TUNHBANANAN NIZvINMIAIANTL

318UNTILatUANYTal

mMsAneBsanAvaspuanuuznIsiiangUsuBIanasauTIY
TutuleTeluailesafinanoszuuifies o anmilnianuduazigaa
USILEUAUEEATUIIWEN JevTaguns
A Statistical Study on the Characteristics of TEC storm in
lonosphere Effecting to GPS system at Equatorial Magnetic

Latitude Station, Chumphon

T9IANENT13138 Unueds a1

UMl
L]

. A0
mmmm%
uifou S1 dlfl 2960

lasuyuaduayusideanRueudszanawiufu Usssdeudsyana wa. 2559

=3 as 4 as as
WENYAYUNILVATYAUANA WWNIAYUNS

dnrdumalulaginszaasndidraummsaianszds



Tuaiiles fifkaseszunifiea m anilnafiuiivarfaadiuinandunuignanivin Sminyums
Uszandeuussannd 2559 dauruludldsumsatuayy 250,700 U
szznaiINgIvg 1 U aawe 1 matew we. 2558 89 30 fupigu w2559

..................... 2t P = LS LS M A S O i R

v lasens. seaeds 90m93nanInay . wiieududein g nn s unsgeuing

UNANYD

v

s nuidvatuiyanguenigusivaniangnviiasvainwiy ueudunnin Mieyuly

Fuil 17 - 18 flumy 2015 wazuanssnvudwtgangandsetuleloluailesuiniuazigadua

ee

@

nansluniaedoiiniuazelsy gananuleAneiaidseldutulalaluaifesiinaduiu
dyeyeu GPS 1u°imﬁLﬁﬂwwqi'uwuﬁuww%ﬂL,Lazmimé‘auuﬂaamﬂwm&ﬁﬂmaw%nmar‘ﬁa
nyJueanidedld navinmsfnwinty Tueunuinaniidseduletoluaites wuit lussniavaudn

@ w ar = [ as [ [
199wy n1sUingFnTeaiuresrdw glolalualigiviniasaugndsnaiulilulenines
awdfu lusmgd bifinnsieduwsenduaovantassluwnnasylsy dwiugnineionsnu n1s
Usingdmieniuve inangleleluailesuvinuagaugndunamulalugnlanvie. luwnned
LS nu iaamwwmuﬂuﬁa:ﬁgmﬂmqgné’ammﬁ‘uléf ~ eTamdauauny v i uluniadu

Ed “

Auganslyluaud dasfian 40N A5 UN LWL UNINANAUI AR 31895 99AZU AU L UUNA LRI

u Y Y v v U

(%]

nansiiuansunuwiddylsznsuidumgleleluaiflossavigndunawiuliludnlanimilely
Pranaiiinwlavinuasay lifenngaudana niigndunadiulilusninesylsuluszwireiiin
WAMANVBINY TOUALAY NTNYDIHANTSANYA TEC storm et glsnifoaduiitanan
Maruyama et al. [22] Savudmwoguiminlangnuilsiiinduluiui 56 we. 2001 fiuszmadgiu
$aindu “TEC storm” (wigUFsadidnnseusiu) Inewigananisudunediiaan 0151 UT Tu
Sufl 6 1.0, MrunTTuaIuvaN ASYM Tiitudiud (ASYM-H) fuil kp Dngegawintu 9 Tuta
svgziien 7 alusneuilaniin SC vaamgdisnan Tas IMF 82 aglumisiialddhudnssuaiaumu
fisfuiiaviionannaeu 19 UT weviuil 5 we. lunsnevaussiemnnisalil dui kp axdia

= &

Fduaan 3 W 5 Tee TEC Suilveiidufisiunaunszoriingiu uasfidigeandssananiiosiud
aewnile (45°N) uays 1430 JST msanald (27°N) Aiadudiuil 2 ssusingiiiduasiigas
A1 30°N wdsnfinszenfingandiu TaswigTuwudunindsmaviliiAsdm unaiandonuly
seyfRamuunsuiiingsis 7 wes Sadudranandeuiiiirngininannsunifuiiou 2 wh e

TEC uavananUseislutulalaluaiesiaiutuegwinainanigitliing



uenanii Q%’alé{ﬁ’mﬁﬁnwmimgauwmmﬂwm&ﬁﬂmaw%nmm%amﬁuaan
Budld wudt nswdsuuladundazfunuggniaueen NmF2, A1 TEC WAZAIANLYWY
Sinmsewlul 2010 ivis 3 aonil Fwiaguws, Swiadedmi uasflednlaneds) avaanades
Dusthadifunaainnsiaivsingluumea (58], [60], and [61] anudnsy GadausinUi

yimsnuilueuiifed 2010 Feegludreianssuaiesiinvesininaaios 24 Anw usinaiida

[N

warFrunlalunuiumunuidrdgegrndululadmsunisasdnluldluniseduiunis

La v

WasuwUasluusiay Tumilewdugudgnausimanluaug Ald

U

o as

iy : Inlapeds, ATumunBidnasoy, yums, Wotlml, wigUinadidnaseus, wigwl wanlan, ssuud

@

1 « '

o, LduAudansuLwian.

Ny "



ABSTRACT

This research proposes a geomagnetic storm designated as “St. Patrick day storm” which
occurred on March 17-18, 2015 and its effects on icnosphere layer in low and middle
latitudes in both America and“Europe sectors. Moredver, We also study about TEC storm,
ionospheric delay onsGPS signals-during| St/ /Patrick_-day sterm. occurrence, and the
variation of slab thickness i Southeast-Asia. For the results of the effects of St. Patrick
day storm on/ienosphere tayer, we ‘find | that during the -main phase of the storm,
simultaneous presence of ‘Cositive and necative ionospheric-storm phases are observed in the
American sector whereas Na-such coexistent stormighases are observed,in the Butopean sector.
For the Americapssectors thetcoexistent positive and Rietatilie T8hosphericstarm phases are
seen in the northern hemisphere. In«the American, sector, ithe Imid-atitudecdensity trough is
observed to shift-equatormward reaching up to 40°N latitude. This equatorward shift of the mid-
latitude density troushplays a .major role inthe negative-ionospheric-storm ohserved in the
northern hemisphere during the main phase of thestorm, No such negative storm phases are
observed in the European, sector during the ‘main.phase/ Furthermore, @ TEQ storm in Japan is
also described in this research. The-information-and figures are taken from Maruyama et
al. [22]. They find that a, seomagnetic storm which otcurred on MNovember 5-8, 2001 in
Japan was called “TEC stom™=The stormisudden comméneement of this storm started
at 01:51 UT on November 6, 2001 with=asymmetrit™fing current growing immediately. The
Kp index reached maximum of 9. During the seven hours prior to the sudden
commencement of the TEC storm, the IMF Bz was southward, the ring current was
growing slowly from 19:00 UT on November 5, 2001, and the Kp index raised from 3 to 5.
TEC started to increase at sunrise hours and reached its maximum around local noontime
at the northern end (45°N) and about 14:30 JST at the southern end (27°N). A second
peak existed at latitudes lower than 30°N after sunset hours. Likewise, we find that St.
Patrick day storm causes the horizontal positioning error higher to 7 meters which is about

two times from the normal space weather. TEC and ionospheric delay are also increased



Y

significantly compared with those values during no TEC storm. Furthermore, the authors
also study about the diurnal variations in each season of the NmF2, the TEC, and the slab
thickness in 2010 for all three stations (Chumphon, Chiang Mai, and Kototabang). We find
that the observed results are in good agreements with the previous results in [58], [60],
and [61], respectively. Although the studied year in this work is in 2010 during the solar
minimum of solar cycle 24, our observed results represent the crucial information which
can be employed feasibly to explain the variations over magnetic equator region in any

recent years.

Keywords: Kototabang, slab thickness, Chumphon, Chiang-Mal, tetal electron content storm, geomag-

netic storm, GPS system, magnetic equator,
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ECEF (Earth-Centered, Earth-Fixed)) lagavanunsoifsuninudusiussesinaen pseudorange 7

R NASISU GPS warmuuiRinueLn095u GPS tafsaunisi 2 e

p(h :\/(,‘Cm]*_\‘)z +(')'(“——_}'):+(.’_"kl—:);+b (2)

el o' Fed pseudorance AIRIGINATITEN GPS (9297t K'= 1, 2,3, .., N) (m), (x
y, 2) Aasumisfidavouase 1y GPS fidean)sindn waz b AealudaiAnendynauriingg
RN GPS (M) (iflesnndaua ) A iniuo a3 0a3u-GPS dulnaiuldsnen
wwaaruindauunBiniwuu quartz crystal oscillator Faagsinudoaunluanneinnu s ey

= [

LﬁmmmﬂmiLUSUULL‘U&G‘UENQEUWQM) edunmlfinnnaum i @) ﬁuazﬁ@ffmsﬁlﬁmmmaq
wanue 4 67 i G v, 2l way - blagluniaviaadwdsdaing iy sdudesnisa
pseudorange F1imaTnaT e GRS Be1stiot & sastuly (4 aunts) Ineiiasainaunisi (2) ta
BuaunsitliduGadu Telunsudannsduasdenl495 10y Newton Raphson Tagazdsana
Aaunsliiduannsidedlagdounsa Taylor SagivimesauysSusuiitnngay (nitial
quess) WAULATOISU GRS Y& 19 nSUSEUUREYN AU AR In g UL A (iteration) Farmauves
aunstiuargiinavesiilaifionariuil dwsulunsditiien pseudordnge A¥mainanauien
AN 4 sty wlimamAreuiyuisnsideeiasiian (least” square) lunisdmaud
wnzauiigavesiauys egslafamnyil n1sszyiumidlnandessu GPs fldmusulaeg
Tty (sinmnniiidion L1 (1,575.42 M) fersdirnueaimndeulunisseydumisey Toy
ansadwunauvglunsferuiianainlumsseyiumisld 3 aunguanduandugui 2.3

1. Armudanatnduiiiesnainaruiio (Satellite Errors) ldun aanufiananslunis
Aunnla/dumiwesnidien warmueaiandeuvesdugnuiniue iy

2. apnufianaedulounandygraduneiuduussenavedan Taud sulele
luaiesuaslvslwafed audey

3. Anfawaesuiosnaneiesiu 6PS Tdun muramadouves FUIUITENY

18RI wardygrnsuniuiitinnnusingnisainisdsinunatedunie [usdy
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sUW 2.2 vanmsseyshundslaglio ity GRS

»

% . - Orbital error
| Satellite errors
- Clock error

lonosphere  //

‘ . - lonospheric delay
./ Propagation errors _
1/ - Tropospheric delay

Troposphere

[/

JUN 2.3 annmeuratandoulun1sssysunyues GPS

. - Clock error
Receiver errors . i
- Multipath and Measurement noise
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Tunuideadull draulawiznansenuvoIdyIn GPS  EDAUNIHIUTUUTIIINA

& =5

gpalan lnalawizegredduleloluailes Fuduiinisiineldinauiianainlunsinsses
pseudorange  11NTiga IngdznaliinAinuianatnlafud 5-15 luns F9avliuediu
Audnwuzvastulaloluaifsitasyuwgvanniiisunvinnisdune davuleleluaiesiludy

[
i <4

usssImafiaggeanndiulandszunn 50-1,000 Alawns neazuszneuludedidnaseuuay
lopuagiduduauuin %ulmaQamaaﬁwe&ﬁaq‘luu%nmﬁﬂaQﬂlaaalusﬁmai"aﬁﬁucimmnme
pfind lmiasnsuandinaredudidnasousarlossudasy SeUiunndidnnseunarlessuiy
wnUsiwasulunnuan i Yu nan ggniasazdingnisaiiietuuumefing Wy Suauge
fin uarmigaseyfudu Tnodledyanm 6PS aumadiuduleleluaiile fasiaungnsnii
Ay 2 aghe Ae nadsyisludulaleluaos (onospheric Delay) warNIIANUIING NI TOITUT
wdulutuleleluaiilos (lonospheric Scintillation) Taglusideatudazsjutiulufinaayis

Tuduleloluaie s

2.5 1na1UszasTutuleleTuaies (lonospheric Delay). [28]

v
@ ]

naun1si 1 ldnasmian pseudorange | Suaziinuslfrdaiuidnduiinnvany

Aanusasluaginia (c= 299,792,458 m/s) wiadnubviliffeniasdnnviuiiaminiu 1
AABALLINIIALUNIVB I INAINAITIHLD1AT 95U GPS ueagsls Annuidosandulelelua
L?Mﬂ%ﬁuﬂﬁznaulﬂﬁwﬁLﬁﬂmauLLaﬂaaauﬁassagﬁju{hummn TnoAasatinmuastulale

TuailestiuazauasnUszununilaainaunisuss Appleton-Hartree Gatlandsaaunisi (3)

] o
noxl-—2 (3)
5

logil n,, Aeddurinmupstuleleluaiiles o, AeAmAmnudnatauivestuysseiniale

!

loluailed (rad/s) war o MamaudTesdyuINARunIskIutulololuaiios (rad/s) Famn

Usranadluaunisi (3) Tunatw i3 NNITUURINISHILY 2 U898UN15 WENiA1AINURNaNEUN

v
[

yastulalaluaifestuazarunsavlennuduiusluaunisy (@) fad

Nde2
@, =—" (4)
&,m,

a I T 3 " a
lagf N, AoA1unuIududiannsou (electron/m’) e ABUsERUDIBIANATOU (-
-19 3 = i . -12 <
1.602x10 aaeuy) £, ABAN permittivity vedauslluviy (8.854x10 ° F/m) uaz m, AouIavel
a -31 = v R o
Bianaseau (9.109x10°  kg) 2Mnaun1s#t (3) uaz (4) wanslisiuinardydinivuestulelelua

=y

Wediuastuegfivaruivesdygriumdunissiutuleloluaiflsiuazainuvuiniuee
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aidnaseu lnewdlofinnsunaiuiivesdygios GPS feazeglutnu L-band (L1=1575.42 MHz

o =

way L2=1227.60 MHz) lagazarunsaussunamsvivnivaastulololuaiieslasi

(J)l N
- x]1-403—-2% (5)
20° 1

= = as

lapdl f Femnudivesdyn i GPS (Hz) Fuiledtuun GPS Yuiunnakudulelolua

o

W
w

Wesleeddwivnmuasuwuasiumuannisi (5) du azvhldanuinduldeuwdaly daas
anatipaninauiimdulugyainia deavilddygafumaluiaaiesiu GPS H1ni1am

Wi lnganunsoniainisviiaiavesdunin GPS (51) duilesnantuleleluaiuslasg

wlfE | N.ds (6)
of”

At =Nl =

mﬂg'uf/’i 2.4 yananavihaaawesdynu GPS Eadumsinuidleleluaiiies Tnyes
vmswFsuiigunaridyarandunsiusulaleluaiies ¢ Tumediduaiaiunaiy
Wumss (t) Seluaunasil (6) agyhmsmainsmiansamesdugaa GRS diadiunnsinutulele
Tuaifies lngvihmsiisuflsunafidyynlidumeiuiilaleluaies (. ) funaildii
MMeEUgINIAL (1) 3NAUNITT (6) azé’ammﬁh@hmwmmawzﬁuagﬁ’umm?{waaﬁmtym
GPS LLﬁSU%&J’]EUﬂIWJ‘NA,dS fe9zFonanidninTndidnnsouansvaa TEC (Total  Electron
Content) :ffﬂmaﬂm?mzﬁauLLamag"lwu";wm TECU (1 TECU = 10" electrons/m’) Taad1nns

WIWIaUeE NI GPS Hugslivuuanagluguuuuresmsiaduasss vniassaunisi (7)

40

- (7)

I =

lag? 1 AeAIa v weessuen1uesdyn GRS duilissnndulelaluailes

= o5 Qs ' s

(lwms) Fsvustnuan TEC Turulelaluawlusiarmudussdiuat GPS lasdwsualnud L1 vy

v @ ar
W

A1 TEC diAn 1 TECU uuazvhlean pseudorange MIALATUENNI WAL 16 uRiuns

2.6 N15%1A1 TEC [28]
Tuii e 1uLIEnUINAIANEAWAIAT8IN5TRAY pseudorange uilawunaindule
loluailySuuazudsdunsaiuAiuudidnnsougndviert TEC (Total Electron Content) &4

LARIP AN 11 Uu

TEC = [N, ds (11)
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Time delay g,

n=1 : i

lonosphere M

e
...'u'.."

Ul 2.4 Msmbaavesdyanal GPS Siliswninduleloluailos

TaeeuusngroIAY TEC ﬂuﬁaﬁwmu%Lﬁﬂm@uﬁww@uﬁuﬁmﬁﬁm 1 M15719URT

wwrsEwienfieudunsesiudnnnal GPS flayunir dusiiansoylumbioues TECU (1

=

TECU = 10’ electrons/m) lawandluzuii 2.5

vennilen TEC Saulluwaiivwesitddylunsdnsnudnumsveasiulololuailys Ing
TunsAmamm AT TEC Juargrsnilsnao?s wiludagtiAsmsituitsniiaarentsduin
Tngldin30e3u GPS wuuwdinasainud Touiiar TEC Tuwia line of sishtssninuniosiu GPS

o
@ o

FuaTloLtuEEe i slant TEC (STEC) Fsainsasuanildmuannisi (12) uay (13) il
STEC, = K(P,~P) (12)
STEC, = K(L,~1,) (13)

Toedidn P P, war L, L, Aedn1sin pseudorange uay carrier phase (1ins) ATmle
MNAINE L1= 1575.42 MHz waea11ud L2=1227.60 MHz 18 ua3895u GPS aud sy Jeen K
zflanyiniu 9.5196 (m 'TECU) dm¥uan STEC luwian TECU (1 TECU = 10 electrons/m’)
\{19491nA1 STEC  #iduanann pseudorange (STEC,) ﬁ?uaxi'ﬁgﬁuﬁcymmumuﬁgmdwh
STEC fiduiaus197n carrier phase (STEC,) win153mAn carrier phase thivziinava initial
ambiguity Fuinavsiilien STEC, fidualdiuiidfaay dufudiodunisiianaves initial
ambiguity uazanduausunIulunisinen STEC @1 STEC, ﬁazgﬂﬁwmw%’Uizﬁﬂlﬂﬁizﬁwaq

AN STEC, Kaaunis7 (14)
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Height 4

1;000 km . .
® @
\ .Ivuu‘;:;ilag i . : . o .

350km N
®e® e
50 km ; ® © @

!'r';;;u;;;:J:rg_-' Sity (i 1

5U# 2.5 2ulelaluailysnazeysinaudidnasouavs (TEC)

B SASEEE N AL, .~ SPDT ] (14)

ady ar

laudl (STEC, ~STEC,) Aeflndsuainanisvgarl STEC, way STEC, Tutaed
m'%aa%’*u‘%ﬁLaaﬁummm%’uﬁmmmmLﬂaulﬁaﬂnmmﬂaa (fmAsna initial /ambiguity 1t
AAaT) usiagnalsfnunuine STEC #fidruiaiann pseudorange (STEC) 514%%7%5&%@83
TaeuszneulushelusafitiatuanaifistiesirioSuifiea Sudutasnandnasiwes
nsvthanaTun SR uTeTBesTad R YeIAEl L1 tay L2 suaigeiniaueiniiiouuas
guUNsnisasBLanNIaiindsinag (electronic hardware delay) Larsauisludiuvenaiaau GPS
Fe3unA1diang1vin Differential Code Bias (DCB) %30 Inter-Frequency Bias (IFB) laa@
STEC w&aanninisusussiuudranansadouduaunisluydldwed

STEC,, = STEC + B, + B, (15)
ool B, usr B, AeA ludaduinanaiiisuwanaiossu GPS mudiy
nsTiisnResmun TEC asluuuunuiivedanlaiiu ssnduiiosdosudasen STEC o

\Jusin VTEC (Vertical TEC) §afifonisutasen TEC Tuwwa line of sight Tuiflusn TEC Tuuuads

-7

ATTO)E '.-:
Ee O SRR )
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Tolfauuigiuintuleleluailestuasiidnvaus Uuniuuieg iflauwmuiuiuresdidnasou

aﬁwmmaﬂnﬂ@ﬂaﬂagj Toensutasen STEC Tuifiusn VTEC azaansavilamaaunisi (16)
VIEC = STEC -505 % (16)

IagfiAn cos ¥ AziaudNRLSAwaunisi (17)

C08 ¥ = 1( i COS@J (17)

i)

lowii R, Aoirilvaslandeiidiningy 6378 1¢-Alawns, 4 Foraugwesiulele
Tuadlesiitaaniiulan waz 0 Aernsslanvoinmiiiigu

Ul 2.6 Wassnsdniusuada STEC way VTEC mmaxSungaitdaandunisinu
%ulalaiuaﬂaﬁwm IPP (lonospheric Pierce Point) Fagglidusiativuafiian VIEC uuwnu
i agrdlsfna Tunsdliidrmaueiesiv 6ps duiisuaudes aravzdwmalisuaugs PP il
aseungunUAm F8ludesldiuudisomntulums interpolate fifinduq fiam PP Tkl

ATUAGY
g

Satellite %ﬁ

JUN 2.6 NsuuasA STEC Tiluan VTEC
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Payganldlunising

Tuunilsznanisleyaildlunudde shdei 3.1 axndnbsioyanlilufinyiusingnianl
msfinvgusimdnianluiusudunmin (urisszanuiudl 17 fa. 2015) dwiade 3.2 uay

3.3 eynamisoyafldlumsfnuimg TEC wavanumundiinasey aud iy sieaudeeiidsil

3.1 FayaildlunisAnwmnguaimanlanfuwuduwnin

v '
=i o v =i

miAsvatuiwiteyaillunisiner waiildiuanmsiine sadlwansiinsed
foyaildiuannsfnumigideuiunminyes Nayak et al [29) uminaue Fadftlsiinpiinng
GouBpuarnsiaustiomluidedlusuiuuniwilngsnron Faiunsiauaidevifinaty
wwqi’uvﬁuﬁuwﬁﬂlumuﬁﬁ'aaﬁuﬁ Fufuldindudeiluginng srwasidonvosteyaiildly
nsAnw I umLALWMINTEY Nayak et al. [29) il

nfinanireundi nsssdaiiauudusindnainaasivuunasenfingnaneiay 2297
Tuiudt 15 Suirw2015 Frmeniudelhdnnisiandsonmalalswisitauisdsu (halo coronal
mass ejection Y39 CHE) Afiessvssnauss tensidundalantugrnalingilusden fu
winulaaiiesasslant ifFunanTenuatn CME Gilhat 0430 UT uasgaasvnnisaisneg f
ﬁ'ﬂ,ﬂgjmﬁ’iwmmwaawwammé‘ﬂian*?i;mﬁqwuaﬁ{]ﬁmq%m 28 figniFen@oin iy g
wWNsn” (Saint Patrick’s’_day’ ,storm) Sevinauit 16-19 Siutmn 2015 vwlan nsTanag
ApfuRLLaEATRA B A sity Qmimw’hﬂuﬂﬁ%%’ﬂiuﬁﬁaﬁlﬁaﬁazlsﬂﬁt.ﬁuﬂwwﬁawszﬁ*ﬁu
999015, WA UL UR IS EEE N IUALIIATIAIAN 19 suawzulaiaiuaﬁmﬂmmnmﬁgmnmuﬁw
wiwdnlan seavdssuesdegaildlunisinemagusisninlan it

3.1.1 Ground based ionograms and GPS-TEC

91911 e sile i agdnEmseevausstulaloluaifusinlanis ladeniaievng

o s

Fvinafuluuunazfigaussaniil ionosonde (Digisonde) dsiwninasastfigaiinieiu 2 une

' v L
ol @ a

WiefiaziinmiiAturesianiwnsariigauarassign lnuiumisuasaniilleloluveudiilyfinw

w
@ as

TusmiAdeatudiinandldluzui 3.1 dudmdondniadd deyafiveudmariignanadivanuay
gnihwinasilslagld SAO Explorer Fauiulasihttp://ulcar.uml.edu/SAO-X/SAO-X.html (L
7% SAO geun9InA1In Standard Archival Output Galiuddedildunuateyailaunanlelely

LNSULATSIwazLBEAL LNV SAO Explorer arunsadnuisfulaann Khmyrov et al. [30])

s

wananil 1dsldArdeya TEC (total electron content) #ildainmsinsiaszuunissvyiing

Tan (elobal positioning system #3a GPS) vunawiuAulaea1 GPS TEC Fundnwnlunwide
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avuthiwnanil 1GS (International GNSS Service) #iusngluiulasiuas SOPAC (Scripps Orbit

and Permanent Array Center) Foiiulas http://sopac.ucsd.edu/da‘faBrowser.shtmLIma

FUMUIYDIEn TN AN LAY IGS (International GNSS Service) M111AN GPS TEC sin@nwniluanald

Tuguil 3.1 sgranaudung

U7 3.1 dhumisvssaniillelelumoulniay IGS GPSTEC lnsfmasudsilugluny

aantlalalugaumiar 1N andLmlnuan il 16S GRS-TEC

AN5199 3.1 Yauaznan1sniAansvasaniil ionosonde uunAWURUIIUIY 12 danil

Station Station Nane Geographic Geographic NMagnetic

Code Latitude Longitude  Dip© (De-
(Degree) (Deoree) oree)

bldr Boulder. USA 40.0 —105.3 6652 _

bvst Boa Vista, Brazil 2.50 ~60.70 18.78

egln Eglin, USA 30.50 —86.50 59.85

jmre Jicamarea. Pern —12.00 —76.8 0.04

st AMilstone Hill, USA 12.6 ~71.56 izl

ramne Ramev,.Puerto Rico 18.50 —-67.10 J4.15

athn Athens, Greece 33.0 23.5 54.56

grst Grahamstown, South Afriea —33.3 26.5 —64.10

hirrm Hermanns.Sonth Afriea —31.12 19.22 —65.76

Juli Julushru . Germany 546 13.4 6935

lous Lowisevale,South Africa —258.5 21.2 —65.69

STVt San Vito, Ttaly 2.6 178 H7.08
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d lﬂl a o = =1 ﬂ‘l = o
n19719N 3.2 ?I'e']LLﬁ%WﬂﬂVl’Nﬂullﬁﬂﬂ(ﬂ%ﬂBﬁﬁﬂ'm GPS-TEC UUAIARULAY 371U 25 a0l

IGS Station | Station Name Geographic | Geographic | Magnetic
Code Latitude Longitude Dip
(Degree) (Degree) (Degree)
adis Adis Ababa, Ethiopia e 32 5 18 2.27
ankr Ankara, Turkey 25, 5% 22,75 57.67
artc Los Angeles, Chile =33 « 2 = o B -37.97
Frev Arequipa, Peru - LB AT =5 5.5 -8.92
(o Bogota, Colombia &0 -4 28.54
shm Haifa, Israel Bee 't 1 S . e 49 08
A5 Gatineau, Canada L =FT R 70.73
ard Cordoba, Agentina e iy -4, L7 -33.39
i 1 Simeiz, Ukraine 44 . AN 12 4 62.34
crol Christiansted, USA g o Vo 42.19
AEAT De Aar, South Africa R N\ -65.04
falk Port Stanley, Falkland Islands s ) P -STNK -49.82
glsv Kiev, Ukraine N 3 2,4 67.14
hrpt Cambridge, USA . T P, 65.46
Kuuz Kuujjuarapik, Canada oy v 11.51
meax Mbarara, Uganda > A - . -24.68
mfky Mafikeng, South Africa &l nox ¥ .93 -63.7
mgue Malargue, Argentina 2R v, o 4 ! -36.65
mikl Mykolaiv, Ukraine L L k. 64.48
Hiskt Nicosia, Cyprus LEP ) 52.07
BRLE Kigali, Rwanda = 4% -28.05
13 0, Higgins, Antartica > 4 ol -56.28
DAY Punta Arenas, Chile D B 22 4 J -49.74
ram Mitze Ramon, Israel (| et 4.7 45.86
rbay Richardsbay, South Africa =22 ot -62.47
rior Riobamba, Ecuador <. &3 £7T0 .03 19.01
schic Schefferville, Canada 24 S 75.36
utm Sutherland, South Africa P i PO | -65.77
svtl Svetloe, Russian Federation F . 53 i 1 B 73.85
tdou Thohoyandou, South Africa - 7 35 238 -60.65
ursa Salta, Argentina -24.70 ~£ 9.6 -24.48
vald Val D’'Or 4 =T i 72.8

drudouarinanaiimanivesaniil ionosonde 91w 12 anvfluasaniil GPS-TEC

17U 25 ao1tl vunenuAuinandl lua1s1e 3.1 way 3.2 9ua1au
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3.1.2 SWARM

SWARM iflun1sivananvetesdmseanimglsy (E5A) FadedhlauiiingUsrasdifiadne
msasunUaswesauinusimdnlanuasUfduiusve wfufulan Tnouszneulusenguues
aFin 3 929 (A e Alpha ; B e Bravo wag C Ao Charlie) anaufiey A waz C asufisesiu
Mg 460 km Feviraty 1-20 Tuwnasaiign saudioy B duitsyfunanugauseanas 540 km
wingassvinendnuesnisfia SWARM Aonisldoyaiiduaunusivaneyrdlsfiniy duilvin
mMatafigng wil (in situ) vesIAMULLLBIANATEURALFTUIIN Langmuir Probe (LP) uu
vesaveanudios SWARM atnslsfini avanse TunsAnwidialalden in situ Ne fandm
\eAnunlastadrwesauiinuninislessuludusiandurnudgns (equatorial ionization
anomaly w38 E1A) 1318 neuatlave s TUS i otaves SWARM A winiu sannadies
ynadulndfuuasdoyaananuiisninasinnsiduansnanaaisiudae uonanid ild
s IwnaE sz find anfiuaos SWARK A winhu Ssazduidugudansyszaa 20
LT Wesanyudunslasyedariion winfu 87.50 amissiudinuiovasimiouiuiionn

rnusrigandnulavadululunisindeufimiariuluusagass

3.1.3 unuiivalan IRTAM

iefiarilyunasialanvesanmyviulaloluaiisslutsaiiinng nidearldunud
foF2 shlanfinantulaouuusiaes IRl Real-Time Assimilative Mapping (RTAM) Iat IRTAM 1]
A anensalunIsEARLILATLaN YDA foF2 waga hmF2 WRauduliaass lngendudoyad
Talaananiil ionosonde Uszungn 70 @ndeemingnudunnnnsallaloludWeilan (GIRO)
[31] UnAazdimuagidenivindy 15 Wi RTAM  Tduuu9180 w2 1uvHaLdudiannsauves IR
[32] Laﬁam‘ﬁuLLUUﬁwaaaﬁugﬂuﬁaﬂLﬁuuévaad a0 lddUsyans ICOR 3o URSH dwisunis
vunsuaziBunuesaiisogiu fof2 uay hmr2 Ty IRTAM Tugshilfviioututoya GIRO 7
Faldlu IR Tawn1suiuanduysvans Car Wuil suasdentinfuioidu IRTAM @snsafine

Taarnunay [33]

3.1.4 TIMED-GUVI global O/N2 ratio maps
Lﬁaﬁ%ﬁyummi@ﬂmwmwmaammwmuﬁuﬁamaa'[wijxumaﬂuaLW&%ﬁﬁﬂé’a
LU%UuLLUaaagLiﬂlﬁl*ﬁ'uwuﬁiaﬂ o/N2 Tudumesluaile Siléuannaiesile Global Ultraviolet
Imager (GUVI) ﬁaguuuaﬁmaqmuﬁw TIMED (Thermosphere lonosphere Mesosphere
Energetics and Dynamics) laasiuazlue column number density w838n971d@7u O/N2 ﬁgn

Y a o a . o 17 -2 ) x
$1989715¢@ U column number density ¥83 N2 #7810 cm” Aszurunslunsaiaauilan
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O/N2 truanansawuld http:/euvijhuapl.edu/site/data/documents/on2_info.ntml kagka

an O/N2 eiuluaalaain http://quvi jhuapl.edu/site/gallery/guvi-galleryl3on2.shtml

3.2 Hoyaildlunisinumng TEC

mufi%’aaﬁuﬁa:ﬁﬁanﬂgam“ﬂumﬁﬂw naflAsUaINN1TANYY TIUTIRANITIATIEN
%’aa&aﬁlﬁ%’umﬂmiﬁnmwwq TEC Tuuszmedu 983 Maruyama et al. [22] amiiaue Fagslal
Lﬂm‘imiﬁ'am%aLLaxﬂﬁﬁ’uLauaLﬁwﬂuﬁa%ﬁlugﬂLmummlwamdau Fafunisinaue
L‘ﬁamﬁmﬁ’umq TEC Tuaddoadud Sefuldindudesiluinng sﬂsaxLﬁammaaﬁa%amﬂu
msfinewy TEC Tuuszimedilu vaa Maruyama et al. [22] figail

W1y TEC GEONET fgnadTatulay G Hioseneuludnindeaiudgias GPS 11nA31
1,200 fitaeliAnTEC ':?wd']mm,ﬁwuazm‘%m%’uﬁugﬂmzanmﬁﬂéﬁmisﬁ'ﬁ@mpmwﬁqmﬂ

dslduumnad 2 a1 liussmasnisines N slsranaaddnaussuidagtuiindendld
SEnsfiiaunlag Ma uar Maruyama [34] 8738350150 fudiaseunauusatndetioinesiugn
wsnenifiu 32 iwad (2x2” [DvenluasRassaasiye) wazsiaa TEC, gnusvanalagléitns
least square _ fitting UnalIAgIuT03IAT VIEC finsiiluusazivavouaviivnaluyaed
N33UIUNTITUBINITYUSEINMUAT TEC ﬁuagjﬁumwmﬁaﬁfjmﬁu?wqﬁLLwiﬂimwﬂﬁuﬁﬂmﬁﬁ
Lonsef 2 pasiersrauiuanusyadunisuns nsrateduiiuanafuludiuleleluales
fussuddamnatlusaseminanamiluwiess fu (MSenanidluiaaUselsvesgunsaisening 2
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Abstract The current study aims at investigating and identifying the ionospheric effects of the
geomagnetic storm that occurred during 17-19 March 2015. Incidentally, with SYM-H hitting a minimum of
—232 nT, this was the strongest storm of the current solar cycle 24. The study investigates how the storm has
affected the equatorial, low-latitude, and midlatitude ionosphere in the American and the European sectors
using available ground-based ionosonde and GPS TEC (total electron content) data, The possible effects

of prompt electric field penetration is observed in both sectors during the main phase of the storm. In the
American sector, the coexistence of both positive and negative ionospheric storm phases are observed at
low latitudes and midlatitudes to high latitudes, respectively. The positive storm phase is mainly due to ’
the prompt penetration electric fields. The negative storm phase in the midlatitude region is a combined
effect of disturbance dynamo electric fields, the equatorward shift of the midlatitude density trough, and
the equatorward compression of the plasmapause in combination with chemical compositional changes.
Strong negative ionospheric storm phase is observed in both ienosonde and TEC observations during the
recovery phase which also shows a strong hemispherical asymmetry. Additionally, the variation of equatorial
ionization anomaly as seen through the SWARM constellation plasma measurements across different
longitudes has been discussed. We, also, take a look at the performance of the IRI Real-Time Assimilative
Mapping during this storm as an ionespheric space weather tool.

1. Introduction

The effect of geomagnetic disturbance on the Earth’s ionosphere has been studied extensively not only for
scientific interests [Prolss, 1978; Yeh et al, 1991; Pavlov, 1994; Fejer and Scherliess, 1995, 1997; Sastrietal., 2000;
Basu et al., 2001; Richards and Wilkinson, 1998; Foster and Rich, 1998; Heelis et al., 2009] but also for practical
purposes due to its ability to affect various branches of telecommunication and navigation [Bhattacharyya
et al,, 2002; Jakowski et al., 2005; Basu et al., 2008; Astafyeva et al., 2014). The geomagnetic storm is a very
complex process which starts as a sudden compression of the Earth's magnetosphere and the corresponding
intensification of the ring current which is reflected in the Dst index. During the geomagnetic disturbance,
energy and momentum input to the high-latitude upper atmaosphere is suddenly increased. Due to the
resultant Joule heating, it gets heated up and starts expanding, giving rise to winds, equatorward surges,
traveling atmospheric disturbances, and changes in thermospheric composition [Prolss, 1978). The storm
time disturbances can affect and substantially modify the ambient ionospheric electric fields at equatorial,
low, middle, and high latitudes, due to either prompt penetration of the electric field of magnetospheric
origin [Nishida, 1968; Spiro et al., 1988; Kikuchi et al., 1978, 2008] or the disturbance dynamo (DD) (Blanc and
Richmond, 1980] or a combination of both [Maruyama et al., 2005; Kakad et al., 2007]. In terms of ionospheric
electron density, the ionospheric storms are generally divided into two categories. The storms associated with
enhancement in electron density are termed as positive ionospheric storms, whereas those associated with
decrease in electron density are termed as negative ionospheric storms. Whereas the negative storm phases
are mainly associated with compositional changes [Proelss, 1987], the positive storm phases can be caused
by compositional changes [Fuller-Rowell et al., 1996], by transport of ionization or electric field changes, or by
thermospheric winds [Prélss et al, 1991; Prolss, 1993; Reddy, 1992].
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Table 1. Details of lonosonde Stations

Station Code Station Name Geographic Latitude (deq) Geographic Longitude (deg) Magnetic Dip (deg)
bldr Boulder, USA 40.0 —-105.3 66.52
bwst Boa Vista, Brazil 2.80 —60.70 18.78
egln Eglin, USA 3050 —-86.50 59.85
jmrc Jicamarca, Peru -12.00 -76.8 0.04
mist Milstone Hill, USA 426 -71.56 7.57
rame Ramey, Puerto Rico 18.50 —67.10 4415
athn Athens, Greece 38.0 235 54.56
grst Grahamstown, South Africa -333 265 —-64.10
hrmn Hermanus, South Africa —34.42 19.22 —65.76
juli Juliushru, Germany 54.6 13.4 69.35
lous Louisevale, South Africa —28.5 21.2 —65.69
snvt San Vito, Italy 40.6 17.8 57.08

The geomagnetic storm of 17 March 2015, also termed as the St. Patrick's Day storm, is special in the sense
that it was the strongest geomagnetic storm observed till now during the current solar cycle 24. It must be
noted that the background ionospheric conditions were much different during the extended solar minimum
period of solar cycle 24 as compared to the previous solar minimum [Solomon et al, 2013; Liv et al, 2011,
2012]. At the same time the maximum phase of the current solar cycle does not seem as strong as the last
one, Hence, it was worthy to investigate various ionospheric effects the St. Patrick’s Day storm had on the
Earth's ionosphere. Being the strongest geomagnetic storm of the current solar cycle, this particular event has
garnered considerable interest in the scientific community. Astafveva et a/. [2015] reported the ionospheric
effects of the storm on aglobal scale. Liu et al [2016] has studied the storm-enhanced density during the main
phase of the storm. The studies by Ram et al. [2015] and Ramsingh et al. [2015] mostly concentrated on the
ionospheric effects observed near the equatorial latitudes of the Indian and nearby regions. In the present
study, we have mainly focused on the ionospheric variations in the low-latitude and midlatitude regions along
with the underlying physical mechanisms as seen in two different longitudinal sectors, namely, the American
and the European sectors.

2. Data Used

To have a complete picture of spatiotemporal variation of the ionosphere during the geomagnetically
disturbed conditions, both ground-based and in situ satellite measurements have been utilized in the study.

2.1. Ground-Based lonograms and GPS TEC

Since we are looking to investigate the global ionospheric response, we have selected a latitudinal chain of
ionosonde (digisonde) stations each, across two different longitudinal sectors to have a better picture of both
latitudinal and longitudinal pictures. The coordinates of the ionosonde stations have been listed in tabular
form and shown in Table 1. The digisonde data have been downloaded and analyzed using the SAQ Explorer
which can be obtained from http://ulcaruml.edu/SAQ-X/SAQ-X.html, SAO stands for standard archival output,
the abbreviation used for the ionogram-derived data. Further details about the SAO Explorer can be obtained
from Khmyrov et al. [2007].

We have also used the ground-based GPS (Global Positioning System) total electron content (TEC) data
obtained from the SOPAC (Scripps Orbit and Permanent Array Center) data browser which can be reached at
http://sopac.ucsd.edu/dataBrowser.shtml. The names and coordinates of the ground GPS TEC stations have
been tabulated and shown in Table 2. Figure 1 shows the exact locations of the ionosonde stations (marked
by black squares) and the IGS (International GNSS (Global Navigation Satellite Systems) Service) GPS stations
(marked by red circles) employed for this study.

2.2. SWARM

SWARM is a recent mission of the European Space Agency (ESA) which was launched with the aim of studying
the dynamics of the Earth's magnetic field and its interactions with the Earth system. It consists of a constel-
lation of three satellites (A, Alpha; B, Bravo; and C, Charlie). Satellites A and € fly at an altitude of 460 km with
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Table 2. Details of GPS Stations

IGS Code Station Name Geographic Latitude (deg) Geographic Longitude (deg) Magnetic Dip (deg)

adis Adis Ababa, Ethiopia 9.03 38.76 2.27

ankr Ankara, Turkey 3988 32.75 57.67

antc Los Angeles, Chile -37.33 -71.53 -37.97

arev Arequipa, Peru -16.46 -71.49 -8.92

bogt Bogota, Colombia 4.64 -74.08 28.54

bshm Haifa, Israel 3277 35.02 49.08

cags Gatineau, Canada 45.58 -75.80 70.73

cord Cordoba, Argentina -31.52 -64.47 -3339

crao Simeiz, Ukraine 44.41 33.99 62.34

crol Christiansted, USA 1775 -64.58 4219

dear De Aar, South Africa —-30.66 23.99 —65.04

falk Port Stanley,Falkland/Malvinas Islands -51.69 -57.87 —49.82

glsv Kiev, Ukraine 50.36 30.49 67.14

hnpt Cambridge, USA 38.58 -76.13 65.46

kuuj Kuujjuarapik, Canada 55.27 —717.74 77.51

mbar Mbarara, Uganda —0.60 30.73 —24.68

mfkg Mafikeng, South Africa —~25.80 25.53 -63.7

mgue Malargue, Argentina -35.77 —69.39 —-36.65

mikl Mykolaiv, Ukraine 46.97 31.97 64.48

nico Nicasia, Cyprus 3514 33.39 52.07

nurk Kigali, Rwanda -194 30.08 —-28.05

chi3 O, Higgins, Antartica ROk ~57.90 —56.28

parc Punta Arenas, Chile 25318 -70.87 —-49.74

ramo Mitze Ramon, Israel 30.59 34.76 45.86

rbay Richardsbay, South Africa —-2879 32.07 —62.47

riop Riobamba, Ecuador 1.65 —~78.65 19.01

sch2 Schefferville, Canada 54,83 —66.83 7536

sutm Sutherland, South Africa —3238 20.81 -65.77

svtl Svetloe, Russian Federation 60.53 29.78 73.85

tdou Thohoyandou, South Africa -23.07 30.38 —60.65

unsa Salta, Argentina -24.72 —65.40 —-24.48

vald Val DOr, Canada 48.09 -77.56 72.8
a 1-2° of separation in longitude. Satellite B flies at an approximate altitude of 540 km. Although the main
aim of the SWARM mission is to provide magnetic field data, it also gives the in situ measurements of the elec-
tron density (Ne) obtained from the Langmuir Probe on board the individual SWARM satellites. In this study,
we have used this in situ electron density (Ne) data to investigate the structure of the equatorial ionization
anomaly (EIA). Since all the satellites fly close by, and the data from the other two satellites also show similar
results, we confined our attention to data from SWARM A only. Also, we have considered only the postsunset
crossings of SWARM A which has an equatorial crossing of approximately 20 LT. Since the orbital inclination
of the satellite is 87.5%, the local time remains almost the same across most of the latitudes in each crossing.
2.3. International Reference lonosphere Real-Time Assimilative Mapping Global Maps
To have a global overview of the ionospheric conditions during the storm time, we have used the global
f,F; maps produced by the International Reference lonosphere (IRI) Real-Time Assimilative Mapping (IRTAM)
model. The IRTAM is capable of producing near-real-time global maps of f,F, and h,,F, using measured data
from around 70 ionosonde stations of the Global lonosphere Radio Observatory (GIRO) [Reinisch and Galkin,
2011], usually ata 15 min resolution. The IRTAM uses the International Reference lonosphere (IRI) electron den-
sity model [Bilitza et al,, 2011] as the background model. The IRl model uses the so-called CCIR (Comite Con-
sultatif International des Radiocommunications) or URSI (International Union of Radio Science) coefficients
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Figure 1. Locations of ionosonde and GPS TEC stations. The black squares represent the ionosonde stations, whereas
the red circles represent the I1GS GPS TEC stations.

for the specification of the median f,F, and h,,F, maps. IRTAM assimilates the measured GIRO data in IR
by adjusting the CCIR coefficients on the fly. Further details about the IRTAM can be obtained from Galkin
etal [2012].

2.4. TIMED-GUVI Global O/N, Ratio Maps

To have a rough idea of the varying thermospheric neutral density, we have utilized the thermospheric O/N,
global maps obtained from Global Ultraviolet Imager (GUVI) instrument on board TIMED (Thermosphere lono-
sphere Mesosphere Energetics and Dynamics) spacecraft. It gives the thermospheric column number density
ratic of O and N, referenced at N, column number density level of 10'” cm™. The procedure to produce
the global O/N; maps can be found at http://guvi jhuapl.edu/site/data/documents/on2_info.html. The global
maps themselves can be obtained from http://guvijhuapledu/site/gallery/guvi-galleryl3on2.shtml.

3. The Storm

On 15 March 2015, a magnetic filament eruption from sunspot no 2297 led to a partial halo coronal mass ejec-
tion (CME) with an Earth-directed component. A few hours later, the Earth's magnetosphere was hit by the
CME at around 04:30 UT and a series of events led to the evolution of the strongest geomagnetic storm of
solar cycle 24. The solar wind plasma and magnetic parameters at Farth’s bow shock nose have been shown
in Figure 2. These data have been obtained from NASA's Space Physics Data Facility's OMNIweb data explorer
(http://omniweb.gsfc.nasa.gov) which combines the measurements from WIND and ACE spacecrafts to pro-
vide us the time series data. The advent of the CME can be seen as a sudden increase in solar wind pressure
(Figure 2a), flow speed (Figure 2b), and the interplanetary magnetic field (IMF) (Figure 2¢) at around 04:45 UT.
In turn, the z component of the interplanetary magnetic field (IMF B,) (Figure 2d) becomes strongly north-
ward and the symmetrical ring currentindex SYM-H (Figure 2f) is suddenly enhanced representing the sudden
storm commencement. The corresponding variations in the interplanetary electric field is shown in Figure 2e,
Subsequently, the IMF 8, turns southward at 06:00 UT. Although the IMF 8, recovers for some hours initially, it
turns southward again approximately for the next 12 h before recovering. During this period the SYM-H draps
toaminimum of =233 nT at 22:45 UT, signifying the strongest storm of this solar cycle, in terms of magnitude.
For our convenience, let us divide the storm into two parts. The first part may be considered from 04:45 UT
to 12:00 UT on 17 March 2015, during which the IMF B, turns southward for the first time and SYM-H reaches
aminimum of around 110 nT before registering a slight recovery with northward turning IMF B8,.The second
part may be considered as the rest of the storm after 12:00 UT during which IMF B, turns and stays south-
ward for approximately 12 h and SYM-H reaches the minimum of —232 nT before starting the recovery phase.
As shown in Figure 2, the time of sudden commencement is marked by the vertical red dotted line (4.65 UT,
17 March 2015), whereas the time of first minimum in SYM-H is marked with the vertical green dotted lines
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Figure 2. Geomagnetic conditions during 16-19 March 2015. The red vertical line represents the time of sudden storm
commencement. The green line represents the time when SYM-H reached a first minimum before registering a slight
recovery. The magenta line represents the time when S¥M-H reached its actual minimum of —232 nT which signifies the
maximum phase of the starm. The same notations are used in other figures as well, throughout the paper.

(9.4 UT, 17 March 2015). The time of actual minimum (-232 nT at 22:45 UT) is marked with vertical magenta
dotted lines (22.7 UT, 17 March 2015).

As per the current understanding, when the IMF 8, turns southward, due to enhanced convection electric field,
eastward prompt penetration electric fields (PPEF) are observed in the dayside ionosphere and corresponding
westward PPEF are observedin the nightside ionosphere [Nishida, 1968; Kikuchi et al., 1996, 2000]. It should be
noted thatin this case (southward turning of IMF), the PPEF are in the directions the same as that of the global
dawn-dusk equatorial zonal electric field. However, during sudden northward turning of the IMF B,,the PPEFs
that penetrate to equatorial and low-latitude ionosphere are generally in the directions opposite to those of
the dawn-dusk zonal electric fields [Kelley et al,, 2003]. In simple words, PPEFs during southward turning of IMF
B, can strengthen the existing ionospheric zonal electric fields, whereas during northward turning of IMF 8,,
the PPEFs can weaken the existing zonal electric fields. So in our case, most of the PPEF effects are expected
to be observed around a few hours on both sides of the green vertical line during which most of the IMF B,
turning takes place.

4. Results and Discussion

Figure 3 represents the ionospheric variability as seen through ionograms, during 17-19 March 2015 in the
American sector. Figures 3a-3f represent the variations in critical frequency (f,£;) of the ionospheric F, layer,
whereas Figures 3g-3l represent the variations in the height of the maximum electron density (h,F,). The
black curve represents the mean quiet day pattern with the error bars represented in green. The mean quiet
day patterns are calculated using the data for the five quietest days of the month (5, 9, 10, 14, and 15 March).
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Figure 3. Variations of ionespheric parameters in the American sector. (a—f) The variations in f,F, and (g-1) the
variations in h,,f;. The black solid lines with green error bars represent the quiet time pattern. The red dots represent
the storm time parameter (f,F, for Figures 3a-3f and h,,F; for Figures 3g-31).

The red curves represent the ionospheric parameters during 17-19 March 2015. For Figures 3a-3f, the red
curves represent the variations in f,f,. Similarly, in Figures 3g-3|, the variations of h,F, are shown in red.
Similar notations are used in Figure 4 for the European sector.

It should be noted that out of the six stations mentioned in Figure 3, Jicamarca is an equatorial (geomagnetic)
station, whereas others are low-latitude and midlatitude stations located in the Northern Hemisphere. Unfor-
tunately, we could not find data from a station in the Southern Hemisphere. For the European sector, out of
six stations, three are midlatitude stations from the Northern Hemisphere, whereas the other three are mid-
latitude stations in the Southern Hemisphere. No equatorial ionosonde station’s data were available in the
European sector.

Locking atthe h_F, variations in the American sector (Figures 3g-31), it can be seen that there is no noticeable
effect at the time of sudden commencement. The first significant effect can be seen around the green dotted
line which represents the first minimum of the SYM-H. Itis easy to notice that there is an enhancement in h,.F,
atall stations. The enhancement seems smaller at the equatorial station Jicamarca but relatively higher at the
other stations except Boulder station. The same enhancement in h, F, can also be seen in the European sector
(Figures 4g-41). Though this enhancement is not very clear in the Southern Hemisphere, it can be seen in the
northern one. This can be attributed to the prompt penetration electric fields associated with the fluctuating
IMF B, at that time. Although it is possible that the disturbance dynamo electric fields (DDEF) might have been
set up by this time in the higher latitudes, it may not have reached the equatorial and low-latitude stations
by this time. Also, the enhancementin h,F, is seen across all stations for small duration (1-2 h). In case of DD
electric fields, the effects could have been for longer durations. So we may attribute this to prompt penetration
electric fields (PPEFs). In terms of fF,, it shows a very small decrease in f,F, across all stations in the American
sector. On the other hand, the European sector shows slight increase in f,F, for all stations at around 12 UT,
just after the green vertical line.

4.1. Probable Presence of Simultaneous Positive and Negative lonospheric Storm Phases?

Shortly after this point, around 12:00 UT, the IMF B, starts turning southward and stays southward for approx-
imately 12 h and SYM-H dips further reaching a minimum of 232 nT at around 22:45 UT (represented by the
vertical magenta line). During this interval of time, a lot of changes take place across all stations in both sec-
tors. In the American sector, except for Boulder and Milstone Hill, all other stations show an increase in h,,F,
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Figure 4. Variations of ionospheric parameters in the European Sector. (a—f) The variations in f,F; and (g-1) the
variations in h,,F;. The black solid lines with green error bars represent the quiet time pattern. The red dots represent
the storm time parameter (f,F; for Figures 4a-4f and h,,F, for Figures 4g-4l).

followed by a decrease. More or less, the increased h, F; shows an oscillating behavior at these stations. In
case of Boulder (Figure 3g), we can see a clear and significant decrease in h,,F; indicating a downward moving
ionosphere. In terms of f, £, Boulder (Figure 3a), Millstone Hill (Figure 3b), and Eglin (Figure 3c) all show strong
depletion in f,F,, whereas other stations do not show such strong decrease in f,F,. This may be an indication of
development of the ionospheric disturbance dynamo. The decrease in h,.F, and f,F, at Boulder starts around
12 UT. Since nearly 6 h have already passed from the storm enset, there is a fair possibility that the processes
related to the ionospheric disturbance dynamo have already started, which are reflected in both h.,F,andfF,
at Boulder. As we observe adownward drift of the ionosphere, in this case, the presence of a westward electric
field, created due to the disturbance dynamo, cannot be neglected. However, it must be considered that the
geomagnetic field lines are highly inclined at the location of Boulder. So the corresponding E x B drift alone
may not have a vertical component strong enough to create such a strong downward drift of the ionosphere.
5o the westward electric field cannot be the sole driver for such a drastic change in both f.F, and h F,. We
believe that anotherimportant factorin this case must be the changing thermospheric winds associated with
the disturbance dynamo which contributes toward a faster recombination at those altitudes leading to the
sharp decreasein f F, (electron density) and corresponding drop in h, F,. The disturbance dynamo effects are
also seen at Eglin, although the effects are slightly less compared to those at Boulder and Millstone Hill The
rest of the stations do not show any such effects. This duration of time (between the green and the magenta
vertical lines) is the period when we can see distinct effects of disturbance dynamo and prompt penetration
electric fields at different latitudes. The disturbance dynamo effects have possibly reached up to the latitude
of Eglin (30.5°N), whereas other stations (Ramey, Boa Vista, and Jicamarca) are yet to be touched by it and still
under the effects of prompt penetration electric fields. However, as time progresses, the disturbance dynamo
will gradually propagate and reach the equatorial and low-latitude stations.

If we look at the European sector (Figure 4), itis actually difficult to separate any PPEF and disturbance dynamo
effects. Overall, all the stations in both hemispheres show an increase in h,,F, values (Figures 4g-4l). The
biggestincrease in h, F, is recorded around the time when the SYM-H is at its minimum (represented by the
vertical magenta line). The increase in h,, F, starts around 18:30 UT on 17 March 2015, and it stays well above
the quiet day curve (represented by the black curve with green error bars) till 04:30 UT of the next day,i.e, 18
March 2015. So for almost 10 h, the ionosphere in the European sector is observed to be well abave its normal
range of altitude. For most part of this period, the IMF 8, is southward before turning northward eventually at
around 00:00 UT of 18 March 2015. A closer look suggests that the effect is more prominent in the Southern
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Hemisphere as compared to the northern one. If we look at the variation of f,F,, it can be seen that tF
decreases significantly at all the stations where we see the increase in h, F,. This depletion in plasma density
may be caused by the advection of the nighttime plasma toward west as suggested by Vlasov et al. [2003].
During the process of advection, the nighttime plasma is dumped in the westward dayside sector causing
the flux tubes in the nighttime sector to be emptied. So after the initial increase in f,F, around 12 LT of 17
March 2015, the f,F, gradually starts decreasing and becomes lower than its quiet day values for all stations
as shown in Figures 4a—-4f showing a negative ionospheric storm.

After 00UT on 18 March 2015, the IMF 8, gradually attains its quiet time values around 0 nT without much
strong variations. So we do not expect much prompt penetration electric fields after this duration. Whatever
effects of the prompt penetration electric fields may remain, they are supposed to die down in a couple of
hours. So after 04:00 UT on 18 March 2015, the ionospheric dynamics is expected to be controlled by the
disturbance dynamo. However, the period before this is a period where it is difficult to differentiate between
the effects of prompt penetration and disturbance dynamo electric fields. At the same time, the PPEFs are
generally short lived and incapable of acting for 10 h. So the almost 10 h rise in h,,F, may be due to the action
of either a combined disturbance dynamo and prompt penetration (DDEF+PPEF) or only DDEF. However, it is
impossible to reach a conclusion with the current observations.

Asimilar picture can also be inferred from Figure 5. Figure 5 shows the plot of ATEC (difference of storm time
TEC — quiettime TEC) during 17 -19 March 2015, for various stations in both sectors. The details of the stations
have been shown in Table 2. Figure 5 (rows 1-16) represents ATEC in the American sector, whereas Figure 5
(rows 17-32) represents the stations in the European sector.

Coming back to 17 March 2015, for the American sector, at around 18:30 UT, a clear enhancement can be seen
in TEC whichis seen across all stations below 20°N latitude (Figure 5, rows 6-16). However, the stations above
38°N (Figure 5, rows 1-5) show a decrease in TEC values at the same time, This again proves the simultane-
ous presence of positive and negative ionospheric storm phases in the American sector, in different latitudes
of the midlatitude regions. One possible reason for this may be that the changing thermospheric winds and
the associated disturbance dynamo electric field (westward in this case) has reached up to 40°N by this time
in the American sector. At the same time, below 40°N, the prompt penetration electric field is still active, That
is why we are able to to see the coexistent positive and negative storm phases in the American sector. The
probable simultaneous presence of the two storm phases can be seen up to 02:00 UT of 18 March 2015. The
European sector, however, does not show any such coexistent storm phases. The disturbance dynamo-related
effects are still above 60°N, which is why we do not see a negative storm phase as yet in the European mid-
latitude sector. However, in addition to the disturbance dynamo, other contributions toward the presence of
a negative ionospheric storm phase in the American sector may come from the equatorward movement of
the midlatitude density trough and the equatorward compression of the plasmapause, which are discussed
in the following section.

4.2. Midlatitude Density Trough and the Midlatitude Shoulder

The ionospheric midlatitude trough is a phenomenon observed near the equatorward edge of the auroral
oval characterized by strong density depletions, generally extended from the post afternoon to dawn sector
[Kersley et al, 1997]. In general, it has three structures associated with it: an equatorward edge, a trough min-
imum, and a poleward edge [Rodger et al,, 1992]. The phenomenon is believed to be caused by the opposite
nature of the horizontal plasma drift in the equatorward and the poleward portions of the ionosphere. In the
equatorward portion of the dark region, the plasma drifts eastward, whereas in the poleward portion, the
plasma drifts westward. This results in a narrow band of latitude where there is a strong depletion in plasma
density leading to the formation of the midlatitude density trough [Knudsen, 1974; Spiroetal., 1978; Collis and
Haggstrom, 1988]. The position of the trough varies from longitude to longitude depending upon the
alignment of the geomagnetic equator or, more importantly, the offset between the geographic and the geo-
magnetic equator. For example, using the Constellation Observing System for Meteorology, lonosphere and
Climate (COSMIC) electron density profiles, He et al. [2011] has shown that in the European sector, the trough
can be observed above 60° of geographic latitude in both hemispheres during March equinox. However, in
the American sector, the trough can be formed around slightly lower latitudes (50°-60°), in the Northern
Hemisphere, during geomagnetically quiet conditions, during the same period. This shift is caused by the
strong southward offset between the magnetic and geographic equators. However, the midlatitude trough
is known to move equatorward during increased geomagnetic activity [Spiro et al, 1978; Pryse et al., 2006].
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Figure 5. Variations of ATEC (storm time TEC — quiet time TEC). (rows 1-16) The variations of ATEC in the American
sector and (rows 17-32) the variations in the European sector. The latitude and longitude of each station is mentioned
in the top right corner, and the local time (LT) represented as a function of universal time (UT) is mentioned in the

bottom right corner of each panel

To prove the point further, let us have a look at Figure 6 which shows the in situ electron density measurement
by SWARM A satellite at around 450 km. Here we consider two consecutive postsunset SWARM A passes above
the American sector to verify the simultaneous presence of positive and negative storm phases. In the figure,
the plots in blue, red, and green represent the SWARM A passes on 16— 18 March, respectively. All these passes
are in the postsunset sector, and the local time of each pass in the concerned longitude is close to 20 h LT.
Figures 6a and 6d show the in situ electron density as a function of geographic latitude, Figures 6b and 6e
represent the latitudinal-longitudinal extent of each pass, and Figures 6¢ and 6f plot the in situ electron den-
sities of each pass as a function of universal time (UT). On the left-hand side (Figures 6a-6c¢), shown in red is
a SWARM pass from 23:00 to 23:40 UT on 17 March 2015 which passes though —60° longitude. The 16 March
pass shown in blue passing through a nearby longitude can be considered as a quiet time pattern in this case.
First of all, the increase in peak electron density in the crest regions as well as the huge enhancement in the
latitudinal extent of the equatorial ionization anomaly can be noticed on 17 March. This proves the presence
of an eastward prompt penetration electric field (PPEF) leading up to the formation of this stronger anomaly
which is also sometimes termed as the superfountain effect [Tsurutani et al, 2008).

The second important thing to note is the sharp drop in electron density at latitudes of 40°N in the Northern
Hemisphere and at around ~60° in the Southern Hemisphere, accompanied by a v-shaped depletion just
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Figure 6. SWARM A passes over the American sector showing strong equatorward shift of the midlatitude density
trough (marked by the arrows) in the Northern Hemisphere in the American sector. The trough minimum is observed
reaching up to 40°N during the disturbed period. The quiet time passes do not show such equatorward shift.

poleward to it, This sharp drop in density at 40°N, also known as the “midlatitude shoulder” is the signature
of the plasmapause. The “shoulder” is generally formed when the midlatitude/high-latitude plasma density
is eroded due to the compression of the plasmapause under the action of the magnetospheric convection
electric fields (Tsurutani et al, 2004; Horvath and Lovell, 2008). The v-shaped depletion immediately poleward
of the shoulder represents the midlatitude density trough. In this case, the midlatitude density trough has
moved equatorward till 40°N in the Northern Hemisphere under the geomagnetically disturbed conditions.

The next consecutive SWARM A pass from around 00:35 to 01:25 UT on 18 March 2015 is shown on the
right-hand side (Figures 6d-6f). In this case the green curve represents the disturbed time pass about —80°
longitude. The blue pass for 16 March represents the quiet time pattern as usual. At the same time, the
red curve for 17 March also represents a quiet time pattern in this case as the time of the satellite pass
(01:05-01:50 UT) is well before the onset of the geomagnetic storm. In agreement with Figure 63, Figure 6d
also shows a strong latitudinal enhancement of the EIA as shown in the green curve which overshadows

the ElAs for the blue and red curves. Sharp depletions in densities are observed at around latitudes of 40°
and —-60°.

The same depletions are observed in ground-based ionograms as shown in Figures 3a and 3b for Boulder and
Millstone Hill, respectively. In fact, in case of Millstone Hill (42.6°N), a complete fade-out in the ionograms is
observed from 00:00 to 11:00 UT of 18 March 2015, when no reflected echoes were received. Such a fade-out
can occur mainly due to two reasons: (i) decrease in F region electron density beyond the minimum capability
of the diagnosed and (ii) D region absorption of the incident radio waves due to strong particle precipitation
in the lower atmosphere. In our case, both may be the reasons. As shown in Figure 6, the ionospheric elec-
tron density was well below its normal values. At the same time, the severe depletion at 40°N can be inferred
as an evidence of the equatorward movement of the midlatitude trough and an indirect evidence of the
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Figure 7. Midlatitude density trough as seen through SWARM A in the European sector.

equatorward expansion of the auroral oval in the Northern Hemisphere, in the American sector. The signature
of auroral oval can be seen around 50°N as a small peak in density which is caused by auroral ionization. In
the Southern Hemisphere, however, the depletion is seen at around —60° of latitude because the midlatitude
trough and the shoulder are both |ocated around that latitude region. However, the depletion in £, F, seen at
Eglin (Figure 3c) cannot be attributed to the midlatitude density trough since the location of Eglin (30.5°N)
falls outside the boundary of the midlatitude trough.

Figure 7 shows a figure similar to Figure 6, for the European sector. The SWARM A pass in this case goes through
10°Elongitude between 18:20 and 19:05 UT on 17 March 2015. The boundary marked by the depletion in elec-
tron density is situated at 50° latitudes in both hemispheres. Also, the depletion does not seem that strong as
compared to that in the American sector. Also, the latitudinal extent of the EIA seems relatively lesser when
compared to that of the American sector. However, it must be remembered that due to the South Atlantic
Magnetic Anomaly, the EIA is mostly formed significantly stronger in the American longitude sector as com-
pared to other longitudes (Tsurutani et al.,, 2004, 2008]. This may be one of the reasons behind the relatively
less dramatic effects observed in the European sector during and around the main phase of the storm when
compared to the American sector.

50 on the basis of the above evidences, it can be summarized that the enhanced negative storm phase
observed in the American sector has multiple contributions from the equatorward movement of the mid-
latitude density trough, the compression of the plasmapause which is seen as the density shoulder, and
possible presence of disturbance dynamo electric fields. Lu et af. [2001] was the first to report the coexistence
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of positive and negative ionospheric storm phases. While investigating the 10 January 1997 geomagnetic
storm, the authors observed a coexistence of both positive and negative storm phases in the Northern (win-
ter) Hemisphere. The presence of both opposite phases were attributed to complex dynamical and chemical
interactions between the charged particle and the neutral atmosphere during geomagnetic disturbances.
However, in this case, the asymmetric meridional wind from summer to winter hemispheres is also considered
to be a major driver. Keeping that in mind, the presence of both positive and negative storm phases during
equinox is difficult to explain. Also, although the contribution of dynamically changing neutral atmosphere
during a magnetically disturbed period is agreed upon, the contribution of the geomagnetic field structure in
the American sector should also be looked into since the coexistent positive and negative storm phases are
generally observed in this particular sector [Horvath and Lovell, 2015].

4.3. Negative lonospheric Storm Phase During the Recovery Phase of the Storm

After 04 UT on 18 March, the IMF 8, almost recovers to its normal state (values near 0 nT) with relatively
smaller fluctuations. After this period of time, the possibility of prompt penetration of electric field gradually
decreases. At the same time, the disturbance dynamo electric fields start to take over the dynamics of the
equatorial, low-latitude, and midlatitude ionosphere. The American sector (Figure 3) does not show much vari-
ation from its quiet time pattern. The European sector gets affected strongly. The h, F, shows small increase
from its normal quiet day pattern (Figures 4g-4l). On the contrary, the f F, (Figures 4a-4f) continues to be
on the lower side as compared to its normal quiet time pattern which signifies a negative ionospheric storm
which continues for 18 and 19 March as well. So for almost 48 h, the European sector ionosphere undergoes
a negative ionospheric storm during the recovery phase of the geomagnetic storm, the effects being much
more prominent on the Southern Hemisphere as compared to the northern one. In fact, for Athens station
the decrease in f,F, seems very negligible. It can be seen that for 18 and 19 March 2015, the stations in the
Southern Hemisphere show a clear decrease in TEC in both sectors representing the negative ionospheric
storm. For stations in the Northern Hemisphere, though there is decrease in TEC, it is not that noticeable as
compared to that in the Southern Hemisphere.

The presence of such an asymmetry in hemispherical behavior is difficult to explain considering the fact that
this storm (1719 March) occurred during the equinox. In simple words, the hemispherical asymmetry is
generally created due to the asymmetry in the thermaespheric wind patterns in the two hemispheres. The
winds become strongly asymmetric during solstices (summer/winter). On the other hand, during equinoxes,
the winds become relatively less asymmetric. However, it would be wrong to say that the winds become
exactly symmetric during equinoxes. Generally, during geomagnetic disturbances, the modified wind pattern
gets superimposed on the background wind pattern which is generally from summer hemisphere to winter
hemisphere (Prélss, 1995; Fuller-Rowell et al,, 1996; Goncharenko et al., 2007).

To have a better idea of the thermospheric neutral density, we looked at the global daily maps of the
thermospheric O/N, ratio produced using the Global Ultraviolet Imager (GUVI) instrument on board TIMED
(Thermosphere lonosphere Mesasphere Energetics and Dynamics) spacecraft. Figures 8a-8e represent the
global O/N, ratio for 15-19 March 2015, respectively, The white oval patches in Figures 8a-8e represent the
South Atlantic Anomaly region. In this region, the signal from atmospheric emission is contaminated due to
enhanced radiation from particles from the Farth's radiation belt. So the data from that region is removed,
which is represented by the white oval patch. As seen from Figure 8c, the O/N, ratio shows a sharp decrease
in the American sector as compared to that on the quiet days of 15-16 March 2015 (Figures 8a and 8b). This
decrease in O/N, ratio on 17 March also confirms the negative storm phase in the American sector as seen in
f,F; (Figure 3), GPS TEC (Figure 5), and the SWARM passes over the American sector (Figure 6). On 18 March
(Figure 8d), the decrease in O/N, ratio seems to have reached regions more equatorward, particularly in the
Southern Hemisphere as compared to the Northern Hemisphere. This may explain the strong negative storm
phases observed in the Southern Hemisphere in both the American and European sectors, as seen in Figure 5.
On 19 March, the O/N, ratio seems to slightly recover toward its normal quiet time values, although it still
shows reduced values in the European sector. This explains the still existing negative storm phases on 19
March as seen in Figure 5.

In a recent study, Astafyeva et al. (2015] has also reported the strong negative ionospheric storm phase and
the hemispheric asymmetry during the recovery phase of the 17-19 March 2015 storm. The authors have
also tried to explain the hemispherical asymmetry in terms of the asymmetry in the Earth's geomagnetic field
and the orientation of IMF B,. It must be considered that IMF B, plays a role in creating asymmetry during the
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Figure 9. Evolution of EIA on 17 March 2015 across different longitudes

storm time dynamics but particularly in the high latitudes [Laundal and @stgaard, 2009; Crowley et al., 2006;
Forsteret al, 2011]. The most important driver behind the negative storm phase is the compositional changes
in the thermospheric neutral wind during a magnetically disturbed period [Fuller-Rowell et al,, 1997; Prolss,
1997; Buonsanto, 1999]. The main reason behind the asymmetry lies somewhere in the dynamics of meridional
thermospheric wind, Unfortunately, not many measurements of the neutral wind are available right now. In
future, with the availability of more wind measurements, such a question can be answered.

4.4. A Picture of EIA as Seen Through SWARM

As mentioned in section 2, all three satellites in the SWARM constellation are polar orbiting with the orbital
inclination of each satellite being 87.5°. As a result, each single crossing of a satellite practically covers one
longitudinal sector. So it givesus an excellent tool to look at the dynamics of the equatorial ionization anomaly
{EIA). Figures 9a-90 and 10a-100 show the consecutive SWARM A passes on the postsunset side of the Earth
for 17 and 18 March, respectively. The altitude of the satellite is approximately 450 km. In both figures, the
blue curves represent the passes for 16 March which can be used as a quiet day pattern in this case. In Figure 9,
the red curves represent the passes for 17 March. The equatorial crossing longitude of each pass is mentioned
on the top of each panel, and the time duration of each pass is mentioned in UT in text, inside each panel.
It should be noted that, for Figures 9a-9c¢, the period was still geomagnetically quiet. So the storm effects
should be expected from Figures 9d -9o.

Figure 9e shows a peculiar EIA where there is no presence of any trough or crest. Instead, the density profile
seems to be flat between the two crests indicating nearly similar densities between all the latitudes between
the two crests. The next panel (Figure 9f) shows another interesting feature where we can see that the EIA is
totally suppressed in the Southern Hemisphere, whereas in the Northern Hemisphere the EIA is formed very
strongly. The peak density of the crest is almost double that of the normal quiet time crest density. The next
two panels show opposing behaviors. On the one hand, Figure 9g shows the enhancement of EIA at around
130° of longitude, whereas Figure 9h shows the suppression of the FIA at around 107° of longitude.

The next panel shown in Figure 9i shows one of the most interesting features in this case. It should be noted
thatinstead of a well-defined pattern, the red curve shows a highly fluctuating pattern. This represents the
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Figure 10. Evolution of EIA on 18 March 2015 across different longitudes,

presence of plasma bubbles formed at that longitude (Indian sector). The presence of plasma bubbles and
the associated density depletions during a magnetic storm is not a new phenomenon, However, it should
also be noted that near the trough region of the EIA, which also represents the geomagnetic equator, the
density is found to be less than 1000/cm? which is way too less than its quiet time values. A similar feature
is also seen inin the quiet time blue curve (16 March) in Figure 9m. Such a peculiar phenomenon is created
due to the presence of a strong zonal eastward electric field which lifts the whole F layer ionosphere well
above the altitude of the satellite pass (450 km in this case). Since the ionosphere itself is lifted well above its
path, the satellite measures such a small density which seems much smaller than the quiet time values. Such
a feature was first detected and explained by Greenspan et al, [1991] using DMSP satellite observations dur-
ing 13-14 March 1989. The authors termed the phenomenon as “equatorial holes.” The particular SWARM
observation (Figure 9i) was also discussed in a recent study by Ram et al. (2015]. They also suggest the pres-
ence of a strong eastward prompt penetration electric field in the Indian longitudes which superposed on
the prereversal enhancement (PRE) electric field to lift the equatorial plasma to higher altitudes and the cor-
responding enhancement of the EIA. The presence of PPEF was also reparted by Ramsingh et al. [2015] in the
Indian longitudes on 18 March. Using ground-based ionosonde data, the authors have shown a strong uplift-
ment of the F region, postsunset. The authors have also reported the occurrence of F, layers on 18 March at
the equatorial station Tirunelveli. It should be noted that the F; layer generally occurs during low solar activity
period, whereas 2015 was still near the peak of solar cycle 24. The F5 layer, which is a daytime phenomenon,
generally forms during a time when the vertical £ x B drift at equator is strong and fast increasing (instead
of a steadily increasing £ x B drift) [Balan et al., 2000; Nayak et al., 2014], During magnetically disturbed peri-
ods, the formation of F, layer requires the presence of prompt penetration electric fields (PPEFs) (Balan et al.,
2008]. Hence, the presence of £, layer at Tirunelveli indirectly shows the presence of eastward PPEFs at the
magnetic equator, in the Indian sector.

The ElA is seen to be formed nicely in Figures 9j-90 except for Figure 9k. Surprisingly, Figure 9k shows the
ElA to be totally suppressed with a peak at the equator. This is quite similar to Figure 9e. This behavior may be
due to possible presence of traveling ionospheric disturbances (TIDs). Horvath and Lovell [2010] have shown
that the presence of TIDs can significantly affect the formation of EIA, at times destroying it.

NAYAK ET AL.

IONOSPHERE DURING ST. PATRICK'S DAY STORM 15



86

@AG U Journal of Geophysical Research: Space Physics | 10.1002/2016JA022489

Figures 10a-100 are actually more like a continuation of Figure 9 since it shows the consecutive passes in
the postsunset sector for 18 March 2015. Figure 10a shows the EIA formation at a longitude of —80° in the
American sector. Incidentally, this is the strongest formed EIA in terms of latitudinal extent with southern crest
at 30°S and the northern crest at 5°N. Even at latitudes poleward of the crests, the ionization is remarkably
higher than its quiet time values. Undoubtedly, this can be categorized as the superfountain effect as dis-
cussed by Tsurutaniet al. [2008], which is caused by the intensification of the prereversal enhancement electric
field (PRE) due to the additional presence of PPEFs and the effects of the South Atlantic magnetic anomaly
(SAMA) which generally makes the EIA stronger in the American sector as compared to any other longitudinal
sector [Tsurutani et al., 2004, 2008].

After 02 UT on 18 March 2015, during the recovery phase of the storm, IMF 8, gradually reaches around values
of 0 nT without much sudden fluctuations, as seen from Figure 2. Hence, the possibility of any strong PPEFs
can be ruled out after this. However, there is a possibility of the disturbance dynamo electric fields reaching
the equatorial latitudes by this time, This can be inferred from Figures 10b- 10l where we can see a gradual
suppression of the EIA accompanied by decrease in electron density as well. Such a scenario points toward the
presence of a westward disturbance dynamo electric field. The westward electric field gives rise to a vertically
downward £ x 8. This vertically downward £ x 8 drift pushes the plasma downward in altitude across the hori-
zontal magnetic field lines giving rise to low plasma pressure region in the topside ionosphere. This gradually
leads to the formation of the reverse plasma fountain where plasma flows toward the magnetic equator from
the high-pressure crest regions ta balance the low-pressure one [Balan and Bailey, 1995; Horvath and Essex,
2003]. This reverse plasma fountain, in turn, breaks and suppresses the EIA. Also, the lower altitudes result in
enhanced recombination and corresponding loss of ionization. This is evident from Figures 10f-10h where
the peak density at equator is much smaller than the normal quiet time values. After 14 UT, the EIA seems to
get formed at different longitudes and gradually seems to attain its normal latitudinal extent as seen from
Figures 10j-100.

5. The Disturbed lonosphere as Seen Through the IRTAM Global Maps

As discussed in section 2.3, the IRTAM has the potential to be used as a near-real-time tool to study the iono-
spheric variations during geomagnetically disturbed conditions. In this regard, we have looked at the global
f,F, maps for 17-18 March 2015 Figures 11a-11l show the global maps of AfF, (IRTAM — IRI) of 4 h of
resolution. The Af,F, maps are created by taking a difference of IRTAM f,F, and the IRl model f,F, values
where the IRl is considered as a climatological model representing the geomagnetically quiet time condi-
tions. Figures 11a-11¢ do not show much effects as the ionosphere is yet to be affected by the storm. The
effects start showing up at 12:07 UT of 18 March 2015 (Figure 11d) where we can see clear intensification of
the f,F, values in the anomaly crest regions of the European sector. The same enhancement in f, £, can also be
seen in Figure 5.In the next three maps (Figures 11e-11g), we can see the appearance of density holes in the
American sectors, which represent the strong negative storm phase during the main phase of the storm that
we have discussed in sections 4.1 and 4.2. At the same time, we can see the enhancementin f,F, near the equa-
torial regions indicating the possible presence of both positive and negative storm phases. Figures 11i-111I
show the suppression of the EIA on 18 March 2015, under the presence of the westward disturbance dynamo,
because of which we can see an enhancement in f,f, in the equatorial regions. The SWARM A density profiles
also gave a similar picture as discussed in section 4.4.

The IRTAM maps, however, do not clearly depict the negative storm phases on 18 March 2015 in the Southern
Hemisphere which was discussed in section 4.3. Although Figures 11i-11j show the depletions in fsFai
Figures 11k and 11! fail to show the same depletions. Also, it fails to show the hemispheric asymmetry in this
case. However, the IRTAM maps show another interesting feature. In Figure 11g, we can see a density hole
(depletion in f,F,) appearing over the Chinese region at 00:07 UT of 18 March 2015. In the subsequent maps
(1Th=11k), the density hole can be seen evolving and moving toward the equator. This may represent the
traveling ionospheric disturbances (TIDs). However, this is beyond the scope of this study. Overall, the IRTAM
seems to perform quite well when compared to other independent measurements and it can be used as a
tool to study theionospheric space weather conditions because of its ability to work near real time.
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Figure 11. IRTAM Af,F, maps for 17-18 March 2015.

6. Conclusion

In the present paper, we have studied the effects of the 17-18 March 2015 geomagnetic storm on
the low-latitude and midlatitude ionosphere in two different longitudinal sectors, using two chains of
ground-based ionosondes and GPS TEC observations along with SWARM in situ density measurements. Our
study has done a detailed analysis of the storm effects with the underlying physical mechanisms and tried
to explain them on the basis of available evidences across two longitudinal sectors. Also, we have used the
IRTAM for the first time as an ionospheric space weather tool. The major conclusions of the present study are
listed below.

1. During the main phase of the storm, simultaneous presence of positive and negative ionospheric storm
phases are observed in the American sector, whereas no such coexistent storm phases are observed in the
European sector. For the American sector, the coexistent positive and negative ionospheric storm phases
are seen in both hemispheres. .

2.In the American sector, the midlatitude density trough is observed to shift equatorward reaching up to
40°N latitude. This equatorward shift of the midlatitude density trough, along with the compression of
plasmapause and the presence of disturbance dynamo-related effects, plays a major role in the negative
ionospheric storm phase observed in this sector during the main phase of the storm. The effects are much
more enhanced due to the presence of the South Atlantic magnetic anomaly (SAMA). Although the negative

NAYAKET AL.

IONOSPHERE DURING ST. PATRICK'S DAY STORM 17



@AG U Journal of Geophysical Research: Space Physics

88

10.1002/2016JA022489

Acknowledgments

The research is partially supported
by the project "MOST
104-2111-M-008-013" of National
Central University, Taiwan, granted by
Ministry of Science and Technology,
Taiwan. One of the authors, Punyawi
Jamjareegulgarn, sincerely acknowl-
edges the financial support from
the annual government budget in
A.D. 2016, Thailand. We thank the
NASA/GSFCs Space Physics Data
Facilitys OMNIWeb service for data
of the interplanetary and SYM-H
parameters, We also thank the Global
lonospheric Radio Observatory
(GIRO) (http//giro.uml.edu/) for
providing the jonosonde data and
the IRTAM tool for this study. We
are grateful to the Scripps Orbit and
Permanent Array Center (SOPAC),

(http://sopac.ucsd.edu/dataBrowser.shtml)

for the GPS TEC data. We are thankful
to the ESA EarthNet service

for providing the SWARM data
(http://earth.esa.int/SWARM). We

also thank the Johns Hopkins Uni
versity Applied Physics Laboratory
(http//guvitimed.jhuapl.edu) for
providing the thermospheric O/N,
density maps from the TIMED-GUVI

storm phases are present in the European sector during the main phase, they are less developed as
compared to the American sector.

- Strong hemispherical asymmetry is observed during the recovery phase of the storm in both longitudinal
sectors. Theionospheric electron density shows sharp decrease in the Southern Hemisphere as seen in both
ground-based ionosonde and GPS TEC observations. On the contrary, the Northern Hemisphere does not
show such depletions in electron density.

4. The SWARM electron density measurements show the formation of the superfountain just after the maxi-
mum phase of the storm which proves the presence of eastward prompt penetration electric fields (PPEFs).
However, afterward, the EIA is observed to be suppressed across all longitudes showing the presence of
westward disturbance dynamo electric fields at the equator.

5. For the first time, we have utilized the IRI Real-Time Assimilative Mapping (IRTAM) as a tool to study the
ionospheric space weather conditions. The IRTAM performs quite well in accordance with independent
measurements and can be utilized in future as a powerful near-real-time tool to study the ionospheric
variations during geomagnetically disturbed conditions.
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Abstract— In this paper, the diurnal and seasonal variations
of the ionospheric slab thickness in an ionosonde chain over
magnetic equator of Southeast Asia are studied. Three ionosonde
stations of SEALION project located along the magnetic
meridian of 100°E are selected to investigate, including two
stations in Thailand, namely Chumphon and Chiang Mai, and
one station in Indonesia, namely Kototabang. The monthly
hourly medians of the foF2 from three ionosonde stations in 2010
are used to compute the observed NmF2, Refer to the TEC data;
it can be obtained directly from GPS receiver at Chumphon
station since the TEC data in 2010 were observed completely. In
contrast, the TEC data at Chiang Mai station lost extremely and
those at Kototabang station were unavailable. Hence, the TEC
data used for these two stations are obtained from the
International GNSS service (1GS). Qur results show that 1) for
all scasons, the NmF2 values during daytime have the successive
decreasing values from Chiang Mai, Kototabang, and
Chumphon. While the NmF2 values at three stations are alinost
identical during nighttime; 2) for all seasons at these three
stations, the TEC values in the daytime are larger than those in
the nighttime and their maximum values in the equinox and
winter are higher than those in the summer; 3) the slab thickness
values in all seasons during nighttime are generally larger than
those during daytime for all three stations. Meanwhile, during
daytime for all seasons, the slab thickness at Chumphon station is
the highest among these three stations due to the fountain effect
over magnetic equator.

Keywords—  fountain  effect;
Southeast Asia; slab thickness; TEC

magnetic equator; NmF2;

I INTRODUCTION

lonospheric slab thickness (1) is an important parameter for
ionospheric observation because slab. thickness measurements
offer substantial information about the shape of the electron
density profile, the neutral as well as ionospheric tempera-
ture/gradients, and the ionospheric composition and dynamics
[1]. The slab thickness is considered as the depth of an
imaginary lonosphere whose total electron content (TEC) has
the same value as the actual Tonosphere and its uniform
electron density is equal to the maximum electron density of
the actual lonosphere [2]. Moreover, since the slab thickness

978-1-4673-9749-0/16/$31.00 ©2016 1IEEE

K. Watthanasangmechai *, T. Yokoyama °,
T. Tsugawa*, M. Ishii * , Chinmaya Nayak *
* National Institute of Information and Communications
Technology, Tokyo, Japan. Email: kukkai@ nict.go.jp ;
tyoko@nict.go.jp ; tsugawa@nict.go.jp ; mishii@nict.go.jp

% Center for Space and Remote Sensing Research, National
Central University, Taiwan. Email: physics642@gmail.com

covers the TEC inside both bottomside and topside of the
lonosphere, therefore, it is very useful for computing and
illustrating the electron density profiles for both sides. The slab
thickness (unit: km) is defined as the ratio of the observed TEC
(unit: electrons/m’ or TECU) to the peak electron density of the
F2 layer (NmF,) [3], as shown in (1). Note that 1 TECU = 10'6
clectrons/m?,

TEC
e % (1)
NmF2

The mentioned NmrF> (unit: electrons/m?) can be computed
using the observed F2 layer plasma frequency (foF;) as shown
in (2). Note that the 2 layer is the uppermost of the
wnosphere which is the most effective layer for long distance
HF radio wave propagation.

NmF2=124%( foF2)’ x10" (2)

The slab thickness variations have been investigated by
many researchers, e.g., [4] and [S5]. They have revealed that
the diurnal, scasonal, and solar activity variations of the slab
thickness rely on significantly the observation locations. The
slab thickness values is generally greater during daytime (08-
16 LT) and nighttime (20-04 LT) hours in the summer and
winter than other times. The pre-sunrise peak in T can also be
observed and it is caused by two major factors: electric field
and zonal neutral wind. The higher TEC and NmF2 can be
observed in the equinoxes and in the middle of daytime.

Furthermore, Anderson [6] revealed that the variations in
NmE2 at the magnetic equator are more complex than those at
middle latitudes. At the magnetic equator, the upwelling of the
ionosphere caused by the E x B drift due to an eastward
electric field results in a decrease in NmF2 as a result of the
field-aligned diffusion of the ionization toward higher
altitudes. This phenomenon is called the fountain effect. The
fountain effect results in lower and higher electron density at
magnetic equator and low latitudes, respectively, and forms
two electron density peaks (crests) in the northern and



southern hemispheres  or equatorial anomaly.  Another
complexity arises from the transequatorial neutral wind. The
transequatorial ionization flux can decrease and increase the
electron density in the windward and leeward hemispheres,
respectively. The net effect of this wind on the electron
density variations is a compromise between the field-aligned
interhemispheric flow and the change in the recombination
loss rate because of the layer upwelling/downwelling induced
by the ion drag [7].

Kenpankho et al. investigated the diurnal and variations of
slab thickness at Chumphon, Thailand during 2004-2006 [8],
compared the observed TEC at Chumphon only with the IRI-
2007 model [9], and studied solar and latitude dependence on
TEC from four observation stations in Thailand: Chumphon,
Chiang Mai, Bangkok, and Phuket [10]. Moreover, Maruyama
et al. studied latitudinal variation in the bottomside height, the
virtual height (h'F), and the transequatorial neutral wind of the
ionosphere in the nighttime [11], and investigated the varia-
tions in AmF2 over the magnetic equator and mainly proposed
a definition of ionospheric ceiling [12]. Wichaipanich et al.
[13] studied and compared the foF2 and the AmF2 at
Chumphon (Thailand), Chiang Mai (Thailand), and Kotota-
bang (Indonesia) with the IRI-2007 model. From the above
mentioned studies, the variations of the slab thickness over the
magnetic equator in Southeast Asian area have never been
investigated and discussed.

Therefore, this paper presents the diurnal and seasonal
variations of the slab thickness which arc observed from three
stations in an ionosonde chain of SEALION in Southeast Asia,
including Chumphon, Chiang Mai, and Kototabang. The data
used and methodology are described in Section I1. The results
and the discussions are addressed in Section II1. Finally, the
conclusions are drawn in Section IV,

II.  DATA USED AND METHODOLOGY

The data used n this work are gathered at three ionosonde
stations in an ionosonde chain in SEALION (Southeast Asia
Low-Latitude lonospheric Network) project which are located

in Southeast Asian area and are along the magnetic meridian of

100°E as shown in Fig. 1, including two stations in Thailand,
namely Chumphon and Chiang Mai, and one station in
Indonesia, namely Kototabang. Their geographic locations and
magnetic latitudes are shown in Table 1. Chumphon is located
near the magnetic equator, and Chiang Mai and Kototabang are
close to the northern and southern crests of the equatorial
lonization anomaly (EIA) region, respectively.

A. Observed foF2 data

The observed foF2 are obtained from FMCW (frequency
modulated-continuous wave) 1onosondes at all three stations.
The FMCW ionosonde transmits radio signals continuously
from 2 to 30 MHz into ionosphere and then receives echoes.
The transmission starts from 2 MHz and increases the
frequency up to 30 MHz with the sweep rate of 100 kHz. Its
operational parameters are shown in Table 1l. The collected
data are displayed as ionograms which are manually scaled to
obtain the foF2 at every 15 minutes in this work. From the
recorded ionograms from 2004 up to now, we found that the
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ionograms in 2010 can be scaled completely for all three
stations throughout the year. Hence, the monthly hourly
medians of foF2 in 2010 are used to compute the NmF2 in this
work. The studied period 1s divided into three seasons,
including equinox (March, April, September, and October),
summer (May, June, July, and August), and winter (January,
February, November, and December).

B. TEC data at Chumphon Station

At Chumphon station, the TEC data in 2010 can be
obtained directly from GPS receiver. On the other hand, the
TEC data for Chiang Mai and Kototabang stations are
obtained from the International GNSS service (IGS). The TEC
data description obtained from IGS is addressed in part C.
Note that the TEC data of all three stations used in this work
are the absolute vertical TECs (VTECs) which are explained
briefly below. In the GPS system, every satellite transmits the
signals on two frequencies, i.e., f; = 157542 MHz and f; =
1227.60 MHz. Note that for the GPS L/ carrier (1575.42
MHz), | TECU corresponds to 0.54 ns of ionospheric time-
delay. The GPS-based TEC measurement system at Chum-
phon is composed of an antenna, an amplifier, a JAVAD TEC
meter with a GPS receiver, and a server computer. The GPS
receiver embedded in the JAVAD TEC meter receives the
GPS signals continuously and computes the slant TEC
(STEC). Here, the STEC is defined as the line integral of the
electron density from a GPS satellite to a GPS receiver above
a user-defined elevation cut-off angle (usually 45°),

Latitude

1357 €

75 90 105 120
Longitude

Fig. |. Three stations in an ionesonde chain of SEALION in
Southeast Asian Area

Table 1. Geographic locations and magnetic latitudes of three stations.

o Geographic location Magnetic
Sewtion: 1 wsttude | Latitide Latitude
Chiang Mai 98.93° 18.76° 12.7°
Chumphon 99.37° 10.72° 3.0°
Kototabang 100.32° -0.2° -10.1°




Table I1. The operational parameters of FMCW 1onosonde.

Ionosonde FM/CW with pseudo-
parameters random Tx/Rx switching
Peak Tx power 20W
Average Tx power 10 W
Frequency range 2-30 MHz
Sweep rate 100 kHz/s
Sweep repetition period 5 minutes
Antenna folded dipole on a tower

The STEC from each satellite to the GPS receiver can be
calculated using the difference between the pseudoranges (P,
and P;) and the difference between the phases (L; and L;) of
two frequencies [14] as shown in (3) and (4), respectively.

. 2N
STEC, ==l (g _p 3)
’ k(f;‘—.f{)( )
STEC, == (13 _pig) @)
A1)

where & is a constant of 80.62 m's® relating to the
ionospheric refraction, A, and A, are the wavelengths relating
to f; and f3, respectively.

The VTEC can be computed using some computational
equations of [15] as shown below in (5). Note that VTEC is
defined as the TEC in a vertical column of 1-m? cross-section
through the piercing point with the obliquity factor. Moreover,
to derive the absolute VTEC, the STEC in (5) must be
subtracted with the satellite bias and the receiver bias as
proposed by [15]. More explanation can be studied from (9],
[15], and references therein.

VTEC = STEC x cos| arcsin

(RﬁcosaJ] 5)

. Re+h

where Rg is the average radius of the Earth, « 1s the
clevation angle of each GPS satellite, and 4 1s the height of the
ionosphere which 1s assumed to be equal to 400 km in this
work.

C. TEC data at Chiang Mai and Kototabang Stations

The international GNSS service (IGS) ionosphere working
group started its activities in June 1998 with the main goal of a
routinely producing IGS global TEC maps (IGTEC). IGS
directly manages more than about 350 permanent GPS stations
which observe some 4-12 satellites every 30 seconds and
record more than 250,000 STEC worldwide observations/
hour. This is being done now with a latency of 11 days (final
product) and a latency of less than 24 hours (rapid product).
The IGS ionosphere product 1s the result of the combination of
TEC maps from different analysis centers by using weights
computed from GPS data by validation centers, in order to get
a more accurate product. Five analysis centers (CODE, ESA,
JPL, NRCan and UPC) as well as 4 validation Centers (JPL,

93

ESA, NRCan and UPC) have been providing maps and
weights of the TEC data. From such maps and weights, the
corresponding combination center (firstly ESA, and secondly
UPC since Dec.2002) and recently UWM (since January,
2008) has produced the IGS TEC maps in IONEX format. The
IONEX (IONosphere interEXchange) format allows to store
the VTEC and its error estimates in a grid format, in
consecutive values -at different longitudes- for each latitude
grid point. Long-term series of IGS VTEC maps offers a very
good source with high both spatial and temporal resolution so
as to get the significant spectral results. The details about the
products and VTEC evolution trends can be studied
additionally in [16].

Therefore, the TEC data used for Chiang Mai and
Kototabang stations are obtained from IGS TEC maps in
2010. In this work, we use the two-hour text data of global
TEC maps with the different code biases in the IONosphere
Map Exchange (IONEX) format via the following station:
ftp://cddis.gste.nasa.gov/gps/products/ionex.

11I.  RESULTS AND DISCUSSIONS

The investigation has been conducted so as to understand
and analyze the diurnal and seasonal variations of ionospheric
slab thickness over magnetic equator where it is affected
significantly from the fountain effect, eastward electric field,
and zonal neutral wind. Particularly, the fountain effect causes
the amplitude scintillation on satellite signals significantly. In
this work, the monthly hourly median values of the NmF2,
TEC, and slab thickness of three stations, i.c., Kototabang,
Chumphon, and Chiang Mai, are shown, compared, and
analyzed to each other. To make the comparisons and
discussions easier, our studied results are divided into 2
periods: daytime (07:00-18:00 LT) and nighttime (19:00-06:00
LT) hours. Our observed results are shown in Fig. 2 — 10 in
which the results of Kototabang, Chumphon, and Chiang Mai
are represented with the solid lines, the dash lines, and the dot
lines, respectively.

A. Diurnal variations of NmF2

Fig. 2 to 4 show the diurnal variations of the NmF2 in the
equinox, summer, and winter, respectively, at the three
stations versus the local time (hour) in 2010. The diurnal
variations in the NmF2 can be inferred as follows:

i) During the period of 01:00-06:00 LT for all seasons, the
NmF2 at three stations are close each other with their
minimum- values during the period of 03:00 - 05:00 LT.
However, during the period of 19:00-00:00 LT, the NmF2 at
three stations are slightly different with the maximum positive
difference occurring in the summer and the minimum positive
difference occurring in the equinox.

i1) During daytime for all seasons, the NmF2 values have
the successive decreasing values from Chiang Mai,
Kototabang, and Chumphon. That means Chumphon located
near the magnetic equator affects from the fountain effect
obviously since the electron density decreases significantly
around local noontime, so it is called a noon bite-out
phenomenon.
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ii1) The bite-out phenomena can be seen clearly around

(a) Equinox . :
e e R local noontime at the magnetic equator (Chumphon) for all
S :ﬁf:;:? | seasons and at the southern crests of EIA region (Kototabang)
gof 7T ettt |

in the winter and equinox as shown in Fig. 2 and 4.

_ iv) The NmF2 values in the daytime are greater than those
in the nighttime. The NmF2 in the equinox of all three stations
are the highest compared with those in the other seasons
during the studied years. The NmF2 peaks of all three stations
can be observed during the period of 15:00 -17:00 LT for all
seasons, except in the summer at Kototabang station.
However, the higher NmF2 at that excepted period can be seen
as an extension from |1:00 to 17:00 LT with an average about
7.5x10" el/m?.

Since the NmF2 is computed using the observed foF2, our
observed NmF2 results are thus similar but slightly different
from the observed foF2 results in [13] at these three stations,
but the studied periods in [13] are January 2004 to February
2007. Moreover, our observed NmE2 results at these three
stations are in good agreement to the fountain effect which is
revealed previously in [6] and introduced in Section | of this
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Fig. 8. Diurnal variations of the T in the equinox of three stations in 2010
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Fig. 5 to 7 show the diurnal variations of the TEC in the
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equinox, summer, and winter, respectively, at the three
stations versus the local time (hour) in 2010. The diurnal
variations in the TEC c¢an be summarized as follows:

i) In the equinox, the TEC of all three stations are similar
with the maximum positive difference about 6.3 TECU at

=)
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400 17:00 LT. In general, the TEC of Chumphon station is the
uppermost compared  with those of Chiang Mai and

300 Kototabang, especially during nighttime.
u) In the summer, the TEC at Chiang Mai station is
B generally the highest among three stations throughout a day.
ot B R Y L Sl ), The TEC of all three stations are also close to each other
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during the period of 06:00-11:00 LT with the maximum
positive differences about 5.8 TECU and 4.8 TECU at 21:00
LT and at 17:00 LT, respectively. Moreover, the TEC at both
Kototabang and Chumphon are comparable throughout the

Fig. 9. Dwrnal variations of the T in the summer of three stations in 2010

(c) Winter day with the maximum positive differences about 2.6 TECU at
e "N\ P\ 15:00 LT
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.......... Chiang Mal

generally the highest among three stations throughout a day.
The maximum positive differences in the TEC among these
three stations can be observed about 7.0 TECU at 15:00 LT.
Moreover, the TEC at both Chiang Mai and Chumphon are
comparable throughout the day, except during the period of
13:00 -15:00 LT.

1v) The TEC values in the daytime are larger than those in
the nighttime with the maximum values during the period of
? 13:00 — 17:00 LT and the minimum ones during the period of
03:00 — 05:00 LT. The maximum TEC values in the equinox

and winter are higher than those in the summer.

Our observed TEC results are similar but slightly different
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Fig. 10. Diurnal variations of the T in the winter of three stations in 2010.

from the results in [9]. but the studied location and periods in
[9] are Chumphon only and during 2004 — 2006, respectively.



C. Diurnal variations of slab thickness

Fig. 8 - Fig. 10 show the diurnal variations of the slab
thickness in the equinox, summer, and winter, respectively, at
the three stations in 2010. The diurnal and seasonal variations
in the slab thickness can be concluded as follows:

i) During daytime for all seasons, the slab thickness at
Chumphon station is the highest among these three stations
due to the lowest value of NmF2. Moreover, the slab
thicknesses have the successive decreasing values from
Chumphon, Kototabang, and Chiang Mai, except in the
summer where the slab thickness at Kototabang station and at
Chiang Mai station are close to each other with the maximum
positive difference about 51 km at 17:00 LT. That means
Chumphon located near the magnetic equator affects from the
fountain effect.

i) During nighttime, the diurnal variation of the slab thick-
ness of each station has its maximum value at different local
times. For all three stations, the slab thickness values in all
seasons during nighttime are generally larger than those
during daytime, since the NmF2 in the nighttime are smaller
than those in the daytime significantly, particularly during pre-
sunrise hours. The pre-sunrise enhancements and the collapses
(dramatic decrements) in T at 07:00 LT can be seen clearly for
all seasons, except in the winter at Chumphon station.

The slab thickness results of all three stations in the winter
and equinox are similar to those results in [5], except in the
summer where the pre-sunrise peaks and the collapses at 0700
LT cannot be observed. In addition, the different location and
periods studied in [5] are at muddle latitude-Wuhan, China,
and during high solar activity from April 1999 to March 2000,
respectively.

[V. CONCLUSIONS

The monthly hourly median values of foF2 measured in
2010 from three ionosonde stations located along the magnetic
meridian of 100°E, namely Kototabang, Chumphon, and
Chiang Mai, are selected to study the latitudinal variations of
1onospheric slab thickness over magnetic equator in Southeast
Asia. The TEC data at Chumphon station can be obtained from
GPS receiver directly, but the TEC data at Kototabang and
Chiang Mai stations are obtained from the International GNSS
service (IGS). Since the slab thickness is a ratio between the
NmF2 and the TEC, the diurnal and seasonal variations of both
the NmF2 and the TEC are also shown in conjunction with
those of the slab thickness. The observed results in this work
are similar but slightly different from the results in [13], [9],
and [5] regarding to the NmF2, the TEC, and the slab thickness,
respectively. Our studies show that although the studied year in
this work is in 2010 during the solar minimum of solar cycle
24, our observed results, including the NmF2, the TEC, and the
slab thickness, represent the important information which can
be used possibly to describe their variations over magnetic
equator region in any recent years. Moreover, our observed
NmF2 results at these three stations are in good agreement to
the fountain effect which is revealed previously in [6]. The
results confirm that the slab thicknesses at Chumphon station
being near the magnetic equator are larger than those at both
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the EIA southern crests (Kototabang) and EIA northern crests
(Chiang Mai) as a result of the equatorial fountain effect.
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