gaussovského Sumu fGn, ktery je charakterizovan tzv. Hurstovym expo-
nentem H. Fraktalni procesy X (t) a X (ct), pro které plati

X(t) = X(ct)/c, (3.2)
maji stejné statistické vlastnosti. Spektrum fGn se ¥idi obecnym vztahem
P(f)~ 7, (3.3)
kde f je frekvence a exponent [ je svazan s Hurstovym exponentem H rovnici
B=2H—1. (3.4)

Hurstiv exponent H popisuje miru dlouhodobé paméti systému/¢asové fady. Brownuv
pohyb s hodnotou H = 0,5 je piikladem systému s navzajem nezavislymi daty, tedy
autokorelaci limitné se blizici nule. Hodnoty 0,5 < H < 1 charakterizuji systém s pozi-
tivni korelaci, zatimco Hurstiv exponent v rozmezi 0 < H < 0,5 ukazuje na tendenci
systému /¢asové rady stiidat vysoké a nizké hodnoty.

Tradi¢nim pristupem po identifikaci invariance délek prirodnich procesii je studium
vykonového spektra signalu P(X), které se ¥idi mocninnou rovnici Takové vykonové
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Obrazek 3.2: Vykonové spektrum kritickych frekvenci foF2 ze stanice Prithonice (x—
ova a y—ova osa jsou v logaritmickém zobrazeni). Toto vykonové spektrum je mozné
aproximovat vztahem pro oblast period cca 2-40 dni (s vyjimkou period v okoli 30
denni oblasti).

spektrum ¢i jeho ¢ast je mozné v logaritmické formé , prolozit” piimkou. Prikladem real-
ného signalu vykazujictho invarianci délek je spektrum slune¢niho toku F10.7 (obr.
nebo spektrum kritickych frekvenci ze stanice Prithonice (obr. , ve kterych je mozné
nalézt oblast Skalové invariance v rozmezi period pftiblizné 3-30 dnt pro F10.7 a v roz-
mezi priblizné 2-50 dni pro foF'2. Oblast scale invariance je ,narusena“ oblasti okolo 27
dni.

Piikladem pouziti scaling analyzy je napf. ¢lanek |Burlaga a Klein| 1986, ve kte-
rém autofi studovali vlastnosti meziplanetarntho magnetického pole méfeného sondou
Voyager 2 ve vzdalenosti 8,5 AU a prokazali, ze spektrum magnetického pole pro peri-
ody 20 s az 3 x 10° s odpovida Kolmogorové spektru homogenni izotropické stacionarni
turbulence s fraktalni dimenzi D = 5/3.

|Consolini et al., |1996] pomoci analyzy vykonovych spekter sluneéniho vétru a geo-
magnetického indexu AE prokazali vazbu mezi slune¢nim vétrem a magnetosférou v roz-
sahu period cca 103 — 10~* Hz, ve kterych spektralni exponent indexu AE odpovida
spektralnimu exponentu pro sluneéni vitr, tedy hodnoté —5/3. Pro kratsi a delsi peri-
ody je spektralni exponent indexu odlisny (cca -1,1 pro del3i periody a cca -2 pro kratsi
periody nez uvedeny rozsah). Stejnou hodnotu v uvedenych periodach povazovali za
diukaz vazby mezi IMF a AE na danych periodach.

[Voros et al., [2002] pouzili ¢tvrty moment (Spicatost) prirastka 60X = X (t+7)— X (t)
vypocitany z indexii AE, AU a AL a meziplanetarniho magnetického pole naméfeného
na satelitech WIND a ACE pro hledani vazby mezi IMF a geomagnetickou aktivitou.
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[Hnat et al. 2003| analyzovali fluktuace geomagnetickych indexi AE, AU a AL a
parametru slune¢niho vétru. Sobépodobnost byla pro AU index prokadzana na periodach
kratSich nez 1 h a pro AL, AE a parametr slune¢niho vétru na periodach do 2 h. Ac¢koliv
jsou slunec¢ni vitr a polarni geomagneticka aktivita dobie korelované na delsich periodach
[Tsurutany et al 1990|, rozdilna pravdépodobnostni funkce (PDF) pro geomagnetické
indexy a pro sluneé¢ni vitr pro periody kratsi nez 1 h naznacuje rozdilny fyzikalni ptvod
turbulence pro oba procesy.

Analyza distribuce vodni faze v moiskych oblacich [Davis et al., 1996; Marshak),
1997 poskytuje prehled vztahu mezi scaling funkei ((¢) a mirou singularity, kritéria pro
kvantifikaci a odhad miry nestacionarity a navrh modelii pro popis struktury obla¢nosti.
Stratosférickd a troposférickd dynamika byla studovana napf. v pracich |[Lovejoy, [2004;
Lovejoy a Schertzer, [2007].

Uvedené prace jsou jen piiklady ¢etnosti pouziti metod odvozenych ze scaling analyzy
a je mozné najit mnoho dalsich (napf. Roux et al. [2008]; | Abry a Veitch|[1998]). Scaling
analyza pro popis ionosféry je zatim ovSem mnohem méné pouzivana. Problémem muze
byt kvalita c¢asovych fad, popisujicich vlastnosti ionosféry, dana technickymi problémy
(piistrojova omezeni) nebo fyzikalnimi jevy branicimi méteni (napf. blanketing).

3.2 Scaling funkce ((q)

Scaling analyza je matematicky nastroj pro studium vnitini struktury dat [Davis et
al.l [1994]. Strukturou jsou mysleny statistické vlastnosti dat a jejich zména se zménou
métitka. Na zékladé podobnosti této struktury je mozné napt. pro geofyzikdlni tcely
usuzovat na souvislost mezi geofyzikalnimi jevy a detekovat periody, na kterych pfipadna
souvislost/vazba existuje. Pro jednorozmérnou radu X (¢), kde ¢ oznacuje ¢as, definujme
funkei

Tp(a,t) = X(t+a) — X(t), (3.5)
kde a je skala (méfitko). O¢ekavana hodnota E|T,(a,t)| se bude pro geofyzikalni signaly
ménit se zménou méiitka a. To, jak se bude ménit, je dano vlastnostmi této casové
fady. Intuitivni predstava je, Ze se vzrustem méfitka budou spolu body casové rfady bez
vyraznych period méné a méné souviset a hodnota E|T,(a,t)| bude rist spolu s méfitkem
a. PTi popisu dat nas bude dale zajimat chovani statistickych momenti

E(|T:(a, 1)), (3.6)
kde exponent ¢ je f4&d momentu.
Ukazuje se, ze mnoho geofyzikélnich systémi se d& popsat rovnici
E(|T:(a,t)]?) = cqaC(q), (3.7)

kde ¢, je obecny koeficient a a je méfitko (napf. Mandelbrot| [1967]; Muzy et al.|[1994];
Davis et al.| [1994} 1996]; Abry et al.|[2000]). Scaling funkci ((¢) potom nazyvame takovou
funkci, ktera vystupuje v exponentu na pravé strané rovnice Obor hodnot momenti
q je mozné rozSirit na mnozinu realnych cisel.
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Funkce ((g) je charakteristickou vlastnosti studované ¢asové fady. Podobnost funkce
((g) u raznych procesii pak indikuje moznou spojitost na danych skalach. Procesy, které
se Fidi rovnici E 7| jsou nazyvany jako Skdlové invariantni. Casové fady, které je mozné
touto rovnici popsat, nemaji dominantni ¢i vyznac¢né periody a ekvivalentné se da tvrdit,
ze vSechny skély jsou v danych fadach stejné vyznamné.

Na obr. [3.3] je znazornén priklad vypoctu T,(a,t) se vzristajicim méfitkem a (horni
panely a levy spodni panel).
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Obrazek 3.3: Zavislost T, (a,t) na kile a: se vzristajici hodnotou a (horni levy panel,
horni pravy panel a spodni levy panel) se d& ocekavat zvyseni E(|T,(t)|). Rozsifenim
této analyzy je studium momenti |7, (a,t)|?. Strukturni funkce ((q) je bud linearni
nebo nelinearni funkei (schematicky znézornéno na panelu vpravo dole). Obor hodnot
momentu ¢ je mozné z N rozsitit na R, viz text. Na obou hornich a levém spodnim
panelu jsou zobrazeny indexy foF2 ze stanice Pruhonice s jednodennim rozliSenim. Pravy
spodni panel je schematické zobrazeni teoretické monofraktalni (vlevo) a multifraktalni
(vpravo) funkce ((q).
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3.3 Vypocet scaling funkce ((q)

Scaling funkce ((q) je prakticky ur¢ovana nasledujicim postupem: nejprve jsou vypoci-
tany hodnoty T, (a,t). Misto rovnice [3.5] je moZné pouZit waveletové koeficienty, které
jsou definovany pomoci rovnice

dala, k) = [ X(Oar(t)dt, (3.8)

kde 1, je waveletova funkce |[Daubechies, 1992|. Pouziti d, misto T, je pro praktické
aplikace vyhodnéjsi, protoze koeficienty waveletové transformace tvofi stacionarni sek-
vence (sekvence s kratkodobou paméti a s kratkodobymi zavislostmi) a piesné repro-
dukuji scaling vlastnosti signalu i pfes to, ze puvodni signdl mize byt nestacionarni,
se vzajemnym piekryvem trendi a dlouhou paméti [Abry et al., [2000; Chainais et al.,
2000; [Lashermes et al.l [2005]. Scaling funkce ((q) je tedy uvaZovana misto rov.
v modifikované podobé jako

E(|d.(a,t)|?) = c,a@. (3.9)

Dalgim krokem po vypoc¢tu hodnot T, (a,t), resp. d,(a,t) pro vypocet ((q) je vypocet
tzv. strukturni funkce

1 Y
Sn(Qa CL) = o Z |T:E<aj7tj)|q’ (310)
" k=1
kde n oznacuje délku pozorovani (0,n] procesu X (pro vzorkovani X(1),...,X(n)) a

n; je pocet koeficienti (strukturnich funkei) T),(a;,t;5) na skale a;, tedy pfiblizné n; ~
n/a;. Podobné jako v p¥ipadé FFT (rychla Fourierova transformace) ¢i DWT (diskrétni
waveletova transformace) je mozné snizit pocet koeficientu a pocitat Tx (a;,t;; fo) pouze
na (diskrétni-diadické) podmnozing (a;,t;5) = (27,k27). V piipads, 7e Tx nahradime
waveletovymi koeficienty dx, vypocet T'x nahradime provedenim DWT.

Odhad ((g) je potom poéitan jako smérnice na log-log grafu log, S, (¢, 27) vs. log, 2/ =
7 pro jednotlivé hodnoty ¢ za pouziti metody nejmensich ¢tvercu pro vybrany rozsah
period j € [j1, j2|, ve kterych se strukturni funkce da v logaritmickém zobrazeni inter-
pretovat pomoci linedrni funkce. Tim dostaneme vymezeni period, pro které plati scale
invariance. Jednotlivé hodnoty ((q) se pak vypocitaji jako smérnice S, (¢q) na log-log
grafu. Priklady skute¢nych strukturnich funkci pro ¢ = 1,2,3,4 pro foF2 ze stanice
Sodankyl4 jsou znézornény na obr. [9.2]

Ocekavand hodnota E(|T.(a,t)|?) se Fidi mocninnym vztahem podle rovnice a
exponent ((q) je linearni nebo nelinearni funkei.

3.4 Multifraktalita a monofraktalita

Pokud rovnice plati pro rozmezi period a,, < a < ay; a fady momentu ¢,, < g < qar,
kde indexy m a M oznacuji minimalni a maximéalni hodnoty intervalu, pak je proces
na intervalu téchto period multifraktalni [Lashermes et al., |2004]. Scaling funkce ((q)
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Obréazek 3.4: Strukturni funkce ((q) pro simulaci Brownova pohybu (levy panel) zob-
razuje monofraktalitu casové fady. Kritické frekvence foF'2 ze stanice Sodankyla pted-
stavuji multifraktalni d&j (pravy panel). Cervené vertikalni ¢ary zobrazuji 95% inverval
spolehlivosti.

je (obecna) funkce ¢g. Monofraktalni proces je definovan tak, Ze pro scaling funkei plati
C(q) = qH, kde H je Hurstuv fraktalni exponent. Pfedpona mono odkazuje na jediny
fraktalni exponent H. Pomoci této definice je tedy monofraktalita specialnim ptipadem
multifraktality. Takové rozdéleni je do jisté miry matoucﬂ proto je ve zminéné praci
[Lashermes et all [2004] pouzit pro specifikaci procesii s nelinearni funkei ((¢g) termin
viceexponentovy multifraktalni proces (MEMF) jako specialni piipad multifraktalnich
procesi, pro ktery plati ((q) # qH.
Pro ucely této prace je pouzivan termin monofraktdlni pro procesy, kde plati

((q) =qH. (3.11)
(takové procesy se v literatufe také nazyvaji sobépodobné). Jako multifraktdlni budou
oznac¢ovany procesy, kde v daném rozmezi period existuje funkce ((g) podle rov.
kde plati

C(q) # qH. (3.12)

Ukazka monofraktalni a multifraktalni ¢asové fady je uvedena na obr. [3.4] Levy panel
zobrazuje Browntiv pohyb vypocitany pro 10 000 boda dany rovnici z;1 = xx+dxg, kde
dxy = £1 se stejnou (50%) pravdépodobnosti. Scaling funkce je v tomto pfipadé piisné
linearni s jednim Hurstovym exponentem H (vypoc¢tend hodnota je blizka oc¢ekavané
hodnoté 3/2) a fada je monofraktalni. Casova fada kritickych frekvenci foF2 ze stanice
Sodankyla s jednodennim rozliSenim je piikladem rady s multifraktanim charakterem
podle rovnice (pravy panel obrazku [3.4)).

2Pfedpona multi vede k explicitni pfedstavé vice Hurstovych exponenti H, coZ je v piipadé mo-
nofraktality v rozporu.
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3.4.1 Multifraktalni analyza a spektrum singularit

Multifraktalni analyza slouzi k popisu takovych procest, kde scaling funkce ((¢q) neni
lineadrni. Multifraktalni formalismus je vytvofen pomoci definice lokdlniho exponentu
singularity h(X). V kazdém bodé analyzované ¢asové fady X (t) mizeme psat

T.(a,t) = Cla|"™, (3.13)

kde h(X) je Holderuv exponent, ktery popisuje priubéh X (¢), resp. singularnost X ().
Analogicky k rovnicim [3.7 a [3.9] je mozné pouzit misto T} (a,t) waveletovy koeficient

d.(a,t) (rov. a misto rov. pOuZit

dy(a,t) = Cla|"™, (3.14)

Cim v&tai je hodnota h(X), tim  hladsi“ je X (¢). Statistické rozlozeni jednotlivych
exponentl na kazdém misté funkce (¢asové fady) h(X) je uréeno pomoci spektra singu-
larit D(h). To je definovano jako

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

kde dg € R je Haussdorfova dimenze, D(h) je tedy definovano jako Haussdorfova
dimenze mnoziny bodi X takovych, 7e h(X) = h.

Strukturni funkce ((q) i spektrum singularit D(h) jsou piimo spojeny Legendreovou
transformaci a obé zobrazeni jsou si rovnocennd. Tak je mozné psat

q = dD(h)/dh (3.16)

a stejné tak

h=¢(q)/dq. (3.17)
Hodnota E|h,| je oznacena jako (h). Monofraktalni funkce, jejiz strukturni funkce ((q) =
qH, bude mit jedinou hodnotu h = (h) = H. Multifraktalita f(z) je potom dana
nenulovou §itkou spektra (¢im 8irsi interval [Rpin, Pmae], tim vyrazngjsi je multifraktalita
dat) (obr. 3.5)). Vyhodou zobrazeni D(h) je nazorngjsi nahled na to, zda je analyzovana
¢asova fada multifraktalni; nebo monofraktalni (podle sifky distribuce) a je také dobie
zFetelna nejcastéjsi hodnota fraktalniho koeficientu pomoci hodnoty (h).

34



D(h)

Obrazek 3.5: Teoreticka distribuce D(h) s nejpravdépodobnéjsi hodnotou E|h,| = (h)
v bodé, kde dD(h) = 0. Stvka spektra urc¢uje rozptyl hodnot h, a interval [Amin, Rmaz]
udava minimalni a maximalni hodnoty h,. Sitka intervalu dale urcuje, zda je studovany
proces mono ¢i multifraktalni.
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4. Data

4.1 Slunec¢ni indexy

Existence slune¢nich skvrn je lidem znama nékolik tisic let. Slune¢ni skvrny se proje-
vuji jako tmavé skvrny na sluneé¢nim disku. Jejich teplota je zhruba 4 100 K a velikost
dosahuje az 10° km?. Zhruba v poloviné devatenictého stoleti byla prokazana piiblizné
jedenactileta periodicita v po¢tu sluneénich skvrn (sluneéni cyklus). Poéitani period méa
pocatek v obdobi 1755 — 1766 s ¢islem cyklu 1, v roce 2008 zacal cyklus ¢. 24. Primérné
délka slunecniho cyklu je 11,1 let (Schwabeho cyklus), ov§em tato hodnota je ¢asové pro-
ménliva, udava se 7-15 let. Méreni doby mezi jednotlivymi minimy poskytuje zhruba
o 1,5 — 2 roky kratsi periodu nez méfeni doby mezi vyskytem prvnich skvrn ve vyssich
sitkach slune¢niho povrchu a jejich zanikem v blizkosti rovniku, protoze skvrny souvise-
jici se starym cyklem jsou piitomné jesté v dobé, kdy se zac¢inaji objevovat skvrny fazené
do cyklu nového [Maunder, 1904; Mursula et al., [1998|. Vypoctem délky jednotlivych
cykla se podrobné zabyval |Ulich [1996].

Béhem jednoho cyklu slune¢nich skvrn zméni magnetické pole Slunce svoji polaritu
a v nasledujicim cyklu se vrati do vychozi polarity (dva Schwabeho cykly tvoii jeden
Haletv cyklus). Pocet slune¢nich skvrn v delsim méfitku je fizen Gleissbergovym cyk-
lem |Gleissberg, [1944], ktery mé periodu 80-90 let. Dva nejpouzivanéjsi indexy poctu
slune¢nich skvrn jsou Wolfovo ¢islo (Zurich)

R. = k(10G + N), (4.1)

kde G oznacuje pocet skupin skvrn a N pocet jednotlivych skvrn a k£ je normalizac¢ni
faktor, zatimco druhym indexem je tzv. pocet skupin slune¢nich skvrn (Group sunspot
number),

12,08

n

R, >_kiGi, (4.2)
(2

kde G; je poc¢et skupin skvrn zaznamenanych i-tym pozorovatelem, k' je individualni
korek¢ni faktor pozorovatele, n je pocet pozorovateli a 12,08 je normaliza¢ni hodnota
pro pfevod R, na R, pro obdobi 1874-1976 [Hoyt a Schatten, 1998].

Index slune¢niho toku F10.7 udava intenzitu slune¢niho zareni na vinové délce 10,7
cm (2,8 GHz), coz je vinova délka v blizkosti emisniho maxima Slunce (frekvence odpo-
vida Larmorové frekvenci pro |B| = 10® G). Soustavné je méfena od roku 1947 a vedle
ukazateli odvozenych z poc¢tu slunecnich skvrn je nejpouzivanéj$im indexem slunecni
aktivity. Ac¢koliv pocet slune¢nich skvrn i hodnota F10.7 popisuji jiné fyzikalni procesy
(index R je formovan ve fotosfére, zatimco radiovy tok F10.7 je ovliviiovan procesy ve
velkém rozsahu vysek slunecni atmosféry - chromosféra, prechodova oblast, korona),
je mozné vysledovat pomérné vyraznou statistickou zavislost mezi mési¢cnimi priméry
F10.7 a R. Ta se da zhruba popsat linedrni funkci. Zajimavé je, Ze i tento empiricky
vztah je mozné rozdélit do dvou ¢asovych obdobi, pro obdobi 1951 az 1990 a pro obdobi
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po roce 19967 (obr. Svalgaard a Hudson [2010]).

250 Sunspot Number vs. F10.7 Flux Monthly Averages

200 ~

1951-1990

100

F10.7 sfu

Obrazek 4.1: Zavislost mezi mési¢nimi praméry indexu slune¢niho toku F10.7 (hori-
zontalni osa) a po¢tu slune¢nich skvrn R (vertikilni osa). Obdobi 1951-1990 (modfe) a
19962009 (Cervené) se od sebe vyrazné odlisuji a je mozné je rozdélit na oblasti pFevazné
nad a pod délici ¢arou. Prevzato z [Svalgaard a Hudson), 2010] se svolenim autorti.

V kratkodobém pohledu (napf. kratsi interval pro vypocet priuméri F10.7 nez jeden
mésic) v8ak muze byt korelace velmi slabd az negativni.

Data popisujici meziplanetarni magnetické pole (IMF) pochazeji z databaze http:
//cdaweb.gsfc.nasa.gov. Rychlost slune¢niho vétru je dilezité kritérium urcujici typ
slune¢ni udalosti a zacatek poruchy. Dale jsme sledovali velikost vektoru magnetického
pole B a jednotlivé slozky magnetického pole By y ).

4.2 Geomagnetické indexy

4.2.1 AE-indexy

AE-indexy popisuji aktivitu v auroralni oblasti severni hemisféry (zkratka AE pochéazi
ze slov Auroral Electrojet). Na siti observatofi umisténych v auroralnim ovélu je s jedno-
minutovym (do roku 1975 2, 5 min) rozliSenim méfena horizontalni slozka magnetického
pole H. Data jsou normalizoviana odec¢tenim hodnot z péti nejklidnéjsich dni daného
mésice. Poté se pro kazdy ¢as vybere maximélni (AU) a minimélni (AL) hodnota ze
vSech méfticich stanic. AU a AL tak tvoii horni a spodni obalku ze vSech naméfenych

ITento fakt je vedle neobvykle nizkého minima v cyklu 24 jednim z divodi se domnivat, Ze dochazi
ke zméné ve slunecni aktivité (Georgieva, osobni diskuze).
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hodnot. Vlastni hodnota AE se vypocita jako rozdil obou hodnot, jejich primér pak
dava hodnotu AO. Termin ,AE—indexy“ je ¢asto pouzivan jako reprezentace vSech ¢tyf
indexi AU, AL, AE a AO. AU a AL davaji informace o maximéalni intenzité vychod-
niho, resp. zadpadniho zonalniho auroralniho elektrického proudu, AE reprezentuje celko-
vou aktivitu proudi a AO udéva vysledny zonalni proud (http://wdc.kugi.kyoto-u.
ac.jp/aedir/ae2/onAEindex.html). Hlavnim problémem tohoto indexu je rozmisténi
stanic, které neni ideadlni. Béhem silnych geomagnetickych boufi muze aurordlni oval
expandovat mimo mérici stanice a tim dojde k naméreni nizsich hodnot nez odpovida
skuteénému rozsahu boufe. Dalsim vyznamnym problémem jsou souvisle chybéjici data
1989-1991. V téchto letech bylo omezeno nebo tplné zruseno méfeni na sovétskych (rus-
kych) stanicich, které jsou pro méteni AE indexu klicoveé.

4.2.2 K-, Kp— indexy

Tato skupina indext je pouzivana pro popis geomagnetické aktivity ve stfednich sitkach.
K-index odréazi poruchy v horizontalni slozce H a deklinaci D zemského magnetického
pole na daném misté. Porucha geomagnetického pole se vypocita odectenim priameérné
porusenosti magnetického pole (pét nejklidnéjsich dni z daného mésice) od aktuélnich
hodnot na magnetometru a tato hodnota je prevedena na kvazilogaritmickou devitistup-
novou skalu 0-9, kde nizké hodnoty oznacuji klidnou geomagnetickou situaci. Kp index
je prumérny standardizovany K-index z 13 geomagnetickych stanic situovanych mezi
44° a 60° severni nebo jizni Sitky. Skala 0-9 je rozdélena na tretiny, takze napt. 2- ozna-
cuje 1%, 20 je 2 a 2+ znamena 2%. Soucet vSech osmi dennich hodnot (sumarni denni
index Kp) se oznacuje jako > Kp.

4.2.3 Dst index

Pro popis geomagnetické aktivity nizkych sifek je pouzivan index Dst. Zmény Dst (ho-
rizontalni komponenta magnetického pole v [nT|) méfené na ¢tyfech stanicich pobliz
rovniku s hodinovym rozliSenim odréazeji aktivitu prstencového (rovnikového) proudu.
Vysoké zaporné hodnoty Dst indikuji zvySeni prstencového proudu a trvaji kolem jedné
hodiny, ov8em ¢asto pietrvavaji déle, fadové nékolik hodin az dnu. Okamzita (pied-
bézné) i upravena data jsou uloZena napi. na adrese http://wdc.kugi.kyoto-u.ac.
jp/dstdir/. Typickd geomagnetickd odezva zahrnuje inicialni, hlavni a zotavujici (re-
covery) fazi zpasobenou zvySenym dynamickym tlakem sluneéniho vétru pusobiciho
na magnetosféru. Ten stlacuje magnetosféru na denni strané, tim dochazi k pfiblizeni
proudu v magnetopauze k Zemi a zaroven ke zvySeni jeho intenzity. Velikost inicidlni
faze je zhruba imérna odmocning dynamického tlaku slunecniho vétru, tedy nV?2, kde
n a V jsou hustota a rychlost slune¢niho vétru |[Ogilve et al., |1968; Siscoe et al. [1968|.
Hlavni faze je zpisobena vzristem koncentrace energetickych castic (elektront a ionti
H* a O1) ve vnit¥ni magnetosféfe, které jsou vazany uzavienym magnetickym polem
a dochézi tak k driftovému pohybu—tzv. prstencovému proudu [Kugblenu et al.l [1999).
K poklesu prstencového proudu v nasledné zotavujici fazi dochéazi ztratou ionti vymé-
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nami naboje a Coulombovskym rozptylem [Fok et al., 1991| a tato faze trva hodiny az
dny.

4.3 lonosféricka data

V na8i praci vyuzivame data z ionosférickych stanic stfednich a vysSich zemépisnych
sitek euroasijského sektoru. Konkrétné jde o kritické frekvence foEs a foF2 a vysky vrstev
hEs, hmF2 a h’F2. Princip méfeni pomoci pozemniho ionosférického sondovani je popsan
v kapitole 1.2. Vlastni data pro dlouhodobou analyzu pochézeji ze stanice Priihonice,
déle z databazi http://spidr.ngdc.noaa.gov/spidr/ a http://www.ukssdc.ac.uk/. Data ze
stanice Sodankyléd byla poskytnuta diky laskavosti Dr. T. Ulicha, Dr. T. Raity a dalsich
kolegu z observatore Sodankyl.

Kratkodobé analyzy (slune¢ni udalosti, vliv neutralni atmosféry, porovnani NHPC a
POLANu) byly provedeny s vyuzitim vySe uvedenych ionosférickych parametri, které
byly vzdy porovnany s naméfenymi ionogramy. Procento nespravného vyhodnoceni na-
ristd zejména v obdobi ionosférické poruchy, a proto bylo nezbytné kazdé jednotlivé
méfeni zkontrolovat a p¥ipadné ruéné upravit (obr. .

Pruhonice, PQ052 2004.03.09 (069) 06:30:00 _IE
E 2

188 5.85
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650 -
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T T T T T T T T T b T T
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SAO Explorer, v 3.4.14b5

Obrézek 4.2: Piiklad automaticky chybné vyhodnoceného ionogramu v dusledku pieru-
Seni stopy odrazu vrstvy F2. Nespravna hodnota foF2(A) uvadi automaticky odeétenou
hodnotu pomoci software ARTIST, spravna hodnota foF2(B) je manuilné opravena.
Zobrazeny jsou chybny (A) a spravny (B) profil elektronové koncentrace.

Kvalité dat z hlediska pouzitych algoritmi NHPC a POLAN je vénovana kapitola 6
na strané 43|
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5. Cile prace

7 predchozich kapitol vyplyva, Ze stav ionosféry je zavisly zejména na slunecni a geo-
magnetické aktivité a dale je ovlivnén vinovymi procesy v neutralni atmosfére. Hlavnim
cilem prace bylo popsat variace ionosférickych parametri a jejich piipadnou vazbu na
zminéné procesy. Tento cil je vymezen konkrétné takto:

1. Sledovat vzajemnou vazbu vlnové aktivity v neutrdlni atmostéfe a v ionosfére
v oblasti sporadické vrstvy E.

2. Analyzovat vliv extrémnich slune¢nich udélosti na chovani ionosféry v oblasti
vrstvy F2.

3. Vymezit oblasti period, na kterych dochéazi k vyraznéjsimu vlivu slunecni a geo-
magnetické aktivity na chovani ionosféry s vyuzitim dlouhodobych ¢asovych rad
maxima elektronové koncentrace ve vrstvé F2 z obdobi nékolika slunec¢nich cyklii.
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6. Porovnani ionosférickych algoritmaii
Polan a NHPC

Prace [Sauli et al., 2007, A1 se zabyva srovnanim dvou rozsifenych algoritmu pro vypo-
et elektronové koncentrace N,(h) z pozemniho ionosférického méfeni. POLAN (POLy-
nomical ANalyse, [Titheridgel |1985] je béZné pouzivany algoritmus, ktery byl na stanici
Priuhonice vyuzivan v kombinaci s australskou sondou KEL. Druhy ze srovnévanych
algoritmi, NHPC |Huang a Reinisch| |1996|, je v soucasné dobé vyuzivan v automatic-
kém software ARTIST zabudovaném do digisond DPS-256 a novéjsich DPS-4/DPS-4D,
které tvoii celosvétovou sit digisond (http:\umlcar.edu). Jednou z nich je i digisonda
Prihonice (http:\digisonda.ufa.cas.cz, od ledna 2004 v Prihonicich fungoval typ
DPS—4, ktera byla v roce 2010 zménéna na variantu DPS-4D).

Utelem srovnani bylo zjistit, jak se lisi vystupy z obou metod pii stejnych vstupnich
datech pro dvé ionosférické stanice Ebro (40,8° s.8., 0,5° v.d.) a Prihonice (50° s.8., 14,5°
v.d.) v obdobi klidnych a rozboufenych geomagnetickych situaci. Podnétem pro Sauli
et al| [2007, Al] byla mimo jiné prace [Sauli et al., 2006], ve které¢ byly na dvou stani-
cich (Pruhonice a Ebro) detekovany odlisné prubéhy elektronové koncentrace. Stanice
Ebro (algoritmus NHPC) vykazovala vyrazné hladsi pribéhy elektronové koncentrace
vykreslené na zvolenych vyskach oproti stanici Prithonice (algoritmus POLAN). Bylo
tedy dilezité vytesit otazku, zda je tento rozdil zpisoben rliznymi algoritmy, nebo zda
je to dusledek odlignych fyzikalnich procest v ionosféfe nad obéma stanicemi (napf.
v dusledku odligné polohy stanic). Autory zajimaly i systematické rozdily mezi obéma
algoritmy pro rizny typ zvrstveni a pro riizné podminky geomagnetické situace (geo-
magneticky klid vs. rozboufené situace). Interpretace vysledki rozdili obou metod neni
jednoznacna a pravdépodobné je jen velmi obtizné urcit, kterd z metod je vérohodnéjsi.
Poc¢et méfeni in situ pomoci raket je velice omezeny a na sledovaném intervalu (pro
vysky niz&i nez hmF2) je velmi obtizné uréit skuteéné hodnoty elektronové koncent-
race/plazmové frekvence.

Zkontrolovan a ru¢né vyhodnocen byl celkovy pocet 10361 ionogramii, zejména z ob-
dobi 1992-2001 s ¢asovym rozliSenim 15 min. Casové fady dale obsahuji i méfeni z kam-
pané HIRAC z obdobi 23.-29. dubna 2001 [Feltens et al.,[2001] s pétiminutovym ¢asovym
rozliSenim. Ionogramy byly rozdéleny do t¥i skupin podle poctu vrstev v profilu. Prvni
skupinu tvofi noé¢ni ionogramy s jednou vrstvou F, druhou skupinu denni ionogramy
s vrstvami E a F a tfeti skupina obsahuje denni ionogramy s tiemi vrstvami E, F1 a F2.

Statistické zhodnoceni zahrnuje vypocet prvniho a druhého momentu rozdilu mezi
obéma metodami na frekven¢nim intervalu sondovani s krokem 0,1 MHz (pouzity byly
pouze frekvence s vice nez 100 méfenimi pro tuto frekvenci), tedy priumér a smérodatnou
odchylku. Obdobné byl sledovan frekvenc¢ni rozdil pro vysky profilu s ekvidistantnim
krokem 5 km.
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6.1 Profily elektronové koncentrace

Typické profily vypocitané obéma algoritmy pro klidnou situaci (no¢ni profil s vrstvou
F a denni profily s dvéma a tfemi vrstvami) jsou uvedeny na obr. 6.3

Typicky profil (F)
350 ‘ ‘

T F& b
-©- POLAN X
20. duben 2001 =7 NHPC ®©
00l 19:15UT ] |
~ 250+ i
IS
S
(0]
X
2 200F, .
S
150 b
1007 | | | | | | | | 1

2 3 4 5 6 7 8 9 10
Frekvence (MHz)

Obrazek 6.1: Typicky no¢ni profil plazmové frekvence — jedna vrstva F, (geomagneticky
klidna situace, stanice Prihonice). Zietelné jsou rozdily pro spodni ¢ast profilu (<3
MHz) i oblast maxima plazmové frekvence.

Na obr. je patrny vliv pouziti rozdilného modelovani v dolni ¢asti no¢niho pro-
filu (v oblasti okolo 200 km) i odlisny vypocet pro oblast v blizkosti kritické frekvence
foF2. Prubéh elektronové koncentrace pod minimalni sondovaci frekvenci je principialné
nemozné odvodit 7z dat ze sondovani a veskeré informace jsou dany pouzitym/zvolenym
modelem. Hodnota gyrofrekvence pro stanici Prihonice je ~1,2 MHz a pfi sondovani
na této frekvenci dochazi k prakticky totalni absorpci signalu. Jak je vidét z obrazku,
vypocet profilu POLANem udava pro nizké frekvence nizsi vysky nez NHPC. Obé me-
tody se postupné vyrovnavaji okolo 3 MHz. Oblast kritické frekvence je pak citlivd na
ur¢eni asymptot stopy odrazu (pfi sondovani v oblasti kritické frekvence nastava stojaté
vlnéni a doba navratu signalu zpét do prijimace je teoreticky nekonecnda) i na paramet-
rech polynomu prokladajiciho elektronovy profil. V tomto pfipadé POLAN udava vyssi
hodnoty vysky maxima hmF2 nez NHPC, smérem k niz§im frekvencim se rozdil snizuje.

Profily N.(h) jsou si naopak velice blizké v piipadé denniho zvrstveni do dvou vrstev
E a F (tato stratifikace je typicka zejména pro zimni dny, obr. . Denni prubéh vrstvy
E je snaze popsatelny (ma mnohem mensi variabilitu nez vrstva F) [Davies, |1990], coz
snizuje i variabilitu modelu pro nizké plazmové frekvence. Pi tomto zvrstveni se oba
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Obréazek 6.2: Typicky denni profil plazmové frekvence — dvé vrstvy E a F (geomagneticky
klidna situace, stanice Prihonice). Dobréa shoda pro celou studovanou ¢ast profilu.

algoritmy shoduji prakticky na celém profilu véetné oblasti vrstvy E i v blizkosti foF2.

Ve tietim piipadé, pii stratifikaci ionosféry do vrstev E, F1 a F2, vykazuji pouzité
metody rozdilné vysledky, zejména v tzv. adoli, tedy v oblastech (pfedpokladaného)
lokalntho minima N,. Tyto oblasti jsou pro pozemni sondovani ,neviditelné“. Mezi vrst-
vou F1 a F2 algoritmus POLAN 1doli oproti NHPC prohlubuje (obr. oblasti v okoli
4,5 MHz).

Obr. a ukazuji prubéhy elektronové koncentrace na vyskach 150-250
km vypoctené jednotlivymi algoritmy na obou stanicich s pétiminutovym rozliSenim.
Vypocet N (h) algoritmem POLAN vede k méné plynulym priabéhum oproti vypoctu
pomoci algoritmu NHPC. Na obr. [6.6]z geomagneticky porusené situace je zietelné vidét
vinova aktivita (TID). Na stanici Prithonice je efekt TID, které se §ifi z auroralni oblasti,
vyraznéjsi. Stanice Prithonice se tedy jevi jako vice ovlivnéna aktivitou auroralni oblasti
a prichodem TID, nez jiznéji polozena stanice Ebro.

6.2 Statistické vysledky

Primérné rozdily mezi obéma algoritmy a smérodatné odchylky pro obdobi geomagne-
tického klidu (Kp<4) vs. obdobi geomagnetické bouie (Kp>4) jsou uvedeny na obr.
(geomagneticky klidné situace) a (geomagneticka boufe).

Rozdil skuteénych vysek elektronového profilu je pro kazdy frekvenéni krok defino-
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Obrazek 6.3: Typicky denni profil plazmové frekvence — tii vrstvy E, F1 a F2 (geomag-
neticky klidna situace, stanice Prithonice). Zietelny rozdil v oblasti adoli mezi vrstvou
F1 a F2 i v prubéhu celého profilu nad 4, 5 MHz (vétsi hodnoty vySek z algoritmu
POLAN).

van jako Ahpy = hporan — hnvupc, kde hporan a hygpc oznacuji skute¢nou vysku
elektronového profilu vypocétenou jednotlivymi algoritmy. Statisticka analyza Ahpy pro-
kazala systematické rozdily z vystupu obou metod. Zatimco nebyl nalezen vyrazny rozdil
mezi obdobim geomagnetického klidu a boute, byly detekovany rozdily v urceni skutec¢né
vy$ky odrazu na jednotlivych stanicich. Obr.[6.7 a[6.8|demonstruji rozdily v méfenich na
observatoti Ebro a Prithonice béhem geomagneticky klidné a geomagneticky rozboutené
situace. Horni panely pfedstavuji noc¢ni situaci s jednou vrstvou F. Prostfedni panely
jsou z dennich obdobi s dvéma vrstvami E a F' a spodni panely z denni doby, kdy jsou
detekovany tii vrstvy, E, F1 a F2.

Béhem noci (obr. a obr. horni panely), kdy je vyvinuta pouze vrstva F, jsou
hodnoty Ahpy negativni pro spodni ¢ést profilu a pozitivni pro frekvence blizké foF2.
Stiedni ¢ast profilu vykazuje nizké hodnoty Ahpy. Hodnota Ahpy v horni ¢asti profilu
pro stanici Prithonice ¢ini pfiblizné 7 km, pro stanici Ebro je rozdil méné vyrazny (méné
nez 3 km). Systematicka odchylka o smérem ke kritické frekvenci foF2 klesa k hodnoté
okolo 5 km.

Na prostiednich dvou panelech (obr. a obr. je srovnani v obdobi, kdy je
ionosféra zvrstvena do vrstev E a F. Na stanici Ebro je Ahpy zhruba 5 km (nejvétsi
rozdily jsou ve spodni ¢asti profilu). Vétsi shoda v N(h) pro obé metody je pozorovana
u stanice Prihonice, ale i zde je vidét nadhodnoceni vygky v N.(h) profilu algoritmem
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Obrézek 6.4: Elektronova koncentrace ve vyskach 150-250 km s krokem 5 km pro stanice
Ebro a Prihonice. Geomagneticky klidna situace. Kp<4.

POLAN oproti NHPC. Systematickd odchylka o je stabilné nizka a blizi se hodnoté 5
km prakticky pro celou sledovanou ¢ast profilu N.(h).

Spodni panely obr. a obr. (tii vyvinuté vrstvy E, F1 a F2) ukazuji pomérné
vysoké nadhodnoceni ve vrstvé F2 pomoci POLANu oproti NHPC. Pro vrstvu F1 je
nadhodnoceni mensi, ale je zietelné, stejné tak je tomu i pro vrstvu E.

Maximéalni rozdily mezi obéma algoritmy (Ahpy) jsou pozorovany u no¢nich méteni
s jednou vrstvou pro plazmové frekvence < cca 3 MHz (nadhodnoceny skuteéné vysky
profilu vypoé¢tené NHPC oproti profilu vypo¢teném POLANem), navic jsou doprovazeny
velkymi smérodatnymi odchylkami. To je mozné interpretovat jako nejistotu vypoctu
profilu pomoci uplatnéni modelu pro plazmové frekvence nizsi nez minimalni sondovaci.
Obé metody jsou pro oblasti s nizkou elektronovou koncentraci ve vrstvé F2 vyrazné
odligné (obr. . Pro vyssi ¢asti elektronového profilu pak postupné dochazi ke zmenseni
Ahpy a smérem k maximu elektronové koncentrace naopak k jeho zvySeni. Podobné
v situaci se dvéma a tfemi vrstvami pozorujeme nadhodnoceni ve prospéch POLANu
(kladné hodnoty Ahpy), v tomto pFipadé se neuplatiiuje rozdilné modelovani spodni
¢asti profilu pro plazmové frekvence (resp. modelovana neni vrstva F2, ale vrstvy E &
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Obrézek 6.5: Elektronova koncentrace ve vyskach 150-250 km s krokem 5 km pro sta-
nice Ebro a Prihonice. Geomagneticky mirné porusené situace (4<Kp>6). Prubehy
na jednotlivych vyskach jsou v piipadé algoritmu POLAN (nahofe) méné plynulé, nez
v piipadé NHPC, zejména pro stanici Priahonice (vpravo nahote).

F1). Z téchto tif piipadu je nejlepsi shoda obou metod pro denni ionogramy s pfitomnosti
dvou vrstev, kde je primérné Ahpy pro vétsinu profilu prakticky vSude mensi nez 7 km.
Situace se tfemi vrstvami ukazuje relativné dobrou shodu pro oblast E, avSak vyznamné
rozdily pro oblasti F'1 a F2.

6.3 Shrnuti porovnani algoritmi POLAN a NHPC

e Prace [Sauli et al. 2007, A1] ukézala, 7e existuji systematické rozdily mezi obéma
analyzovanymi metodami a lisi se podle typu stratifikace.

e Nejlepsi shoda algoritmii je pro pripad dvou vrstev E a F2, naopak nejvétsi rozdily
jsou pozorovany pro oblasti nizkych plazmovych frekvenci pod cca 3 MHz v pripadé

no¢ni situace (vrstva F).
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Obrézek 6.6: Elektronova koncentrace ve vyskach 150-250 km s krokem 5 km pro sta-
nice Ebro a Prihonice. Geomagneticky porusena situace (Kp>6). Algoritmus POLAN,

podobné jako v obr. vykazuje vice neusporadané prubéhy elektronové koncentrace
oproti NHPC (vyraznéji pro Prihonice oproti stanici Ebro).

e V situaci, kdy jsou pfitomné tii vrstvy, je nejvétsi rozdil mezi algoritmy lokalizovan
do prechodové oblasti mezi vrstvami E a F1, pfipadné F1 a F2.
e V ohdobi zvysené geomagnetické aktivity byly pozorovany zmény profilu N, vlivem

poruchy geomagnetického pole pusobiciho na ionosféru. Byl detekovan prichod
TID S$iricich se z aurordlni oblasti.
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Obrazek 6.7: Pramérny rozdil skuteénych vysek profilu elektronové koncentrace (u) a
smérodatna odchylka (o) (POLAN - NHPC) v obdobi geomagneticky klidné situace
(Kp<4). Horni fada reprezentuje no¢ni ionogramy (vrstva F2), prostiedni situaci s pii-
tomnosti dvou vrstev (vrstvy E, F), spodni je pro vyskyt t¥i vrstev (vrstvy E, F1, F2).
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Obrazek 6.8: Prumérny rozdil skutenych vysek profilu elektronové koncentrace (1) a
smérodatnd odchylka (o) (POLAN - NHPC) v obdobi porusené geomagnetické situ-
ace (Kp>4). Horni fada reprezentuje no¢ni ionogramy (vrstva F2), prostFedni situaci
s piitomnosti dvou vrstev (vrstvy E, F), spodni je pro vyskyt t¥i vrstev (vrstvy E, F1,
F2).
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7. Analyza sporadického zvrstveni

7.1 Sporadické zvrstveni a vazba na neutralni atmo-
sféru

Tato kapitola shrnuje vysledky préace [Mosna a Kouckd Knizova| [2012, A8|, ktera pomoci
kontinualni waveletové transformace (CWT), cross waveletové transformace (XWT) a
waveletové koherence (WTC) popisuje vztah mezi neutralni atmosférou (teplota plynu
na hladiné 10 hPa, coz odpovida vysce cca 30 km) a parametry sporadickych vrstev
foEs (kriticka frekvence) a hEs (vyska vrstvy). Pro analyzu dynamiky tvorby sporadické
vrstvy byla dale pouzita Automatickd vizualizacni metoda [Mosna a Koucka Knizova,
2010, A4; Sindelafova et al., [2012].

Data reprezentujici stav neutralni atmosféry jsou stratosférické teploty z modelu
ERA-40 |[Uppala et al. [2005]. Prostorové rozliseni je 2,5x2,5 stupné. Casové rozliseni
modelu je 6 hodin, pro ¢asy 00, 06, 12 a 18 UT. Pro analyzu byly pouzity hodnoty
nejblize odpovidajici pozici stanice Prihonice (50° s.8., 14,5° v.d.

Data pouzita pro ionosféru jsou kritické frekvence foEs a vysky vrstvy hEs ze stej-
nych casu, tedy 00, 06, 12 a 18 UT, z obdobi letnich mésict 2004, 2006 a 2008. Zvolené
casové rozliseni umoznuje detekci spole¢nych vinovych projevii na periodach 12 hodin a
delsich. Pro analyzu periodicit byly pouzity kontinualni waveletovi transformace, cross
waveletova transformace a waveletova koherence prevzaté z praci |Grinsted et al.| [2004]
a Torrence a Compo [1998]. Cross waveletova analyza a waveletova koherence byla pro-
vedena na normalizovanych datech s nulovou stfedni hodnotou a jednotkovou varianci
podle zminénych praci.

7.1.1 Kontinualni waveletova transformace, cross waveletova
transformace a waveletova koherence

Ve vSech waveletovych metodach byl pouzit komplexni wavelet (Morlet). Kontinuélni
waveletova transformace (CWT — Continuous Wavelet Transform) byla pouzita pro vy-
pocet vykonu na jednotlivych periodéch, tedy pro zobrazeni dominantnich period na
jednotlivych ¢asovych fadach. Cross waveletova transformace (XWT — Cross Wavelet
Transform) a waveletova koherence (WTC — WaveleT Coherence) slouzi pro detekci spo-
le¢nych vinovych projevii. WTC i XW'T prinaSeji informaci o spole¢nych periodach a
o fazich. WTC udava, na jakych periodach a v jakém okamziku obé sady dat koreluji bez
ohledu na jejich vykon, XW'T pak upiednostiuje spolecné oblasti s vysokym vykonem.
Kromé standardniho zobrazeni spole¢ného vykonu je zobrazena i faze mezi jednotlivymi
dvojicemi dat pomoci Sipek, které se nachazi v danych oblastech diagrami. Faze je zob-
razena v rozmezi 0-27 na dané periodé, proti sméru hodinovych ruc¢i¢ek. To znamena,
ze naptiklad sipka smérujici kolmo vzhiuru v oblasti period 4 dny pro dvojici T—foEs
odpovida fazovému zpozdéni foEs oproti T o jeden den (pfipadné o jeden den + 4n
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dni). Podrobnosti o metodéach jsou uvedeny v [Mosna a Koucka Knizova| [2012, A8| a
dalsich tam citovanych pracich.

Vysledky waveletové analyzy jednotlivych ¢asovych fad T, hEs a foEs pro tii kam-
pané 2004, 2006 a 2008 (CWT) a dale WTC a XWT pro dvojice T-hEs a T—foEs pro
tyto tii kampané jsou souhrnné zobrazeny v Priloze B1 (CWT) a B2 (WTC,XWT).
Obr. zobrazuje periodicitu vzniku Es vrstvy v 6-12 hodinovych periodach pomoci

Pribéh vrstvy Es a jeji charakteristiky

) | WA

B

foEs(MHz)

a1
o

VySka (km))

100

7 8 9 10
Dny (Cervenec 2008)

Obréazek 7.1: Automatickd vizualiza¢ni metoda s pouzitym frekvenénim oknem 3,1—
4,1 MHz (horni panel). Kritickd frekvence foEs (prostiedni panel) a vygka vrstvy hEs
(spodni panel).

Automatické vizualizaéni metody [Mosna a Koucka Knizova, 2010, A4|. Identifikace pe-
riodicity tvorby a poklesu je pifi pouziti AVM nézornéjsi nez vykresleni ionosférickych
charakteristik kritické frekvence foEs nebo vysky vrstvy hEs. Zobrazené periody o délce
8-12 hodin odpovidaji planetarnim vinam. Pokles vrstev pro dalsi kampané z roku 2004
a 2006 je znazornén i na obr. [7.2]

Obr. zobrazuje XWT pro dvojici (T;foEs) z 29.5.-31.8. 2008. Oblasti spole¢ného
vykonu se vyskytuji stabilné na periodé 1 den, odpovidajici piilivovym vinam. Jsou zde
vidét oblasti se spole¢nym vysokym vykonovym spektrem na periodach odpovidajicich
modium planetéarnich vin (Rossbyho mody). Pozorované periody (cca 4, 8-10, 16-20
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Obrazek 7.2: Zména vysky sporadické vrstvy v prubé&hu ¢asu (kampané 2004 a 2006).
Automaticka vizualiza¢ni metoda [Mosna a Koucka Knizova, 2010, A4| s pouzitym frek-
ven¢nim oknem 3,1-4,1 MHz .

dni) jsou vysledkem modulace viny atmosférickymi vétry pievladajicimi v dob& méfici
kampané. Faze pro popisované periody nejsou stalé a naznacuji nelinedrni vazby mezi
oblasti stratosféry a Es vrstvy. Kompletni analyzy pomoci CWT, XWT a WTC jsou
uvedeny v Priloze B.

7.2 Shrnuti vazby neutralni atmosféra—Es vrstva
Mezi nejvyznamnéjsi vysledky prace [Mosna a Koucka Knizoval 2012, A8| uvadime:

e Nejvyraznéjsi periodou detekovanou v parametrech foEs a hEs pomoci CWT je
jednodenni perioda, ktera je pfitomna i v datech teplot (P¥iloha B 1).

e Fazovy posun mezi stratosférickymi a ionosférickymi daty pro periodu jeden den
(piilivové /planetarni viny) je stabilni a ma hodnotu 7/4 — 7/2, coz odpovida 3-
6 hodinam. Fazova rychlost vin vypocitana za zjednoduSenych pfedpokladﬁ[] vin
o periodé 24 hodin pohybujicich se mezi hladinami 10hPa a Es (tzn. mezi cca
30km a 100-130 km) tedy ¢ini cca 6-9 m/s, coz je realistickid hodnota pro tento
druh vInf] (Piiloha B 2).

e Detekované spoleéné periody (T, hEs) a (T, foEs) v oblasti planetarnich vin
se vyskytuji zejména na periodach odpovidajicich vlastnim oscilacim atmosféry
(Rossbyho mody).

Inapi. pohyb kolmo vzhiiru, konstantni rychlost atd.
Znapt. podle Yu, http://www.ess.uci.edu/yu/class/ess228/lecture.5.waves.all.pdf, ktery udava pro
Rossbyho méd o vlnové délce 6000 km rychlost 8 m/s
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Obrazek 7.3: Cross waveletova transformace pro stratosférickou teplotu a kritickou frek-
venci foEs z 1éta 2008. Na obréazku jsou vidét vysoké spole¢né vykony v oblasti 1, 4-5,
8-10 a 1620 dennich period.
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e Planetarni viny §itici se ze stratosféry do ionosféry ovliviiuji vyznamnym zptusobem
vznik a trvani sporadické vrstvy Es. Tento zavér potvrzuje pozorovani autori
[Pancheva, 2003; Sauli a Bourdillon, 2008; Voiculescu et al., [2000].
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8. Ionostéricka odezva na poruchy
ve slune¢nim vétru

Tato kapitola se zabyva vlivem HSS, CME a MC na chovani ionosféry v oblasti vrstvy F2
ovlivnéné pusobenim poruseného meziplanetarniho pole na magnetosféru Zemé. Sledova-
nymi ionosférickymi parametry jsou vyska maxima elektronové koncentrace hmkF2, pii-
padné virtualni vyska h'F2 (h'F) a kriticka frekvence vrstvy foF2. Vysledky pro p¥ipady
1-6 (viz tab. byly publikované v [Mosna et al., 2009a, A2| a [Mosna et al.,[2009b, A3)|.
Data ze slunecniho vétru pochazeji ze satelitu ACE (http://cdaweb.gsfc.nasa.gov).

Parametry slune¢niho vétru ze sondy ACE, geomagnetické indexy Dst (minimalni
hodnota pro kazdou udélost) a Kp (maximalni hodnota) jsou uvedeny v Tab. V této
kapitole rozlisujeme mezi CME (bez rotace magnetického pole) a MC (s rotaci magne-
tického pole).

Tabulka 8.1: Prehled slune¢nich udalosti
| C. | Datum | Typ | Vinaz | BZmin | B | Dstynin | KDimas |
1 11.2. 2004 | MC 730 | -12.4 |21 |-93 6+
9.3. 2004 HSS | 745 | -8.6 10 | -78 6+
7.11. 2004 | MC 730 | -44.6 | 47 | -374 9-
7.10. 2005 | HSS | 716 |-9.8 11 | -50 5-
31.10. 2005 | CME | 386 | -8.1 13| -74 5
3.8. 2010 MC 598 | -10.7 | 17 | -66 7-
7 130.9.2012 | MC |395 |-20 21 | -119 7

S| O | W N

Tabulka 8.2: Seznam analyzovanych slunecnich udalosti. Maximalni rychlost slune¢niho
VEtIu Vi, (km/s), minimalni hodnoty z-slozky magnetického pole slune¢niho vétru
BZmin, maximalni hodnoty vektoru magnetického pole B a minimalni hodnoty Dst (nT).
HSS=High Speed Solar Stream, CME=Coronal Mass Ejection, MC=Magnetic Cloud.

Kritéria pro vybér slune¢nich udalosti byla jednak pfitomnost negativni slozky mag-
netického pole B, a déle bylo pro skupinu udalosti 1-5 a 7 pouzito Casové omezeni
udalosti na jarni/podzimni vyskyt vzhledem k tomu, aby byl minimalizovan vliv se-
zonni variabilita ionosféry Udalosti 4 a 5, HSS (7. 10. 2005) a CME (31. 10. 2005) byly
analyzovany pro porovnani ionosférické odezvy nad Sesti riznymi evropskymi stanicemi.
Odezva na magneticky oblak MC (3. 8. 2010) byla porovnéana pro ti ionosférické stanice.

Pro kazdy piipad byla vybrana kontinuéalni série ionogramu z doby nékolika dnu pied
a po udéalosti s ¢asovym rozlisenim 15 minut. Ionogramy z doby pired udéalosti slouzi
jako referenc¢ni ionogramy. Tonogramy byly zkontrolovany a pfipadné ru¢né zpracovany
a byly vypocteny profily elektronové koncentrace pomoci algoritmu NHPC [Reinisch et
al., [2005].
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8.1 HSS a MC, 2004

Udalosti z roku 2004 byly vybrany tak, aby (i) porucha meziplanetarniho pole nasle-
dovala po delsim obdobi klidu (miniméalné 14 dnf), (ii) hodnota magnetického pole B,
méla zaporné hodnoty, (iii) odfiltroval se sezonni vliv na ionosféry vybérem c¢asii s po-
dobnym chovanim ionosféry (Rishbeth| [2001]; Forbes| [2000]; Prolss| [2004] dalsi). Po
zjisténi dostupnych ionosférickych dat byly vybrany udalosti magneticky oblak (MC)
(11. 2. 2004), HSS (9. 3. 2004) a magneticky oblak (7. 11. 2004). MC (7. 11. 2004) ma
cca dvojnasobnou velikost B a B, oproti zbyvajicim dvéma piipadim. Charakteristiky
slune¢niho vétru jsou zakresleny na obr. [8.1] Geomagneticka situace pomoci indexu Dst
je znazornéna na obr. 8.2l Geomagneticka situace z hlediska indext Dst a Kp je stiedné
(MC, 11. 2. 2004, HSS, 9. 3. 2004) a silné porusena (MC, 7. 11. 2004).
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Obrazek 8.1: Velikost vektoru magnetického pole B (nahote), komponenty magnetického
pole Bx, By a Bz (uprostied) a rychlost slune¢niho vétru (dole). Svislé ¢ary oznacuji
¢asy udéalosti.

Tonosféricka odezva je v pifpadé HSS (9.3. 2004) i MC (7.11. 2004) vyrazna a je
pozorovatelna na virtualni vysce vrstvy F2, kde doslo k jejimu k vzristu, i na pribéhu
foF2 (vyrazny pokles dennich i no¢nich hodnot, viz obr. a obr. . Udalost MC
(7. 11. 2004) je extrémni z hlediska poruchy IMF i velikosti minimalni honoty Dst a
stejné tak mimoradna je i ionosférickd odezva. Kritické frekvence se den po poklesu
hodnot vratily na predchozi denni prubéh, coz je rozdilné chovani ionosféry oproti HSS
(9. 3. 2004), kdy denni pokles trva po tii dni po poruse IMF. Dalsi extrémni pokles
v piipadé MC (7. 11. 2004), tedy 9. 11. 2004, je zptusoben dalsi poruchou v IMF (obr.
8.1 prostfedni panel), ktera opét vede v vyraznym zménam (pokud by nedoslo k této
nasledné poruse IMF, tak bylo by zajimavé sledovat napt. dobu trvani oscilaci vysek
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Obrazek 8.2: Index Dst pro HSS (9. 3. 2004), MC (7. 11. 2004) a MC (11. 2. 2004),
zleva.
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Obrazek 8.3: Pribéh kritickych frekvenci (levy obrazek, horni panel) a virtualnich vysek
vrstvy F2 (levy obrazek, spodni panel). Profil plazmové frekvence (pravy obrazek). HSS
(9. 3. 2004).

F2, ptipadné dalsi vyvoj foF2). Spektralni analyza vinové aktivity ukazuje, ze dochazi
k prichodu vin na Sirokém rozmezi period cca 0,5 h— cca 20 h), coz odpovidd modium
gravitacnich a ptilivovych vin (obr. Zietelnd je na obou panelech i vlnova aktivita
vyvolana pusobenim dalsi poruchy IMF 9./10. 11. 2004.

V piipadé MC (11. 2. 2004) dochazi k stiedné velké zméné v noc¢nich kritickych
frekvencich foF2 a pozorovatelnému, ale nepfili§ vyznamnému zdvihu vrstvy F2 (obr.

83).

8.2 HSS a CME, rijen 2005

Vliv HSS a CME z fijna 2005 na ionosféru byl studovan pomoci ionosférickych para-
metri méfenych na Sesti evropskych stanicich (Athény, Chilton, Dourbes, Juliusruh,
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Obrazek 8.4: Pribéh kritickych frekvenci (levy obrazek, horni panel) a virtualnich vygek
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Obrazek 8.5: Prubéh kritickych frekvenci (levy obrazek, horni panel) a virtualnich vysek
vrstvy F2 (levy obrazek, spodni panel). Profil plazmové frekvence (pravy obrazek). MC
(11. 2. 2004).

Prihonice, Ebro/Roquetes). Parametry sluneéniho vétru a geomagnetické indexy Kp a
Dst pro udalosti HSS (7. 10. 2005) a CME (31. 10. 2005) jsou na obr. 8.7 Ob¢ udalosti
jsou srovnatelné z hlediska velikosti odezvy v geomagnetickém indexu Kp. Z hlediska
odezvy Dst je vyraznéjsi udalost CME, u které Dst dosdhlo -74 n'T'. Zmény ionosféric-
kych parametri na stanicich Ebro/Roquetes (HSS) a Athény (CME) jsou znazornény
na obr. 8.8 a obr. B9l

Jak CME, tak HSS byly nasledované vyraznou zménou ve vyskach h'F (zdvih no¢ni
vrstvy a vyrazné oscilace). U kritickych frekvenci je mozné pozorovat snizeni no¢nich
hodnot foF2 po dvé nésledujici noci a u stanice Athény doslo v pripadé HSS ke krat-
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Obrazek 8.7: B a B., . Kp a Dst pro udalosti HSS a CME v #ijnu 2005.

kodobému nartstu polednich hodnot foF2 v inicialni fazi zmény IMF (tyka se pouze
jednoho ionogramu, ale zvyseni foF2 je velmi pravdépodobné zptusobené HSS). Ostatni
stanice vykazuji podobné nebo o néco méné vyrazné odezvy. HSS (7. 10. 2005) a diive
analyzovana udalost ¢. 2, HSS (9. 3. 2004), maji srovnatelnou velikost IMF z hlediska
B a B, i podobnou minimélni hodnotu Dst, ale ionosféricka odezva na HSS z roku 2004
je mnohem vyraznéjsi (silny pokles dennich i no¢nich hodnot, vyrazngjsi oscilace h'F).
V noc¢nich hodinach doSlo v nasledujicich dvou nocich po HSS ke zvyseni h'F o cca
40 km. Bylo také pozorovano zvysSeni vinové aktivity pravdépodobné souvisejici s pri-
chodem TID. Zména hodnot foF2 po CME (31. 10. 2005) je oproti situaci HSS méné
vyraznd jak pro denni, tak pro no¢ni hodiny.
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Obrazek 8.10: Parametry slune¢niho vétru pro udalost MC (3. 8. 2010).

8.3 MC 2010 a 2012

Parametry slune¢niho vétru pro MC (3. 8. 2010) a MC (30. 9. 2012) jsou na obr. a
B.I1l

Tonosféricka odezva na MC (3. 8. 2010) zobrazena pomoci kritickych frekvenci foF2 a
vysek maxima elektronové koncentrace ve vrstvé F2 je zobrazena na obr. Dochéazi
k poklesu vysek maxima elektronové koncentrace hmF2 v no¢nich hodinach a ke zvy-
Seni oscilaci po dva dny néasledujici po udalosti. Kritické frekvence foF2 jsou mirné sni-
7zené v dennich hodinach a dochéazi k vyraznéjsimu poklesu v no¢nich hodinach o cca 1
MHz oproti neporusenému stavu. Toto snizeni elektronové koncentrace se treti den vraci
k pivodnim hodnotam. Parametry foF2 a hmF2 na vSech tfech stanicich maji podobny
pribéh, nejvyssi odezva z hlediska vysek hmE'2 se ukazuje na stanici Prithonice.

Tonosféricka odezva na MC (30. 9. 2012) byla analyzovana pomoci kritické frekvence
foF2 (obr. a virtualni vysky h'F a vygky maxima elektronové koncentrace hmF2
(obr. . Geomagneticka situace byla stfedné az silné porusena. K prvni zméné IMF
dochazi 30.9. 2012 v ¢ase 9:30 UT, k dalsi prudké zméné pak v ¢ase 21:30 (obr. B.11).
Vyrazna ionosférickd odezva néasleduje s odstupem cca 3 hodina zména z hlediska foF?2 a
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Obrazek 8.11: Parametry slune¢niho vétru pro udalost MC (30. 9. 2012).

vysek vrstvy F2 je demonstrovana na obr. a obr. Trojice ionogramu (obr. [8.13))
ukazuje zménu na ionogramech v hodinovych intervalech (méfeni probihalo kazdych 15

minut). V ¢ase 01:00 je vidét neporusena situace, v ¢ase 02:00 dochazi k prvni ionosfé-
rické odezvé. Zietelny je efekt tzv. spreadu zpusobeného pravdépodobné zménou tvaru
ionosférickych vrstev. O hodinu pozdéji, v ¢ase 03:00, je mozné vidét ionogram s plné
rozvinutym projevem poruseného stavu ionosféry. Kriticka frekvence foF2 poklesla o cca
1 MHz a dochézi ke zietelnému zdvihu vrstvy F2.

8.4 Shrnuti ionosférické odezvy na slunec¢ni udalosti

Udalosti 1-3 zahrnuji HSS a dva magnetické oblaky. Jak HSS (9. 3. 2004), tak MC (7.
11. 2004) byly néasledované relativné silnou geomagnetickou odezvou i zménami v iono-
sférickych parametrech: poklesem kritické frekvence foF2, zdvihem vrstvy F2 a poklesem
plasmové frekvence ve vyskovém profilu oproti predchozi geomagneticky neporusené si-
tuaci. V piipadé MC (7. 11. 2004) doslo k navratu do predchoziho stavu po tiech dnech
od udalosti, udéalost HSS (9. 3. 2004) byla nasledovana dalsi poruchou meziplanetarniho
magnetického pole a dalsi ionosférickou odezvou srovnatelné velikosti, proto neni mozné
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Obrézek 8.12: Pribéh kritickych frekvenci foF2 a vySek maxima elektronové koncentrace
na stanicich Juliusruh, Ebro a Prihonice (MC 3. 8. 2010).

urcit presnou dobu navratu do ptivodniho stavu. Z prubéhu foF2 se da ovsem odhad-
nout, ze tato doba by nepresihla dva dny. U vSech tif udalosti byly zpozorovany oscilace
v parametru h’F2.

Zména v ionosférickych parametrech foF2 a h’F2 nasledovana po HSS (7. 10. 2005)
a CME (31. 10. 2005) byla pozorovatelné, ale pomérné mélo vyrazna. Projevovala se
zejména ve zméné vysek h'F (oscilace a zvyseni vrstev) a v poklesu no¢nich hodnot foF2
po nékolik néasledujicich noci od vstupu IMF do magnetosféry. Srovnani ionosférické
odezvy na Sesti stanicich po dvou slune¢nich udélosti se srovnatelnymi hodnotami B a
B. z ¢asové blizkého obdobi F{jen 2005 (udélosti 4-5, v obou piipadech zaporna slozka
B.): V obou piipadech byla detekovana relativné nizkd odezva v dennich hodnotéch
foF2, u noc¢nich kritickych frekvenci byl zaznamenén pokles oproti klidovému stavu
pred vstupem poruseného magnetického pole do blizkosti Zemé.

Oba magnetické oblaky, MC (3. 8. 2010) i MC (30. 9. 2012) silné ovlivnily stav
ionosféry po dobu cca t¥i dnii. Mensi efekt byl pozorovan pro prvni pripad MC. Doslo
ke snizeni kritickych frekvenci na tfech stanicich zejména v noc¢nich hodinach a doslo
k vyraznému zdvihu a oscilacim ve vySkach elektronového maxima. Silnd ionsféricki
odezva byla pozorovana jako nasledek MC (30. 9. 2012). Pokles dennich hodnot foF2
o cca 4 MHz je velmi vyrazny. Denni hodnoty foF'2 se vratily k predchozimu stavu
nasledujici den po poklesu. No¢ni hodnoty hodnoty foF2 byly sniZzené o vice nez 2 MHz
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Obrazek 8.13: Vyvoj ionosférické poruchy v pribéhu udalosti MC (30. 9. 2012). V ¢ase
01:00 je ukidzan neporuseny ionogram (levy horni panel). V ¢ase 02:00 dochazi k prvnimu
projevu v ionosféfe. V ¢ase 03:00 je zfetelné plné rozvinuta boute. Prubéh geomagnetické
situace je znazornén na pravém spodnim panelu (silné porusena geomagneticka situace).

(asi o 50 procent) oproti stavu pred interakci s MC. Navrat k puvodnim hodnotam trval
cca tii dny.

Podle prace Tascioni| [1994] je mozné vysvétlit pokles elektronové koncentrace i)
zménou v intenzité sluneéniho toku a ii) zménou chemického slozeni a tim i zménou
ionizac¢nich a zejména rekombinac¢nich procesi v disledku zmén v ionizac¢nich a rekom-
binac¢nich rychlostnich konstantach.

i) Intenzita slune¢niho toku je zasadni pro ioniza¢ni procesy, ale je velmi nepravdé-
podobné, 7ze by jeji zména vedla k tak rychlym a prudkym zménam (navic ke snizeni)
foF2 o desitky procent (¢asto vice nez padesat procent) v maximu ionosférické odezvy.
Jako mnohem dilezitéjsi je velmi pravdépodobné pifinos molekul Ny z niZsich ¢asti io-
nosféry do oblasti F2. Molekuly N5 ptisobi jako agent pro pifenos naboje, a proto i jejich
mald zména koncentrace hraje velmi zasadni tlohu ve zméné rychlosti rekombinace.
K prinosu dochazi v disledku zmén v proudéni neutralntho vétru béhem zvysené geo-
magnetické aktivity. Toto vysvétleni je nabizeno i napt. v dalsi literatute [Prolss, 1995].
Zména tvaru odrazu od jednotlivych vrstev na ionogramech i waveletova analyza jsou
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Obrazek 8.14: Prubéh kritickych frekvenci foF'2 (nahotfe) v pribéhu udalosti MC (30.
9. 2012). Pokles kritické frekvence je vyrazny v no¢nich i dennich hodinéach a trva cca 4
dny po udélosti.
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Obrézek 8.15: Pribéh virtudlni vysky vrstvy F h’F a vysky maxima hmF2 v pribéhu
udalosti magneticky oblak (30. 9. 2012). Je z¥etelny zdvih zejména v no¢nich hodinach.
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dokladem prichodu atmosférickych vin, pravdépodobné v gravitacni doméné [Sauli et
al., 2006 ).

Porovnani mezi MC (11. 2. 2004) a HSS (7. 10. 2005), které maji srovnatelnou
rychlost v a slozku magnetického pole Bz, ukazuje, ze geomagneticka odpovéd (Dst i
Kp) je vyrazné&jsi pro MC (11. 2. 2004), ionosféricka odezva je pak srovnatelné.

e Ionosférickd odezva neni vzdy tmérné indexu Dst; napt. MC (11. 2. 2004) vs.
MC (3. 8. 2010) i pfes silngjsi odezvu pomoci Dst u udalosti MC (11. 2. 2004),
je vyraznéjsi ionosférickd odezva pro MC (3. 8. 2010). Geomagneticka aktivita
pomoci Kp je pak srovnatelna.

e Potvrzuje se, ze zména stavu ionosféry je do velké miry zavisla na velikosti Bz a
délce trvani z—negativni slozky IMF. To je mozné pozorovat u udalosti HSS (9. 3.
2004) a HSS (7. 10. 2005), kdy Bz je v obou pfipadech srovnatelné, ale délka trvani
negativniho Bz je 16 hodin vs. 4 hodiny (a tomu odpovida i vyraznéjsi ionosféricka
odezva).

e [onosférickd odezva na popisované slune¢ni udélosti se projevuje ve zméné kritic-
kych frekvenci, vysek a na vypocitanych profilech elektronové koncentrace. Nékteré
profily jsou vzhledem k velkému vstupu energie do ionosféry a tim naruseni méieni
nedostupné. Zvysena ionosférickd aktivita je rovnéz detekovana pomoci waveletové
analyzy na periodach 0,5 h az cca 20 hodin, coz odpovida doméné gravita¢nich a
prilivovych vin.

e Prakticky vSechny analyzované udalosti vyvolaly pokles elektronové koncentrace
v maximu (pokles foF2). Jen vyjimeéné doslo k pozitivni fazi boufe.
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9. Scaling analyza 1onosférickych,
slunec¢nich a geomagnetickych dat

9.1 Analyza h pro dlouhodobé ¢asové rady F10.7, Dst,
Kp, “Kp a foF2

Prace [Mosna a Koucka Knizoval 2011, A6| se vénuje popisu struktur ionosférickych, ge-
omagnetickych a sluneénich dat (foF2, AE, Kp, >Kp, Dst, F10.7) s cilem najit periody,
na kterych miize dochazet k vzajemné primé vazbeé reprezentované podobnou strukturou
na zvolenych periodach. Pro vypocet scaling funkce ((g) byly pouzity kritické frekvence
foF2 ze Sesti ionosférickych stanic f{im, Prthonice, Juliusruh, Uppsala, Moskva a So-
dankyld, dale hodnoty slune¢niho toku F10.7 a geomagnetické indexy AE, Kp, > Kp a
Dst. Analyza zahrnuje obdobi 1965-2004 a data maji jednodenni rozliSeni, pouze index
Kp ma tithodinové rozliseni. Jedina vyjimka v délce sledovaného obdobi je fada AE,
ktera je ukoncena v poloviné roku 1988 kvili dvéma dlouhym pieruSenim méreni v fadu
let. Délka ostatnich dat pokryva témeér ¢tyti slune¢ni cykly ¢. 20 az 23.

V roce 2004 doslo k vyméné pristroje na stanici Prihonice a kvili homogenité dat
jsme omezili ¢asovou fadu do roku 2004. Pro vypocet jediné denni hodnoty kritické
frekvence byl pouzit median z péti méfeni okolo lokalniho poledne. VSechny hodnoty na
uvedenych stanicich byly ru¢né zkontroloviny. Pro vypocty byl pouzit software Dr. P.
Abryho (http://perso.ens-1lyon.fr/patrice.abry/software.html).

Obr. ukazuje prubéhy > Kp, Dst, F10.7 a foF2 ze stanic Juliusruh a Prihonice.
Jedenactiletd a ro¢ni periodicita je na tomto obrazku viditelna pro ionosféricka data i in-
dex F10.7, zietelna je i pro fadu Dst, pro index AE neni pfili$ zfejmé. Vykonova spektra
kritickych frekvenci foF2 a indexu F10.7 jsou uvedena na obr. a Podobné jako
u stanice Prithonice, spektra i z dalSich stanic maji dominantni periody o velikosti 27 dni
(vSechny studované ¢asové fady) a 31 dni (vSechny stanice s vyjimkou stanice Uppsala
a geomagnetické indexy AE, Kp a Dst). Perioda o délce 27 dni souvisi s délkou zdanlivé
rotace Slunce. Délka periody 31 dni neni v literatute ¢asto zminéna, ale pravdépodobné
se d& interpretovat jako modulace 27 denni periody a vzhledem k jeji existenci v geo-
magnetickych datech souvisi s spiSe s geomagnetickou aktivitou nez s vlivem neutralni
atmosféry.

Pro analyzované kritické frekvence foF2, geomagnetické indexy a F10.7 plati, Zze na
skalach period 4 dny (vzorkovaci perioda) az 32 dni je analyzovana ¢asova fada scale
invariantni podle rov. [3.3] Prvni vyznamna perioda se objevuje na intervalu 27-31 dni.
Rozmezi scale invariance je napiiklad pro foF2 nékterych stanic Sirsi, ale zvolené rozmezi
period zaru¢uje scale invarianci z hlediska rovnice [3.3] i z hlediska linearniho chovani
strukturnich funkei (rov. pro vSechny analyzované ¢asové fady.

V této oblasti se strukturni funkce S, (¢, a) da linearné interpolovat a da se odvodit
smérnice této funkee pro vypocet ((¢) pro jednotlivé hodnoty ¢, viz obr. [9.2).
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Obrézek 9.1: Prubéh > Kp, Dst, F10.7 a kritickych frekvenci foF2 ze stanic Juliusruh a
Priihonice.

Jednotlivé hodnoty (h) foF2 a geomagnetickych a slune¢nich indexu jsou uvedeny

v tab. 0.1

Tabulka 9.1: Parametr (h) pro foF2 a slune¢ni a geomagnetické indexy.
| Stanice | Rim | Prihonice | Juliusruh | Moskva | Uppsala | Sodankyli

geom. §. | 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¢ni spektra h pro vSechna analyzovani data jsou uvedena v Priloze C. Tvar
D(h) jednotlivych fad ukazuje, Ze se chovani ¢asové Fady foF2 ze stanice Rim jevi vice
monofraktalni nez chovani fad z ostatnich stanic i geomagnetickych a slune¢nich indext.
Parametr foF?2 ze stanice Rim je mozné oznacit za monofraktalni a vSechny ostatni fady
je mozné klasifikovat jako multifraktalni.

Pii vykresleni zavislosti (h) parametru foF2 na geografické/geomagnetické siice mé-
Fici stanice je vidét piiblizné linearni zavislost (h) ionosférickych dat na geomagne-
tické/geografické poloze stanice (obr. [0.3)).
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Obréazek 9.2: Strukturni funkce pro foF2 ze stanice Sodankyld. Na horizontalni ose je
skala a, na vertikalni ose je strukturni funkce S, (g, a). Jednotlivé strukturni funkce pro
rizny moment ¢ poskytuji hodnoty ((¢) v daném rozmezi (a;,¢;) (rov. [3.10). Oblast
scale invariance zde existuje pro periody 2-32 dni.
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Obrazek 9.3: Vztah mezi parametrem (h) vypoéitanym z kritické frekvence foF2 (vodo-
rovné osa) a polohou stanic (svisla osa).
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0,88 pro nejsevernéjsi stanici (Sodankyld). Vzhledem k tomu, Ze parametr (h) popi-
suje pravidelnost hladkost ¢asové fady, pak z této zavislosti vyplyva vyssi pravidelnost
chovani ionosféry na analyzovanych periodach (4-32 dni) se stoupajici geomagnetic-
kou/geografickou $irkou. To je na prvni pohled piekvapivy vysledek, protoze severnéji
polozené stanice (Juliusruh, Uppsala, Sodankyld) podléhaji vétsimu vlivu auroralni ob-
lasti, ktera je vice ovliviiovina slune¢ni nepravidelnou aktivitou a fady foF2 ze zmi-
nénych stanic by tedy mély byt podle tohoto predpokladu méné pravidelné. Z naseho
vysledku je mozné usuzovat, Ze miniméalni perioda 4 dni je jiz mimo kratkodobé iono-
sférické oscilace, ke kterym v auroralni oblasti vlivem interakce magnetosféry/polarni
ionosféry dochézi.

Zajimavym vysledkem je i blizkost hodnot (h) z foF2 z jednotlivych ionosférickych
stanic. Je mozné jej interpretovat jako vysledek ptisobeni globalniho faktoru, ktery ovliv-
nuje chovani ionosféry nad vSemi analyzovanymi stanicemi.

Blizkost (h) pro foF2, >Kp a AE indikuje (a potvrzuje) velmi tésnou vazbu mezi
geomagnetickou aktivitou stfednich a vysokych Sifek na zkoumanych periodéch. Vyssi
hodnota (h) u >Kp nez u Kp znamena vyssi hladkost ¢asové fady. Blizsi hodnoty (h) pro
foF2 a Y Kp nez pro foF2 a Kp naznacuji vyssi vliv délky poruchy na ionosférickou situaci
nez okamzita (tithodinova) hodnota Kp, ale je mozné, ze jde pouze o efekt vyhlazeni
fady > Kp, coz vede ke zvySeni hodnoty (h).

Rozdilné hodnoty parametru (h) pro ionosférické stanice, Dst a zejména (h) indexu
F10.7 naznac¢uji napf¥. nevhodnost popisu stavu ionosféry pouze pomoci téchto indext
na danych periodach. Pro predpovéd stavu ionosféry (napf. pro telekomunika¢ni tucely)
se stale vychazi z predpokladu, ze index F10.7 je dostatecny k popisu chovani foF2
[Mikhailov et al., [1996; |Zolesi a Cander} 2014|. Ptes vysokou korelaci fady foF2 a F10.7
na dlouhych skaladch se ukazuje, Ze neni mozné jednu fadu aproximovat pomoci druhé.
Pouziti indexu F10.7 jako proxy pro doplnéni chybéjicich ionosférickych dat neni vhodné
navzdory zabéhnuté praxi doplhovani ionosférickych dat. Stejné tak neni vhodné pouzit
linearni vztah pro vypocet foF2 z indexu F10.7 a Dst.

9.2 Vzajemna korelace ionosférické, geomagnetické a
slunec¢ni aktivity s pouzitim scaling analyzy

Prace Roux et al.|[2012, A7| se zabyvé analyzou trendu a fluktuaci v datech z 11 iono-
sférickych stanic a v datech popisujicich geomagnetickou a sluneéni aktivitu v obdobi let
1971 az 1998, tedy spolecnou analyzou vybranych indext ionosférické, geomagnetické
a sluneéni aktivity v rozmezi vice nez dvou slunecnich cykli pomoci rozdéleni dat na
dlouhodobé a kratkodobé slozky signalu. Clanek kvantitativne popisuje systém slunec¢ni
aktivita—geomagnetickd aktivita—ionosféra, a hleda souvislost mezi velikosti korelace a
délkou period. Vzorkovani dat je jeden den, a proto se zde popis chovani omezuje na
periody delsi nez dva dny. Tato analyza byla provedena pomoci software vytvoreného
Dr. S. Rouxem (http://perso.ens-1lyon.fr/stephane.roux).
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Rozdéleni studovanych signalii na dlouhodobou a kratkodobou slozku ptinasi infor-
maci o zméné korelaci na kratkodobych a dlouhodobych periodach. V prvnim kroku byl
proveden vypocet dlouhoperiodické slozky signalu X (t) pomoci filtru s dolni propusti
pod 1/64 dni (low pass filtr). Tato ¢ast signalu je oznacena jako trend X, (t). Zbyla krat-
koperiodicka slozka je nazvana jako fluktuace a je vypocitana jako Xy(t) = X (¢) — X, (¢).
Tento vypocet byl proveden pro SSN, F10.7, geomagnetické indexy Dst, AE, Kp, a pro
vSech 11 tad foF2. Rozdéleni signalu na dlouhodobou a kratkodobou slozku je néasledo-
vané vypoctem vzajemnych korela¢nich koeficientii R pro v8echny pary z indexi SSN,
F10.7, Dst, AE, Kp a prumérné hodnoty ze vSech stanic foF2 (tab.[9.2).

SSN | F10.7 | Dst AE Kp | foF2

SoN 0.84 | -0.08 | -0.07 | 0.03 | 0.43

0.94 | -0.22 | -0.45 | 0.19 | 0.56

20.14 | 0.03 | 0.04 | 051

F10.7) 0.68 -0.28 | 0.12 | 0.11 | 0.64

] 20.19 | -0.66 | 0.06

Dst | 0-00 | -0.05 -0.06 | -0.71 | -0.31

] 0.20 | -0.06

AE | 0.05] 0.01 | -0.22 050 | o1s

] 20.18

Kp |0.00| 0.00 | -0.66| 0.19 0o
foF2 | 0.14 | 0.19 | 0.35 | 0.02 | -0.33

Tabulka 9.2: Korela¢ni koeficienty R pro foF2 a indexy slune¢ni a geomagnetické akti-
vity. Prava horni ¢ast tabulky: ptvodni data a trendy (tu¢né). Leva spodni ¢ast: fluktu-
ace. Pro ionosféricka data byl koeficient p poc¢itan z priméru pro v8ech 11 stanic [Roux
et al., 2012, A7].

9.2.1 Korelace foF2 z jednotlivych ionosférickych stanic

Obr. 0.4 panel a, zobrazuje zavislost korela¢nich koeficientii na rozdilu severnich §irek
stanic. Pro rozdil polohy 0°-10° je korelace mezi jednotlivymi stanicemi stabilni a vy-
sokd, nad 10° korela¢ni koeficient rychle klesa (to je vidét zejména u fluktuaci, ale tento
pokles je zietelny i pro trendy a puvodni data). Stabilni hodnota korela¢niho koeficientu
mezi 0° a 10° ukazuje na pravdépodobny vliv neutrilni atmosféry dany pohybem pla-
netarnich a gravitac¢nich vin, které maji puvod napt. v pohybu meteorologickych ttvaru
(tropostérické fronty).

Dalsi panely na obr. vyznacuji zavislost korela¢niho koeficientu mezi trendy, fluk-
tuacemi a puvodnimi daty foF2 a slune¢nimi a geomagnetickymi indexy na geografické
(8itkové) poloze stanice.
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Obrézek 9.4: Korela¢ni koeficienty pro rozdily mezi foF'2 z jednotlivych stanic v zavis-
losti na rozdilu polohy (panel a) a pro pary foF2 vs. slunefni a geomagnetické indexy
v zéavislosti na poloze stanice. Symbolem * jsou oznacena puvodni data, o jsou trendy,
+ znadi fluktuace, limitni hodnota je 64 dnii.
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9.2.2 Korelace foF2 a slunec¢nich indexti

Panel b (foF2 vs. SSN) a panel ¢ (foF2 vs. F10.7) na obr. piinaseji velmi blizké
vysledky. Korela¢ni koeficient pro ptivodni data je velmi mélo zavisly na poloze stanice a
pohybuje se v rozmezi 0,4 < R < 0, 5, se znatelnymi maximy korelaci v oblasti stfednich
sitek (50°-55°.s.8.). Korelace trendi vykazuje maximum pro dvé stanice severnich Sifek
(Archangelsk a Lycksele, cca 65°s.5.), kde R=0,75. Korelace pro fluktuace je pomérné
nizka, s hodnotou R v intervalu (0,15;0,20) pro vSechny studované stanice. Relativné
vysoké hodnoty korelacniho koeficientu pro trendy i pivodni data nejsou piekvapivé
vzhledem ke zndmé vazbé stavu ionosféry na sezonni jevy a fazi slunecniho cyklu, ale
je ziejmé, ze korelace mezi dlouhoperiodickymi slozkami foF2 a slunecni aktivity je
znatelné vyssi nez pro puvodni data.

9.2.3 Korelace foF2 a geomagnetickych indext

Geografickd zévislost pro korela¢ni koeficient mezi foF2 a Kp je zobrazena na obr.
panel d. Absolutni hodnota korela¢nich koeficientii je pro ptivodni signal i trendy velmi
nizka. Korela¢ni koeficienty pro fluktuace jsou v rozmezi R~(-0,3; -0,4) s nevelkou, ale
zietelnou sitkovou zavislosti (snizovani hodnoty R smérem k severu).

Velmi vyrazny efekt rozdéleni signalu na trend a fluktuace se projevuje u korelaci
foF2 vs. Dst. Nulové korelace pro pavodni data se ,rozdélila“ na hodnoty R~(0,35;0,4)
pro fluktuace a R~(-0,4;-0,3) pro trendy. Pozitivni korelace u kratkodobych fluktuaci je
pozorovatelnd pro vSechny stanice a naznacuje kvantitativni prevahu negativnich boui{
(pokles foF'2 koreluje se snizenim Dst). Tento vysledek podporuje pozorovéni z kapitoly
8, ve které byla vétsina udalosti identifikovana jako negativni boufe (pfestoze napf.
|Buresova, 2007] uvadi vyznamny podil pozitivnich fazi boufi z hlediska odezvy foF2
na zménu Dst) a podporuje statistickou prevahu negativnich boufi, ktera je popsana
v praci [Prolss, [1995].

Vztah foF2 a AE je zobrazen na obr. panel f a zobrazuje relativné nizké ab-
solutni hodnoty R pro puvodni signal (-0,1<R<0), trendy (-0,4<R <-0,2) a fluktuace
(-0,05<R<-0,15). Absolutni hodnota korela¢niho koeficientu pro fluktuace je i) velmi
prekvapivé nizka, ii) prakticky nezavisla na poloze stanice, ackoliv by se dal predpokla-
dat rist korela¢niho koeficientu smérem k polarnim oblastem, jejiz chovani index AE
reprezentuje. Je tedy mozné konstatovat, Ze pro popis ionosféry na periodach delsich
nez jeden den neni index AE prakticky vyznamny, a to ani pro tak severné polozené
stanice, jako je Lycksele a Archangelsk.

9.3 Shrnuti scaling analyzy

e Byla nalezena $kalova nezavislost foF2, geomagnetickych indexi a F10.7 na peri-
odéch 2-32 dnt.

e Existuje ptiblizné linearni vztah mezi severni geografickou/geomagnetickou sitkou
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stanice a hladkosti ¢asovych rad reprezentované parametrem (h) na periodach 4-
32 dni. Severnéji polozené stanice vykazuji pravidelnéjsi chovani. Parametry (h)
jednotlivych ¢asovych rad foF'2 z rozdilnych ionosférickych stanic jsou si navzajem
velmi blizké. To je mozné interpretovat tim, Ze ionosférické procesy ve vrstvé F2
jsou na téchto skalach do velké miry fizené jednotnym mechanismem.

e Parametry (h) pro foF2 a geomagnetické indexy Kp a AE jsou pro periody 4-32
velmi blizké (0,69 pro Kp, 0,77 pro AE, 0,79 pro >Kp a 0,79-0,88 pro jednotlivé
fady foF2). To naznac¢uje blizkou vazbu geomagnetické aktivity vysgich a stfednich
sifek na stav ionosféry. Naopak indexy Dst ((h)=1,02) a F10.7 ((h)=1,71) se od
foF2 odlisuji a naznacuji maly vliv geomagnetické aktivity nizkych sifek a slunecéni
aktivity na oblast vrstvy F2 ve studovaném rozmezi period.

e Rada foF?2 ze stanice Rim byla klasifikovéna jako monofraktalni. Ostatnf fady foF2,
geomagnetické a slune¢ni indexy jsou vyrazné multifraktalni [Mosna a Koucka
Knizova, 2011, A6].

e Byla detekovana charakteristickd dimenze 10°. Pod tuto hodnotu jsou korelacni
koeficienty trendi i fluktuaci velmi vysoké a fada foF2 vykazuje kvazikolektivni
chovani. Vysoka korelace kritické frekvence foF2 do vzdalenosti 10° je pravdépo-
dobné vysledkem vlivu vin v neutralni atmosféte, jejichz vlnova délka odpovida
tomuto rozméru. Tomuto rozméru odpovida napi. horizontalni vlnova délka gra-
vita¢nich vln.

e 7 pozitivni korelace Dst a foF2 a naopak negativni korelace Kp a foF2 na kratsich
skalach (do 64 dni) vyplyvé statisticka pfevaha negativnich bouii na stfednich a
vyssich geomagnetickych sitkach [Roux et al., 2012, A7].

Vysledky v této kapitole jsou vypracovany s pouzitim software poskytnutého Dr.
P. Abrym a Dr. S. Rouxem, http://perso.ens-1lyon.fr/patrice.abry/software.
html a http://perso.ens-lyon.fr/stephane.roux/. Za jejich pomoc s analyzou jim
jesté jednou dékuji.
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Zaver

Studovali jsme variabilitu ionosféry pomoci parametri kritickych frekvenci a vysek vrs-
tev a ionosférickou vazbu na slunecni a geomagnetickou aktivitu a na stav neutralni
atmosféry. Védecké vysledky prace jsou uvedeny v Ptilohach A1-A9. Z nejvyznamnéj-
sich uvadime nasledujici:

Kratkodobé variace ionosféry

Studovali jsme vliv neutralnich atmosférickych vin Sificich se ze stratosféry do oblasti
sporadické vrstvy Es. Kromé jednodenni periody jsme detekovali spole¢né oscilace na
periodach odpovidajicich planetarnim vinam. VIiv planetarnich vin na tvorbu sporadické
vrstvy je vyrazny. Jako nové vysledky uvadime:

e Vertikalni vazba mezi neutrdlni vinovou aktivitou a oblasti Es vrstvy probiha
zejména na periodach odpovidajicich vlastnim médium planetarnich vin. Plane-
tarni viny jsou vyznamnym faktorem ovliviiujicim chovani a tvorbu sporadické
vrstvy E [Mosna a Koucka Knizova, 2012, A§].

e Fazovy posun mezi stratosférickou teplotou a ionosférickymi daty je pro denni
periody stabilni. Pro periody planetarnich vin je fazovy posun proménlivy, coz
nazna¢uje nelinearni vazbu mezi stratosférou a oblasti vrstvy Es [Mogna a Koucka
Knizova, 2012, AS|.

Extrémni slunec¢ni udalosti a jejich vliv na ionosféru

e Byly detekovany vyznamné zmény v ionosféfe piimo souvisejici s poruchami IMF
(HSS, CME, MC) zahrnujici vyrazné zmény profilu elektronové koncentrace N,
[Sauli et al.l 2007, Al] a vysek vrstvy F2 a zménu foF2. Tyto projevy byly ve
stfednich $itkach prakticky vzdy identifikovany jako negativni boufe [Mosna et
all 2009a, A2]. Rotace magnetického pole u udalosti typu MC je pravdépodobné
dulezitym faktorem, ktery zesiluje ionosférickou odezvu na poruchu IMF [Mogna
et al., 2009b, A3].

e V obdobi geomagneticky porusené situace (Kp>6) byl detekovan prichod TID
Siricich se z auroralni oblasti smérem k jihu. Na stanici Priuhonice byl efekt TID

......

[Sauli et al., 2007, Al].
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Scaling analyza

Scaling analyza, kterd je pouzita pro analyzu vazby mezi slunecni, ionosférickou a geo-
magnetickou aktivitou, se ukazala jako vhodny néstroj pro popis interakce mezi studo-
vanymi systémy. Nejvyznamnéjsimi novymi vysledky jsou:

e Existuje linearni zavislost mezi geomagnetickou i geografickou severni §irkou sta-
nice a strukturou (,hladkosti“) fady kritickych frekvenci foF2 [Mosna a Koucka
Knizova, 2011, A6|.

e Analyza kritickych frekvenci foF2 z dlouhodobych dat méfenych na ionosférickych
stanicich stfednich a vysokych sitek ukazuje blizkou vazbu foF2 a geomagnetic-
kych indexit Kp a AE na periodidch 2-32 dni z hlediska struktury analyzovanych
dat. Vliv geomagnetické aktivity reprezentované pomoci Dst a slunecni aktivity
reprezentované indexem F10.7 je na tomto rozmezi naopak malo vyrazny |[Mosna
a Koucka Knizova), 2011, A6|. Z praci [Roux et al., 2012, A7] i [Mosna a Koucka
Knizova, 2011, A6| vyplyva, ze index Dst, ktery je rozsifenym néstrojem pro glo-
bélni popis intenzity ionosférické poruchy i pro modelovani stavu ionosféry, neni
pro pouziti na kratkodobych periodach v fadu dnt plné dostacujici.

e 7 hlediska korelaci mezi kritickymi frekvencemi z jednotlivych stanic je mozné
mluvit o charakteristické dimenzi s hodnotou 10°, na které nastava zlom v kore-
la¢nim koeficientu. Pod tuto hodnotu jsou korela¢ni koeficienty trendu i fluktuaci
velmi vysoké a fada foF2 vykazuje kvazikolektivni chovani. Pod tuto hodnotu pak
korela¢ni koeficient vyrazné klesa. Vysoka korelace kritické frekvence foF2 do vzda-
lenosti 10° je pravdépodobné vysledkem vlivu vin v neutrdlni atmosfére, jejichz
vlnova délka odpovida tomuto rozméru (gravitacéni 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 words: ionosphere, vertical ionospheric sounding, electron concentration
profiles, inversion methods

1. INTRODUCTION

lonosphere, 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 frequenayj, is given by:

a)p = E , (l)
&M
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where N is electron concentratiore is electron chargem electron mass andy 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 (1984among 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 hdighaf(the reflecting
layer, assuming the wave speed to be equal to that on free space. The 2Dhphkst of
function of the transmitted radio frequency is called ionogram. IThe always higher
than the real heighh) because of the group and phase delays of radiesvasvelling
throughout an ionised medium. Fig. 1 shows typical day-time and night-time ionograms
obtained by ionosonde IPS42 Kel Aerospace. Determination of the real reflectiontheight
is the main goal of all inversion techniques, i.e. to obtain true height electron density
profilesh(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., 2005Hochegger et al., 2000 eitinger et al., 2001, 2005
Titheridge, 1985 Huang and Reinish, 199@mong others). All are based on ionogram
parameters or whole profiles. Papertgchegger et al. (2000jJescibes 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 Bytheridge (1985)and it is often used for inversion of
ionograms obtained by classical ionosondes (e.g. KEHPC algorithm KHuang and
Reinish, 199% is applied routinely by UMLCAR DGS and DPS digisoade ionogram
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Fig. 1. Representative day-time and night-time ionograms measured by IPS41 KEL Aerospace,
24 April, 2001 at the observatory MPdnice. 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 ofSauli et al. (2006we 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 techniguao 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, 40.8N, 0.5°E) and Pihonice (Czech Republic, 4919, 14.5E). Pmihonice
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 heigi(h) profiles using the above mentioned methods. Ota da
set represents ionospheric measurements under low and high geomagnetic activity during
periods of high and low solar activity. #Pionice data set covers years 192201.
Analysed profiles are representative for all the period as they are regularly distributed
over period. Measurements from campaign HIRAC/SolarMax;- 28 April 2001
(Feltens et al., 20Q1provide us with high quality data and for this pdrtao 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 35850 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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Fig. 2. Typical recomputation difference of the electron density profiles obtained byNHPC and
POLAN. lonograms were recorded at the observatorlidite.

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 frequefmigdoF1 andfoF2.
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 alfoW2 was neglected.

Profile points [h, fp] pairs of height and plasma frequency,, 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 MHzith 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 (POLANNHPC) for frequency and height interpolated profiles,
respectively, via classical statistical method:

Ay = (2)

=X =X
i POLAN NHPC
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Fig.3. Electron density variation obtained by NHPC and POLAN from Ebro artioRice
observatories - 24 April 2001. Upper panels refer to POLAN recomputation technique, while the
lower panels to NHPC.

Values X; stand for heightsh; and frequencyf;, respectively. Each data set is
represented by mean and standard deviatibeigstein, 2006Anckl, 1998 for each
frequency and height

1 N
(%) =g 2% (3)
j=1

ox = <xi2>—(xi)2 : (4)

With increasing frequency (or height) the number of measurenheimsthe 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 indpx 4.
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4. RESULTS

Results of statistical analysis are divided into two mainspdidcussing 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 Eqgs.tZ¥). All the following plots in Figs.57
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. Height difference

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 frecfo&iZcyHowever,
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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 ‘00" 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
“x" symbol “0” 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 wittsymbol “0" 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 stirdigdency 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 -% MHz (Fig. 5, bottom panel) and exceed values of 10 krase 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 exceptifuynRre 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-édviHz (Fig. 6, middle

ard bottom panels). Maximum difference is larger inH@nice 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. Frequency difference

Fig. 7 demonstrates height dependence of frequency difference of profiles for
Preuhonice 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 computetidi?C 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 fimthich method might be better,
POLAN or NHPC, is to use simultaneous common volume measurements of digisonde
and a Doppler-type system at 3.5MHz and compare phase paths from Doppler
measurements and POLAN-based and NHPC-based ionogram inversions, as suggested by
BureSova 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 foF?2 is observed. Both events are followed by h'F
oscillations which may indicate Travelling lonospheric 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" and
increase of velocity of more than 100 km-s™ 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 B,
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.
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Dst

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

Fundamental Space Research 2009

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.
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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”.
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Fig. 4. CME, Oct 31, 2005. Top figure: Less pronounced
change in foF?2 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~! and increase of velocity of more than 100 km s~! 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 B, B,,
B, and velocities are shown in Fig. 1. All events are characterized by B, negative component.
The events were chosen to have the most similar properties (B, 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 B,
and MC L with three times larger values of B and B,.

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.
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Table 1. Conversion table between typical ionospheric plasma fre-
quencies and electron concentrations

Plasma frequency (MHz) 2 6 8 10 12
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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 (B,) 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 lonospheric
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.

HSS HSS Plasma frequency profile
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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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MC L MC L Plasma frequency profile
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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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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

Tonospheric 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.

RSF output from DPS-4 Digisonde Pruhonice, PQ052 2007.05.14. 00:00:00
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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



MOSNA AND KOUCKA KNIZOVA: VARIABILITY OF IONOSPHERIC LAYERS

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.
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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.

i el W) Es-layer'secondary reflection

PP Ec|ayer first reflection

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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Acoustic—-Gravity Waves in the lonosphere
During Solar Eclipse Events
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Institute of Atmospheric Physic, Czech Academy of Sciences
Czech Republic

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 lonospheric 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 T on the
path transmitter - reflection point - receiver. Time of flight is simply converted into a

. . c Lo
virtual height h —— that corresponds to wave propagation in the vacuum (c stands

virtual —

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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where c is speed of sound
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y 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 y ~ 1.4.
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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 p which is
displaced in the vertical by Az to a place where its density changes to p+Ap, 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

o= |dp ®)
dp

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):

2 @

—(Az)=-gA

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

(Ap) =Ap/c’ :—‘E—fAz ©)

internal

which is due to compressibility of the fluid within the membrane and
dp 6
(Ap )extemal =" E Az ( )

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

dTZZ(AZ){g%(IangZ/CZ]AZ @)
which can be recast into
a4z
E(Az)+m§Az=0 ®)
where
; =—g[%(lnp)+g/czj ®

If ®;>0, the solution is oscillatory and the fluid parcel will oscillate with characteristic
buoyancy frequency wsg called Brunt-Vaisala frequency.
More convenient form used for atmosphere is following;:

oy =(y-1)g*/* +g/*dc® / dz (10)

This approximation is valid in the atmosphere-ionosphere system of our interest.
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In isothermal atmosphere ®; reduces to
oy =(y-1)g* /¢’ 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.

Acoustic and Brunt-Vaisalla Period
300 T T T T

250+

Acoustic domain

Gravity domain

g 10 12 14 16
Period (minute)

Fig. 2. Height dependence of acoustic cut-off period t, and Brunt-Vaisala period tg 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:

@+pv.ﬁ+(ufv) p=0 (12)
ot
p al+(ﬁv]§ =-Vp+pg (13)
ot
where pressure gradients and gravity are the only forces causing the acceleration.
Oscillation takes place adiabatically
dPp, &P 14
—+u.Vp |=yp| ——+u.V (14)
o Greuve )=l Spav)

where p, p,y and u are parameters of the atmosphere - density, pressure, ratio of specific
heats, and velocity.
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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 po/po must be a constant.

Po /Py =0/ (15)
Then the system (12), (13) and (14) reduces to:

aa—i+p0€.1?‘—pouz/H:0 (16)
P ﬁ+Vp'—p'g=0 (17)
’ ot
dp' . ap' -
Po (air;_pouz/H]:Ypo (aii_pouz/H] (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:

o' -0’0}~k (0 -0} ) - ok} =0 (19)

From disperse relation, it is evident that between buoyancy frequency and acoustic cut-off
frequencies one cannot have both k. and k, 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 ks is purely real and k, has an imaginary component. At frequencies
exceeding acoustic cut-off @,, 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 wg forms the high frequency limit for one class ®<wg normally called
internal gravity waves and @, is the low frequency limit for another class w>, called the
acoustic waves. A gap in the frequency spectrum exists between wg and w, where no
internal waves can propagate.

1(Z

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

® <<, then:

K2 =(o} /0’)k] (20)

These approximations apply to much of the observed gravity waves. From (20) we see that
the angle of ascent of the phase a is:

tgo=k, /k, =0, /0=1/1, (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 ¢ to its vertical displacement ¢ is:

ck

X

e

oo jd
¢

Jals
(O]

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 (na\/m . Gravity wave propagation is
limited to angles between

b= 2] o s 2 @
(‘0g (J)g

The sense of rotation of the air for gravity waves is opposite than for acoustic waves. As ®
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 u, components of the packet velocity are obtained from
disperse relation:

(22)

<k, (m2 —u)é)
u =
Y 020" -0 -K?) (24)
ko’
0=t
© o207 -0l -7K?)

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 — signhatures 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:

go Net (25)
4me,m

where f, denotes plasma frequency and N, e, g 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.
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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.
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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 ‘0’ correspond to the measured (full squares) and computed (empty
symbols) z-components, the ‘0" correspond to the horizontal components while the ‘v’ 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.
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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
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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.

Pruhonice 2 - 4 October 2005
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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.

Pruhonice 3 - 5 January 2011
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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 (¢) 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

Tonosphere 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 (Dawvis 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 T, (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 T as a short equivalent to T, (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, T, = X (k + a) — X (k). It is obvious that expected value of
T, will be probably somewhat higher for higher a. We are interested what is the behaviour of
statistical moments E(|T,|?) where E(...) stands for expected value and the exponent ¢ 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(|Tz(a, k)|) = ¢ga®@, (1)

where ¢, is a coefficient and ((¢) 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(|dy(a, k)|7) = ¢ga®?, (2)

where d.(a, k) is a wavelet coefficient computed as dy(a,k) = [ x(t)Yqr(t)dt, where 1, is a
wavelet function (Daubechies, [1992]). Use of d, instead of T, is more convenient for practical
applications.

The exponent ((q) is in general case a nonlinear function. In the case that ((q) = ¢H, 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 ((q) # 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 ((q) for foF2 from Sodankyla station. The nonlinearity is apparently seen
which tells us that the process is multifractal. Exponent ((q) for a simple model, Brownian
motion is linear (Fig. 1-right panel). Curves of ((¢) on both panels differ significantly.

Brownian motion
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Figure 1. Left panel: Structure function ((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 «
for measures (Halsey et al., [1986], Venugopal et al., [2006]), or its counterpart for functions, so
called Holder exponent, h (Muzy et al., [1994], Mallat, [1998]):

|f(20) — flao + €) ~ Cle|"@0), (3)

where 0 < h(zg) < 1 characterizes the singularity of the function f at position xg. Similarly to
the scaling function, we may compute h(zg) using wavelet transform. The spectrum of Holder
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 (@) = Pa(z — 20)| < Clar — o|"™). (4)

Thus, h(zp) is the largest exponent such that there exist a polynomial P,(x) of order n that
satisfies the above condition in the neighborhood of xy. For example, h(xo) = 0.7 tells that
function f(x) is not differentiable at x,, h(xzp) = 1.2 tells that the function is differentiable at
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 < oo (Fig. 2).

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

Spectrum D(h) describes the proportion of h, at each point of the dataset. The most
frequently occurring value is located at (h) and the variance of h, 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 g. From
the Legendre transform, the signature of monofractality will be a linear {(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, maz), 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 ((q) departs from a linear function.
Right panel presents a model dataset, Brownian motion with linear function ((g) (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 Tonospheric 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

Sodankyla

Fracint 1

Ml 3 L

D(h)

i[2-8]

wiype 0
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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 ¢ = 0. The width of the curve is a description of the variance of the h values in interval
ghmm, hmaz| and large interval is a signature of multifractality. Right panel: D(h) distribution
rom 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).
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2
= 50F .
—

45 1
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4@75 0.8 0.85 0.9
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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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ABSTRACT

Ionosphere corresponds to the ionized upper part of atmosphere. Characterizing lonosphere 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-

Wavelet transform
Wavelet coherence function

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. lonosphere 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. lonosphere 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 lonospheric 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. lonosphere

* Corresponding author. Tel.: +33 4 72 72 83 78; fax: +33 472 72 89 50.
E-mail addresses: stephane.roux@ens-lyon.fr (S.G. Roux),
pkn@ufa.cas.cz (P. Koucka KniZova), patrice.abry@ens-lyon.fr (P. Abry).

1364-6826/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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variability analysis may also potentially bring new and significant
knowledges related to Ionospheric climatology. The Ilonospheric
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, lonospheric 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 lonosphere 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, Lastovicka
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 lonospheric 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 Vo6ros et al. (2002). Indeed, one of
the main manifestations of the interaction between solar wind
and magnetosphere (and consequently lonosphere) 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. Voros, 2000).

1.2. Goals, contributions and outline

Goals. The use of the scale invariance paradigm for the analysis
and modeling of lonosphere 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) lonosphere, 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 lonospheric stations still operate up to now and
their measurements represent the longest time series available
for many types of lonospheric 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 lonosphere 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 lonosphere and is also
the most important lonosphere parameter for radio communica-
tions. lonograms (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 lonosphere 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

Table 1

foF2 critical frequency measurements: characteristic of the stations and data sets.

Uppsala

Poitiers Southuist

Lycksele Moscow Paris

Lannion

Kiev

Kaliningrad

Dourbes

Arkhangelsk

Station

50.1 54.7 50.7 48.5 64.6 55.5 48.1 46.6 57.4 59.8

64.5

Latitude
Begin
End

1.1.1971
7.21.1991

7507

12.8.1971

4.24.1973
2.28.1994

7616

1.12.1971
6.6.1987

1.12.1971 4.24.1973 1.1.1971
5.25.1987 6.27.1990 1.31.1988
6274 6240 5990

5978

1.1.1978
12.31.1988

4018

1.1.1971
8.26.1989

6813

5.28.1974
10.23.1988

5263

1.1.1971
4.25.1989

6690

2.19.1983

4092

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

6000

log(1/day)

Fig. 3. Trends and fluctuations: (a) raw data (gray), trend (solid) and fluctuations (dashed) and (b) corresponding power spectra.

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
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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 fOEs
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), Lastovicka
(1996), Lastovicka 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

I'x(M)~Cv|™, |v]-+oo. (1)

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 X, 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. X; is obtained by difference: X;=X-X, and
correspond to the short-term fluctuations while X, 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 X, captures the well-established coarse
scales periodicities, while the details X; 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
X, 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

X—X)(Y—Y
po XDONT) -

VX=X (Y=Y ),

where X =(1/N)S°N | X; and (X—X)? denote respectively the
sample mean and sample variance classical estimates. In the
spirit of the Periodogram procedure, the estimate p of p 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, %), 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, p 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, 0)), 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, +)). This indicates
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Fig. 4. Correlation coefficient: versus latitude difference (for foF2 data) and versus latitude (for the indices). Raw data (), trend (0) and fluctuations around trend (+).

Table 2
Correlation coefficients: top right triangle: raw data and trends (in bold font) and
bottom left: fluctuations. For foF2 data, p is averaged over the 11 stations.

Indice SSN F10.7 Dst AE Kp foF2
SSN 0.84 —0.08 —-0.07 0.03 043
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

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:

1 —
Warlt) = %l//<t7‘t>, Tx(a,7) = / X(Oq..(0) dt, 3)

where a and 7 denote the scale and translation parameters
respectively. The elementary function y(t) is referred to as the
mother-wavelet and its energy remains mostly concentrated
jointly within as narrow as possible time (At) and frequency
(Af) supports, with ATAf > 1/(4m). For the wavelet transform to
be invertible, it is required that the mother function be a band-
pass (hence oscillating) function

/ Wity dt =0.

Therefore, the wavelet coefficients essentially measure the
amount of energy in X around time 7 and at scale q, so that they
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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 = f,/a, with fp
a constant depending on the choice of y(t)

fo W AP OL df
Jo = [P df

where ¥(f) denote the Fourier transform of . Therefore, the
Tx(a,7) can also be read as time and frequency content of the data
around time 7 (+aAt) and frequency f=f,/a (+Af/a). For
further introduction to wavelet transforms, the reader is referred
e.g., to Mallat (1998).

The mother-wavelet iy 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
Iy, it has been shown (cf. e.g., Abry et al., 1995), using the band-
pass nature of the mother wavelet i, that the quantity, ETx(a,t)?,
that can be referred to as the wavelet spectrum X, i.e., a measure
of the frequency content of X around frequency f,/a, that can be
related to its classical spectrum as

ETx(aty = / rx(aliaf)|? df. @)

The quantity S(@)= >, Tx(a,k)?/ng (with n, the number of
Tx(a,7) available at scale a) constitutes an natural estimator for
ETx(a,t)?, 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
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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 I'x(v) ~ C|v|™,
[v] - +oo, then its wavelet spectrum estimator reads: S(a) ~ |a|”,
|a| -0 (cf. e.g., Abry et al.,, 1995; Veitch and Abry, 2001). There-
fore, the scaling exponent y can be estimated by means of linear
regression in the log-scale diagram, log, a versus log, S(a), such as
those illustrated in Fig. 6. Moreover, it has been shown that the
estimation of the scaling parameter y 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, y is often rewritten in terms of self-similarity (or Hurst)
parameter H according to y =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 H = —0.06, hence suggesting interest-
ingly that short term fluctuations in lonosphere can be modeled
by a highly correlated fractional Gaussian noise, and hence
significantly differ from white noise uncorrelated fluctuations.
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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
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Fig. 6. Scale invariance: (a) diagrams log, a versus log, S(a) for foF2 (=), SSN (©) and F10.7 (») and (b) foF2 (-), Kp (0), Dst () and AE ().
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Table 3
Scaling parameters obtained by linear regression between 1 and 27 days.
Indice SSN F10.7 Dst AE Kp foF2
H 0.5+0.1 0.75+0.1 0.00 + 0.06 —0.12 + 0.06 —-0.26+0.1 —0.06 + 0.1
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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).

Likely, this betrays the existence of physical mechanisms govern-
ing these fluctuations.

Note that when the estimated H fall in the range —1 <H <0,
this indicates that data are well-modeled by fractional Gaussian
noise of parameter 0 < H =H+1 < 1 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

X(t)y= Clw/a 0/Tx(a,r)zp(a,t—r)

where Cy is a constant depending only on the mother wavelet.
The decomposition into trend and fluctuation, X(t) = Xq(t) +X4(t),
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

1 dt dd'

Xa0= ¢ / RECRICRE IS

dtdd
a/2 ’

€)

dr dd’
a/2 .

1
Xatr= ¢, / - / Tx(@, (@, t—7)

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

(Tx(a,)—Tx(@,)(Ty(a,)—Ty(a,)
V (Tx(@,)-Tx(@ )2/ (Ty(a,)~Ty(@,))?.

In the literature, p(a) 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 p(a) 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 (p(a) > 0.5) with a quasi-perfect correla-
tion at the coarsest scales a > 64 days, hence justifying a poster-
iori the 64-day time average used in Section 3. This also shows
that functions p(a) 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
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Fig. 8. Wavelet coherence versus scales: solid lines correspond to the averaged p(a) 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.

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 p(a) 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 p(a)s 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 p(a)s between foF2 measurement and
the geomagnetic indices display a clear change in sign around
scale a=44 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 lonospheric storms provide the
most likely scenario for the lonospheric 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, p(a) remains significant over
all scales (cf. Fig. 9(a)). For the three geomagnetic indices, |p(a)| 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 a=30 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

Ttor2,station(: ) = Propzssn(@Tssn(@,t)

+ Pror2/kp (D Tkp(a,t) + G station (t), (7)

where Gy sarion 1S @ Gaussian correlated noise with H=0.95. 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 P /ssn(@ and  Peopy i, (@) 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).
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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 fOF2 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 fOF2 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
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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 30 <a <60 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.
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ABSTRACT

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 (50°N, 14.5°E) 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; Sauli 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,
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Physics, ASCR, Bocni 11/1401, 14131 Praha 4, Czech Republic.
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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; Sauli and Bo3ka, 2001; Kazimirovski et al.,
2003; Pancheva et al., 2003, 2010; Pancheva and Mitchel, 2004;
LaStovicka, 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 Sauli 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; LaStovicka 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; Sauli and Bourdillon, 2008), in sporadic E radar
backscatter (Tsunoda et al., 1998, 2004; Voiculescu et al., 1999)

and also in the F region (LaStovicka et al., 2003; Lastovicka, 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 Sauli 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, 70-80km and ~100km. 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 waves’ 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 MoSna and
Koucka KniZova (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 (50°N,
14.5°E), 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 (LaStovicka 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.

lonospheric and Stratospheric Data
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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.

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 2.5° x 2.5° 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 50°N, 15°E 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 X, with the scaled and normalized function called
wavelet (e.g., Mallat, 1998; Torrence and Compo, 1998, among
others). The transform is denoted as WX™"*) 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
WX1)). Wavelet power is defined as |[WX"®)|2, 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 X, and Y, is
defined as WXY=W*W"* where * denotes complex conjugation.
The cross wavelet power is defined as \WXY\. The complex
argument arg(W*Y) can be interpreted as the local relative phase
between X,, and Y, 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/.
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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), Sauli 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
n/4-7/2 which means that the temperature data lead the Es data
by ~1/8-1/4 of the day. This result accounts for the relatively
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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.

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
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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), Sauli 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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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,
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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 60°)
and middle (around 45°) northern latitudes at pressure levels from
1000hPa (surface) to 10hPa (about 32km). 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; Bochni¢ek 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 NO
(=NO+NO;) 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:

aar = a+b*sunspot €))

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

aap = aa—adr 2)

Fig. 2 demonstrates the long-term variations in the yearly
averaged values of aar 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 aar 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 aar was decreasing while aap
continued increasing.
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Fig. 1. Dependence of the geomagnetic activity as measured by aa-index (since
1868) and ak-index (1844-1867) on the sunspot number.
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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).

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):

aar=5.38+0.12*R (Feynman, 1982)
aar=5.17+0.07*R (Ruzmaikin and Feynman, 2001)
aar=10.9+0.097*R (Hathaway and Wilson, 2006)
aar=7.1+0.106"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 4C
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
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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;
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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.

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.

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.

(2

~—

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.
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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.
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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.

300 300

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 p < 0.001.

Fig. 7a-f present histograms for the two cases at selected
altitudes: 1000 hPa (Fig. 7a), 500 hPa (Fig. 7b), 250hPa (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
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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

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 363014 10.67689 31.73077 93.32579
Table 2

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 10hPa for winters with high aa-index and low
sunspot number and F10.7 (marked hereafter 1000-1, 925-1,...,
10-1), and for winters with low aa-index and high sunspot number
and F10.7 (1000-2, 925-2,..., 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

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,..., 10-1), and for winters with low aa-index and high sunspot number and F10.7 (1000-2, 925-2,..., 10-2).

hPa Factor 1 Factor 2 Factor 3 Factor 4
Factor loadings (varimax raw) extraction: principal components (marked loadings are >,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 > 0.7 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 1000hPa up to 10hPa
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
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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,..., 10-1), and for winters with low aa-index and high sunspot number and F10.7
(1000-2, 925-2,..., 10-2): (a) factors 1 and 4; (b) factors 2 and 3.

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 32km (10hPa), 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
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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.
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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.

Seppadld 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 Seppadld
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 NO, 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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Priloha B 1 Waveletova analyza teploty, foEs a hkkampani 2004, 2006 a 2008
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Priloha B 2 Cross waveletova transformace (XWT) aeletova koherence (WTC).
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Priloha C D(h) pro foF2, Dst, Kp, AE
a F10.7
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Priloha C1 D(h) pro foF2 jednotlivych ionosférickystanic
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Priloha C2 D(h) pro AE, Dst, KizKp a F10.7
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