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Abstract

Morphologyof midíatitudeandequatorialF2-layerstormsaswellasrecentpubli-
cationsen storni mechanismsare suminarized.Ground-basedionosonde,incoherent
scatterandsatelliteobservationsare usedtespecify [heprocessesresponsiblefor [heob-
servedF2-layerstorrneffects.The interactionof background(solar-driven)andstorm-
induced(due tehigh-latitudeenergyinputs)thermosphericcirculationpattemsmaybe
consideredas[heprincipalmechanismexplaining[hemain featuresof [hemidíatitude
F2-layerstorni effects. Vertical ExB plasniadrifts are responsiblefor main NniF2
perturbationsin [heequatorialF2-region.

Key words: Midíatitude andequatorialionosphere,F2-layer storms,Disturbed
[hermosphere,ExB drifts.

1. INTRODUCTION

IonosphericF2-layerperturbationscanberegisteredwith ground-basedio-
nosondesas deviationsof F2-layercritical frequency,foF2 from medianor
quiet timevalues.Thedeviationsmaybe of bothsigns— socalled«positive»
and«negative»F2-layerdisturbances.Observationsof thisphenomenonasidits
relationwith geomagnetiestormswere first reportedby Andersen(1928),Hafs-
tadasid Tuve(1929), AppletonandIngram(1935),Kirby eral. (1935).Vertical
soundingionogramreductionusuallygives [he increaseof [he F2-layermaxí-
mumheight, bmF2 andchangesin the electrondensityheight profile, Ne(h)
comparedto presten conditions.Strongreductionof electrondensityin [heF2-
layermaximumduringnegativestormshelpste occuraproneuncedF1-layer;
whenNmFX > NmF2 wespeakaboutG-conditions(King 1962). lii the begin-
ning of ionosphericresearchesthe ideaof plasmaredistributionwith heigbtwas
proposedas a possibleF2-layer storm mechanisni.But afterwardsdirect total
electroncontent(TEC) observationshaveshownthat electronconcentration
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doeschangein the whole F2-regienduring disturbedperiods (e.g.Titheridge
and Buonsanto,1988). F2-layer storms is a world-wide feature lasting from
seme hours te seme days. This is a very interesting and importantlink jo [he
complexchainof solar-terrestrialrelations.On [he etherhand,F2-layerstorms
are of practical interest as they may severely degrade 1-IP radio communication.

A greatnumberof publicationsis devotedte morphology,physical interpreta-
tion, modelling and predictionof [he F2-layerstorms. A comprehensivere-
view en theproblemwasmadeby Priilss (1995,with 420referencestherein).

Despite[he long historyof F2-layerstormsinvestigatienmanyfeaturesof
thisphenomenonstill are notclear [o say nothingof adequatepredictionswith
a suffrcient accuracy.This is due te [he fact [bat F2-layerstormsresult from
many relatedprocessesin the magnetosphere,ienosphereandupperatmosp-
here.The lack of current information en solarwind parameters,ienospheric
electric frelds and currents,highlatitude particleprecipitationsunableene[he
makea «deliberate»forecastof the F2-layerstormsusingso calledphysical
models.An attemptte apply modero 1-3Dtheoreticalmodelsof 4w F2-region

te predicteven[he simplestquiet timeNmF2 andhmF2daily variationsgaye
overalíunsatisfactoryresults(Andersoneral., 1998).NegativeF2-layerstorni
effectswhich are the mostcrucial for 1-IP radio-wavecommunicationcannetbe
satisfactorymodelledwithout specialfitting of aeronomicparametersfor each
particularionosphericstorm(e.g. Richardser al., 1989, 1994a;Richardsand
Wilkinsen, 1998).Therefor,an empiricalapproach[o [hefoF2 short-termpre-
dictionbaseden statisticalmethodsis still shouldbe recenimendedfor practi-
cal use(e.g. Muhtarov er al., 1998; Mann er al., 2000). On [he otherhand,
somefeaturesof the F2-layerstermsmaybe reproducedfairly well with global
[heoretical models(e.g.Fuller-Rewelleral., 1996; RishbethandField, 1997;
Field et al., 1998;F(rstereral., 1999; RishbethandMuller-Wodarg, 1999).

The problemof F2-layerstormsis so extensivethat it cannotbeconsidered
moreor lesscompletelyin a shortreview.Thereforonly midíatitudeandequa-
tonal F2-regien electronconcentration(mainly NmF2 andhmF2parameters)
variatienswill beconsidered.The resultsof morphologicalanalysisbaseden
long-ten ground-basedionesondeobservationsare sunimarizedbelow.Phy-
sical mechanismsof main F2-regienstormeffectsare consideredusingmodel
calculationsalong with ground-basedionosonde,satelliteandincoherentscat-
ter observations.

2. SOLAR CYCLE AND SEASONAL VARIATIONS

An analysis by Zevakina(1971)of positive and negative storms occurren-
ceen Mescow statienover [he solarcycle (1957-1967)hasshewn [he follo-
wing. Negativedisturbancesprevail at high solar activity. Maximum in [heir
occurrenceis shiftedby two yearsin accordancewith [he sametimeshift in ge-
omagnetieactivity with respectte [hemaximumin sunspotnumbers.There is
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a tendencyat alí levelsof solaractivity for increasingthenumberof positive
stormsin winter and equinoxeswith minimum numberin summer.There is
alsoa tendencyfor negativestormstebemorefrequentduringequinoxesand
this maybe attributedtethe equinoctialincreasein geomagneticactivity.Ac-
cordingte othernumereusobservations,midiatitudenegativeNmF2 distur-
bancestakeplaceduring themainphaseof geomagnetiestormsin alí seasons
exceptwinter, whenpositiveperturbationsare veryprobable(Matuura,1972;
Mendillo andRíebuchar,1974; Basuet al., 1975;l3ssex1979; alsoreferences
in Prñlss,1995). PositiveF2-layerdisturbancesare observedat lower and
equatoriallatitudesin alí seasonsduring [he main phaseof magneticstorms
(ObayashiandMatuura, 1970; Matuura, 1972; Kane,1973).BackgroundNniF2
increaseover[hemonthly medianor te prestenreferencelevel andindividual
NmF2upsurgesaboyethisbackgroundlevel are typicalof [he F2-layerpositi-
ve stormeffect atlower latitudesduringdaytimehours.

The intensityof F2-layernegativestorni effects during the main phase
maybe relatedwith D,~-indexvariations(ZevakinaandKiseleva, 1985).The
strongermagneticdisturbancethelower geomagneticlatitude wherenegative
stornieffectsare registered.Worldwide ionosondenetwork observationsanaly-
Lis hasshown(Besprozvannaya,1983)that in summerthisboundaryis syste-
maticallylower comparedte winter time. During sumnierstronggeomagnetic
disturbanceswith D = 300-350nT negativestormeffectsmaybeobservedat
latitudesas low as = 25~300.Qn[heotherhand,[heperturbationpropaga-
donvelocitydoesnot showanyproneuncedseasonaldependence,but is related
to [he rateof energydissipationiii [he auroralzonewhichroughly is propor-
tional te dD,/dt (Besprozvannaya,1983). ‘1’ypical propagationvelocity of
storni effectsis somehundredm/s (Prdlss, 1995).

3- SPATIAL DISTRIBUTION

As an exampleof F2-layerstorni spatialdistribution the Jan24-26, 1974
disturbedperiod is shownin Fig.1 forAmericanasidEuropeanlongitudinalsec-
tors. This is a typical of isolatedmoderatemagneticstorni with awell-defined
stormcommencement(SC) on Jan25 around0500137.ObservedD,~ andAE-
index variationsfor this period areshownin Fig. 9. Ceuplesof statíonswith
closegeomagnetielatitudesare selectedin two longitudinalsectors.Strongne-
gativestormeffect is seenin Winnipeg(high latitudes)duringsunuithours.In
fleulder (midiatitudes)a well proneuncedpositiveupsurge(positivephase)ta-
kesplacebeforenoenfollowed by anegativestormphase.At lower midlatitu-
des(Havana)stmngpositivefofl stormperturbationsareseenduring aftemoon
hours.An equatorialstationHuancayodemonstratesa stablepositivestornief-
fectduringdaytime.This is atypicalpaneraof latitudinaldistributionof F2-la-
yerstonneffectsbut only for «nighttime»longitudinalsectorswhere[he storm
onsettook placeduring nighttimehours.Rut only positive storni effectstake
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placein the European(«daytime»)longitudinal sectorathigh andmiddlelati-
tudes.This was adaytimesectorduringthe storni onset.Unlike the midlatitu-
de Beulderstationin the Americansector,the positivestorni phaseis not fo-
llowed by a negativeenein the Europeansector.IrregularfoF2variationsare
seenatlew-latitude(Alma-Ata) andequatorial(Kodaikanal)stations.Therefer,
F2-Iayer storms demenstrate a cemplex longitudinal patterndependingenlocal
time of the storni onset(seealso Pr(lss, 1995 fer references).Physicalmecha-
nisms of suchlongitudinal differencesarecensideredbelew.Along with such
LT controlthereexistsa lengitudinal/UTeffect in the onsetof auroraldistur-
bances(Hajkowicz, 1998)which sheuldresultin asystematicdifferencesbet-
ween Eurepean and Asian sectors. A statistical analysis of AE-index variations

overtwo solarcycles(1957-1968and1978-1986)hasshownthat [he maximum
in auroralactivity is largely cenfrnedte 09-18 UT with a distinct minimumat
03-06UT. This meansthatEasternSiberia,JapanandAustraliaare mostly at
níght during the periodof maximumauroralactivity whereasEuropeandEas-
tem Americaare mostlyatdaytime.

4. DEPENDENCE ON LOCAL TIME

Morpholegicalstudieshaveshown[bat midíatitudenegativeF2-layerper-
turbationsare usuallyobservedte follow magneticstormsstartedduring [he
precedingnight, while pesitivestorni effectsaregenerallyassociatedwith in-
creasedgeemagneticactivity in the local daytimesector(e.g.AppletonasidPig-
got, 1952;Martyn 1953;Jones1971; Pr(Iss1993a).Ihe resultsof analysisen
31 ionesendestations(420cases)by PrólssandvenZahn(1978)anden 10 sta-
tions (217 cases)given in a reviewby Danilov andMoTozova(1985)showthat
negative storni commencements are the most frequent in post-midnight-early-

nierning LT andvery rare in íhe noenandafternoenhours.This is avery im-
portant trait of [he negative F2-layer storm merphology for understanding the

physicalmechanismof this phenomenon.
Positiveperturbationsmaystartin anyLT sector.An analysisby Zevakina

arídKiseleva(1978)for abeul100 F2-layerstormsathigh solar activity has re-
vealedpositivestormsof two types.Type1 of perturbationsare referredte tho-
se followed by quiel ionesphericcenditionslike in the Europeansectorduring
theJan25 1974 storm period (Figí, right handside).Positivedisturbancesof
type II are followed by negative storni effects like in Beulder(Fig.1, Ieft hand
síde). It was confirmedthat sumnierpositivedisturbanceswere rare in cempa-
nsonwith otherseasens.me disturbancesof type 1 weremorefrequentin the
night (19-06LT), while theseof type II — duringdaytime.The duratienof per-
turbationof typeII is sherter[han of type1, but its amplitude is larger. Pertur-
bationsof typeII areaccompaniedby largerhnff2 increase.Generallypositíve
disturbancesare morefrequentat low geomagneticactivity: 10 < XKp < 20,
AEmax= 200-400nT, D~, = 10-30nT.
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Positivedisturbancesin the equatorialF2-regiende net coincideen time
with high- andmidíatitudepositiveperturbatiens,thereforenemaythink that
their origin is different.An analysisof 94 stormsen [he equatorialstationIba-
danfor [he periodof 1956-1966(Adeniyi, 1986)hasshewnthaI 90%of ah dis-
turbancesduring daytimeand 50-60% during nighttime are positive both at
high andlow solaractivity. Well proneuncednegativeperturbatiensarealse
observedin he equatorialF2-region,but physicalmechanismsof negativeas
well as positive disturbances differ fi-em midíatitudeenes(seebelow).

5. NEGATIVE DISTURIIANCE MECHANISMS (MIOLATITUDES)

Arnong 16 possiblephysicalprecesses analyzed by Prólss (1995)and5 pro-
cessesconsideredby Rishbeth(1991)which maycentributete[he midíatitude
F2-layer negativestorni effect, thermosphericneutralcompositionchanges
with O¡N2 rañodecreasearebelievedte be the main ene. This is cenfirmed
beth by direcí comparisonof R(Nm) NmF2«~,jNmF

2quic¡and R(O¡N
2) —

[0/1%] ~/[0IN2] jet (Prólss, 1980; seeaNo Forbeseta!., 1996; Zuzic et al.,
1997) and 3D mo~iel calculations(Fuller-Reweller al., 1996; Rishbethand
Field, 1997; Reídet al., 1998; Fórsterer al., 1999;RishbethandMuller-We-
darg, 1999). Seaten(1956)wasthe firsí who suggestedthatnegativestornief-
fectswerecausedby changes(a decrease)in [hetherniosphericatomic/mole-
cular ratio duringgeeniagneticstorms.Sucb neutralcompositienchangos
(mainly O/N2ratio) alterthe balancebetweenelectronproductionasid lessra-
tes resulting in [he NmF2 decrease.Disturbedglobal circulatien driven by
bigh-latitudeenergy inputs (Jouleheating andparticle precipitatiens)supe-
rimposeden tbe quietsolar-drivencirculation is [he mainmechanismof tber-
mosphericcempositionchanges.This was propesedby Duncan(1969) and
confirmedafterwardsby manyothers(seePrélss,1995; Rishbeth,1998andre-
ferencestherein).Unlike the suggestiensby Seaton(1956) (an increaseof
[O~j)and by Chandraand Herman(1969) (a decrease of [O]) new it is esta-
bhishedthatboth effectstakeplace(Prólss,1980; Zuzic eta!., 1997).

The othermechanismoften mentionedin relatienwith F2-layernegative
storni effect is the 0~+1% reaction rate incitase due te vibrationallyexcitedN2

5
(Richards er al., 1989; Pavlov, 1994; Pavioveral., 1999). Althoughtaking into
account sometimeshelpste getclosermodel calculationste measurements
(e.g. PavíovandBuonsanto,1997)thereareprebleniswith reproducingnega-
tive storni phaseanda correctionof MSIS model neutral compositienis re-
quired te matchmodelresultste [heobservations(Richardset al., 1989;Rl-
chardsera!., 1994a;RichardsandWilkinsen, 1998).Mereoverit was stressed

[bat [be inclusionof vibrationa]ly excitedN
2’ actuah]yworsenstbe agreeinent

betweenmodellingasidobservations(Ricbardser al., 1994a,b). An analysis by
Mikhailov and Scblegel(2000) baseden EISCAT observationshasshown
that recentflewing afterglow laboraterymeasurementsof [his reactienrate
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coefficientby Hierí etal. (1997)may be usedin awide temperaturetange(up
te T2~ = 1400 K) in F2-regioncalculationswitbout anyspecialN2 effects[a-
king inte account.

To illustrate the discussedmechanisnisof F2-layernegativedisturbances
let us considersomeexamples.We startwith an isolated moderategeo-
magneticstorni duringJan06-11, 1997.Milístone Hill LS observationsdu-
ring [his eventwere analyzedby Mikbailov andPñrster(1999). Ihis was
deepsolarminimumconditionswith monthlyF107 = 73. A quiet time inter-
val of Jan06-09 (Ap = 3-11) was followed by a moderategeemagnetic
storni en Jan 10 with Ap = 32 resulting in a well proneuncednegative
stormeffectduringdaytimehourswith NmF2 reductionby afactorof 2.0-
2.5 andhmF2increaseby 30 km enaverage(Hg. 2). The variationsof alí
parametersareverycloseto eachotherfor the four presten quiet days,so
Jan09 with Ap 5 waschosenas a referenceene. Ihe observedandcal-
culatedNe(h)profiles fon quiet anddisturbeddaysaregiven in Fig. 2 (bol-
bm graph).A self-consistentmethodby Mikhailov andSchlegel(1997) fer
daytimeF2-regionmedellingwas appliedte frnd the setof main aerenomic
parametersresponsiblefor the observedNe(h)distribution.Calculatedpa-
rametersof the T0(h) profile, [O], [02], [1%]extrapolatedte Ihe heightof
120 km as well as verticalplasmadiift W, andO/N2 ratio at the 300 kni
heightaregivenin Table 1.

Table 1. Calculated[hermesphericparametersfor [heJan06-10,1997storm period.
Vertical plasmadrift W and0/142ratieare givenat [he300 km heightAlso areshown
[0], [02], [N2]extrapolatedte[he120 lan height.Thesecondlisiesgive[hecorrespon-

ding MSIS-83 values.

Date
1997

Time
(UT)

7i’~~
(K)

T120
(1<)

lg[O]120
(cm)

1gb),20
(cm

3) lg[NJ,20
(cm

3) (
(k¡w’)

<
<mis)

O/Al2

JanO6 1730-1930
(1830)

826
756

354
346

10.882
10.874

10.637
10.648

11.482
11.486

0.028
0.032

—16.5 7.62
-9.20

JanO7 1700-2000
(1830)

845
788

335
361

10.899
10.852

10.711
10.669

11.418
11.486

0.027
0.030

—17.5 8.59
-7.40

Jan08 1700-2000
(1830)

780
‘780

334
358

10.850
10.856

10.637
10.664

11.487
11.485

0.026
0.031

—16.6 8.45
7.78

Jan09 1630-1900
(1745)

870
761

334
348

10.838
10.870

10.713
10.663

11.451
11.491

0.025
0.032

—16.8 6.88
8.71

Jan 10 1700-1930
(1815)

982
814

368 10.605 10.849
371 10.841 10.696

11.646
11.491

0.025
0.029

—6.7 1.71
6.37
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In [he F2regien(300kni beigbt) [he O/N ratio is in acceptableagreenient
with MSIS predictions(18%is te averageditierencefor quietdays),but is less

by a factorof 3.72 enJan10. Vertical plasmadrift resultedfrom [henorthward
thermosphericwind is about[he samefor the quietdays.bubisdecreasedes-
sentiallyfor tbe disturbedday.fis is in line with [be presentday understan-
ding of the thermospberecirculationpatternchangesduring geomagnetically
disturbedperieds.‘¡‘bus themain reasonfor the observedNmF2negativestorni
effect enJan10 is [he O/(N

2+02)ratio decreasein [hethermosphere.fe cal-
culated[NJ asid [0~] increaseen Jan10 with respecíte Jan09 is a factorof
3.61 asid3.66.respectively,while [O] decreasedby 11%.Neutralcomposition
is seente demonstratetypical storm time variabions.The bhermesphereis de-
pletedwith atomicoxygenandenrichedwitb molecularspecies.This is duete
the changesin theglobal thermosphericcirculationcarrying[hedisturbedneu-
tra~ compositionfromte aurorallatitudesas well as teneutralgasupwelling
resultedfrom the disturbedequatorwardneutralwind at [he initial phaseof [he
stonn.It shouldbe stressed[hatchangesin neutralcompositionandtemperature
(not predictedby modern[hermospberic models)seemte be [be only wayte
explain the observedelectrondensitydecreasein [he daytimeF2-region.fe
considerationof vibrationally excitedN2*, (Pavlov, 1994; Pavlov andBuosi-
santo,1997)asaplausiblemechanismfor tbeF2-layernegativestornieffects is
not applicabletewinter solarniinimum conditionsin question.

fe storni onsetteekplaceduringnight time (around06 UT) in tbe Ame-
ricanlongitudinal sector.So, the storm-induced[hermosphericwind (due to
high-latitudeenergyinputs) coincideswith Ihe backgroundpole-to-equator
thermosphericcirculation asid this helps [he increasedauroral 1% /0 ratio to
spreadtowardsmidíatitudesresulting in negativestorni effecbsab latitudesof
Milístone Hill during [befollowing daytimeheursin accordancethe disturbed
global circulationmechanísmmentionedaboye.

The Jan06-10, 199’? wasa moderateF2-layerdisturbancewith [heNmF2
decreaseby 2-2.5 times. During severegeomagneticstornis [he NniF2 drop
may be muchlargerwith 0-conditionoccurrencewhenNmF2 <NmFl. Milis-
toneHill observatiensduring sucha very stronggeomagneticstorni en April
06-12, 1990 (solarmaxiniuni)wi[h Ap = 124 wereanalyzedby Mikhailov and
Foster(1997).During [bis eventF2-layermaximumpracticallydisappearedat
usualheightsasidFI -layer constitutedtheionosphericmaximumduringdayti-
me hours. fe electronconcentrationab [he F2-layer heightsdroppedby a
factorof 10 with respectte quiet time presten conditions.ObservedNmF2
asidbniF2variatiensfor this periodare shownin Fig. 3. Apnil 07 with Ap = 8
was used as a reference quiet day. As aboyetheme[hod by Mikhailov asidSch-
legel(1997)was used for the analysis. ObservedandcalculatedNe(h) profríes
for quietanddisturbeddaysaregiven in Fig. 3 (bottompanel).

fe ionosphericpararnetervariationsaregiven in Fig. 4. fe positionof [he
F2-layermaximumen April 10 is veiyapproxiniate,soNmF2andb~F2aregi-
venby dasbesin Fig. 4. DaytimeNmF2 in accordancewith RishbethasidBarren
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(1960)cleselyfellows the q(OjIj3 variatienat theh~F2 height.The q(O~)IP ra-
tio is contrelled mostly by Ihe O/N, ratio, and [he relationshipof NJ2 with
O/N

2during geomagneticsberms isa well-establisbed(Prólss, 1980, 1995).A
comparisonwith the MSIS-83model predictionsshowsthat [he medeldeesnot
describeproperlyte O/N2relativevariatiensduring the consíderedpened.The
O/N2 ratio decreasefer April 10 relativete April 07 predictedby MSIS-83 is
enly 6% al our bestestimateof IheF2-layerpeakheightwhile [he decreasere-
quiredte lib theebservatiosisis moretbana factorof 14. On the etherhand,the
absolute O/N2 values are close te íhe MSIS-83 predictien for April 09 and
April 11. Sucha strongq(O~)/j

3 decreaseen April 10 mainly resultedfrem [he
[O] decreaseby a factor of 6 andmolecular[N

2~and [Oj speciesincreaseby
the factors of 3 and 16, respectively (Fig. 5).This typeof neutralcompesitien
changeis typical of [he auroral zenewberestrongJouleheatingresulísin al-
mospheric upwelling fellowedby adecreasein light atmospheric species and

increase in heavy species abundasice (e.g. Prólss and Fricke, 1976; Trinks ci al.,
1976; Prólss,1991). fe reasenfer suchchangesmay belocal Joulebeatingas
strengelectricfields up te 75 mVm were ebserved al Milístene Hill during
momingbours.On te otherhand,perturbedneutralcempesitienasid tempe-
rature(Fig. 5) may havebeentransferredfrom high latitudesby a strengequa-
torwardwind duringpostmidnightheurs(Buonsantoel al.,1992).Se themain
reasenfor Ibe observedtenfolddecreasein electrencencentratienatthe F2-la-
yer heights en April 10 appearste be the strong decreasein the ienizatien
ratedue te an [O] decreaseand asi increaseof [he 0~ recembinatienrate.fe li-
nearlessceeffícient13=71[N21 + ~jOj hasincreasedab hf2 heigbtsby 4.2 times
en April 10 with respectte [hepresten dayof April 07. The calculatedverti-
cal plasmadrift W (presumablyresulting frem Ihe meridional thermespheric
wínd) is morepositivefermoredisturbeddays(Fig. 4) in accerdancewith Ihe
presentdayunderstandingof the global circulatienpattembut becemesstreng
negativeenApril 11. fe reasenfor suchchasigein [hethermesphericwind di-
rectionis not clear,but tbis is impertantfer furtberdiscussien.Indeed,a fasíre-
ceveryof a]l thermespbericparametersenApril lIte te April 09 level (Fig. 4,
5) is puzzlingafter suchstrongperturbatiensen April 10. Hewever,accerding
te Prélss (1995)the ideathat cempesitienperturbations,oncethey havebeen
generated,«rotate»with the Earthis only schematic.Actually, Ibe disturbance
bulge will be pushedareundby winds asid maymevebackasid ferthin latitude.
Such effects were cenlirmedby the storm simulation (Fuller-ReweIl er al.,
1994)as well as by ESRO-4dalaanalysis(SkoblinandFñrster,1993). Se the
strengnerthwardthenmosphericwind calculatedfon Apnil II (Fig. 5) may
previdean explanatienfor the rapidchangesin [hethermosphericparameters
en April 11, the disturbancebulgewasjust sbifted te bigberlatttudes.The cal-
culatedexespherictemperaturesT~5 (Fig. 5) are clesete the MSIS-83 medel

predictiens and Millstene Hill estimatesfor alí daysether[han April lO when
MSIS-83gives ~1j<by 570 K lower. ~ calculatiensclearly shewte a strengat-
mosphericheatingen Ihe disturbedday of Apnil 10.
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April 07—11, 1990
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Figura 5. Calculatedneutralcompositionat 300 1cm andexospherictemperaturela, arecomparedto
MSiS-83 model predictions(dashes).Milistone Hill estiniateof Tex is shownaswell (solid),audcal-
culated meridionalthermosphericwind (bottompanel.positiveto Che south),ix shown.FiguresalongChe

x axisaredatesof April 1990.
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Beth analyzedcasesof midiatitude negadvestorni effect resultedítem
neutna¡compositionandtemperazure<tangesin accondasice[he acceptedcon-
cepí. Buí st higb-midlatitudesdaytime F2-layer negarivestorni effects may
havedifferentonigin although[bey¡coksimilar [e niidlatitudeenes.

Suchan exampleof’ strengnegativedisturbancein [be daytimeF2-region
demonstrateEISCAT obsenvañonsen Api-II 03, ¡992 (Mikhailev asid Sehíegel,
1998).DespiteEISCATis located¡si [heauroralzene,F2-regionduningdayti-
me(sunlit) hoursrnay beconsideredastypicalof níidlatitndeenecontre¡le-dby
localprocesses(Farmereta!., 1984; Lathuíllereasid Brekke, 1985),The April
1992period is verysuitablefon[he analysisas it includes titree previcus quiet
days,soApril 02 can be usedas aneference.On April 03, 1992 a stcepupsur-
ge of [he westwardExB drift startedafíer 1000 UT, peakedareund1200-
1400 UT at valuesof abouí2000 mIs, asid tlien subsideddownlo 1000 m/s.
Therefor,ameanvalueof 1700 mIs (E = 85 mV/ni) maybe accepíedfor tlie
analyzedpenied 1400-1500UT. ObservedN0F2 asid h,,F2 variationsduning
daytimehoursareshownlii Fig. 6. ‘¡‘he disturbedday of Api 03 is characíenized
by an increasein hJ2 ami a strongdecreasein N,y2 in companisenwith dic
pneviousquietdays.Suchhy2 asidN F2variationsaresimilar temidíatitude
negative.F2-layerstorni effecísresuñhigfnom changesof neutral composi-
fien asidtemperature,but [bemechanismof Uds negative disturbance is diffe-
rení. Accos-dingteebservatiosisN~ wasreducedby afactorof 6.4 andh ¡‘2

‘a
increasedby about40 km.

Electrendensilyprofiles resuhingfrom modelcalculationsiii companison
with the observedNe,(h) prefilesaredísplayedlii Hg. 6 (bottom pancís).The
calculatedvariations of [he neutral compositionduning dic March 31-April
03 peniod(Hg. 7) are not streng. Thisrnay beattributedte [hefact [batihe con-
sideredperiod (1400-1500111’) wasrelativelyclosete [hebeginningof [hege-
omagnetic storm at abouí 1000 (IT. Much moretime is usually required for

changesin [he neutralcompesition.Therefer,observedstrongNf2 reductien
from April 02 to Apnil 03 (by afactorof up te 6.4) is nol resultedfrom neutral
cemposition<tanges:[he0/142nadoequalste 5 enApnil 02 asid4.7 en Apnil 03
st the h,,F2heigbt.Also Hg. 7 revealsonly sínalíneutralceníposítion<tanges
at 3001cm altitude.On [heodienband[helinear lessceeflicieníP=~jN~+
fon 0~ ions increasedby afactorof 5 a [he¡‘2-layenmaximumhegbt. ‘¡‘bis re-
sults froin a largeincitasein by morethan a factor of lO duete ¡is depen-

denceen [heelectric freíd (ScAunk cea!., 1975).Therefore,[he very large oc-
gative F2-laye.rstorni effecí en Apnil 03, 1992 is mainly a consequenceof the
sírongelectric ficíd (E 85 mV/mt raíhertino of <tangesin neutral cempo-

sitien.
‘¡‘he observed steep upsw-ge of [he electric ficíd producednetonly negative

disturbancesí [he latitudesof EISCAT, but a daytime trough in latitudinal

distnibutionof NjF2. Hg. 8 .shews[he observedlatitudinal variationof N,,F2
Meng a chainof Ennopeanjonosondes[ations fon te sanietime ¡sierva!. Ne-
gativestornieffectUdc te[he high-latitudeelectricfield is seenextendeddewn
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Figura7. Calculatedneutralcomposition(at300 km) atadexosphcricteruperatureT for Ihe March3 1 -

April 03, 1992 disturl,edperiod.
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6. POSITIVE DISTURBANCE MECHANISMS
(MIO- ANO LOWER LATITUDES)

Among 15 precessesustedby Prólss(1995)aud4 processesmentionedby
Rishbetb(1991) equatorward-directedwinds associatedwith traveling at-
mosphenicdisturbances(TADs) fellewedby changesin globalthennospheñc
circulation as well as an increasein the atomicoxygenconcentratienmaybe
censideredas[hemainprocessesresponsibleter[hemidíatitudedaytimeF2-re-
gionpositivestornieffects.Let usconsiderthesemechanismsanalyzingthe Jan
24-26, 1974 stonnperiod (Fig. 1) as it was doneby Mikhailov eta!. (1995).

Figure 9 demonstratesD and AE index variationsfor Jan24-26, 1974
stormperiedwitb te SC en Jan25, at0500 UT. fis stormpeniodwas chosen
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— .4— .— &

1430 UT

-1

A-A A-A-A Tr yApr 01,92
Apr 02,92
Apr 03,92

56 ¡ 60 64
Magnetic Latitude,

68
deg

¡ 72

Figura 8. ObservedNmF2 latitudinalvariation for the chain of Furopeanionosondestations:Kalinin-
grad.Uppsala,Lycksele,Kiruna andTromso(FISCAT location). Daytimetrough is producedby en-

hancedelectricfseld.period.
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Figura9. Dst- atid AE-index varialionafor Che Jan24-26, 1974 stormperiod.ThreeconsecutivoAE-C
aud ESRO-4 pastagesin Che Americanlongitudinalsectorareindicated.Timeaxisis in UT.
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A. V. Mikhailov IonosphericF2-layerstorms

fon tite following reasons.First, [biswas an isolatedmoderatemagneticstorni
with well-definedSC andAE-index increasesup te 900nT. Second,very pro-
neuncedpositivestorni effectswereobservedat lower latitudesin theAmeri-
can sectorandatmiddle latitudesin Europe.Third, neutralcompositiondata
from two satellitesESRO-4andAE-C areavailable.lii accordancewith storni
onset,wemarkthe Americansectoras «nighttime»as SC tookplacearoundlo-
cal midnight andthe Europeansectoras «daytime»as SC falís en ¡norning
hours.

Neutralcompositionchangesmeasuredby two satellitesin the American
longitudinal sectoralongwi[h MSIS-83modelpredictionsareshownin Fig. 10.
AIí [hedabaare reducedto 250lan. fe orbit for presten quietdayof Jan22
waschosenas areferencete analyzeESRO-4data.fe MSIS-83model18 seen
te representquiet timevariationsfairly well (seealsoFig. 12),andso it maybe
usedwith someconlidenceas areferencefon AE-C storm time measurenients,
as AE-C data are net availablefon quiet prestonndays.Both satellitesde-
monstratea proneunced[O] increaseab lower latitudes while R(N2/O) =

(N2/O)tarm/(N2/O)qu¡ecrabio remainspractically unchangedab the F2-region
heights.Latitudinal variation of R(NJO) is shownin Fig. 10. It should be
stressedthatsuch a situationtakesplacein awide rangeof heightsaleng[hesa-
tellite orbits. Such a distribution of neutralcompositionimplies a non-baro-
metric law fon abomic oxygen disbribution presumablycausedby downwe-
lling relatedte distunbedthermosphericcirculation (Skoblin and Mikhailev,
1996; Mikhailov er al., 1997; Fñrsterel al., 1999; RishbethandMuller-Wo-
darg,1999).

Figure11 illustratesthe observedNmF2 andhmF2(from ienogramreduc-
tion) variationsfor Havana(23 N, 278 E, clv = 34.2). Quiet-timeNmF2 and
hmF2valuesfor Jan24, 1974 wereusedas a referencelevel. A proneunced
NmF2 positivestormeffecbis seenduringsunlithoursen Jan25. Background
NmF2increaseasidanupsurgeafier 12LT followed by adownfall at 1500LT
areobsenvedin NmF2daytimevariatiens.fe hmF2variationsarevery strong.
For furtheranalysismedianNmF2 andbmF2 valuesfor day-time heursof
Jan24 andJan 25 were fonud. They tumedout te be those observedjust
around1600LI, le. tite timeof AE-C measurements.Titesemedianvaluesare:
lgNmF2= 5.68 andbmF2= 244 lan for Jan24 andlgNmf2 = 5.97andbmF2=

300km fon Jan25.
Let usestimateNniF2 positivestornieffecbsresultingfroni observedneutral

compositien changes asidstorni inducedequatorward[hermosphericwind. Ac-
cordingte[he well-known expressionby RishbethasidBarren(1960)

Na,F2=O.75*qa,//3a,ociO] ¡[Al2] (1)

whereion productionrateq~ and loss ceefficientj3a, aregiven ab the F2-layer
niaximuntIn titis caseNmF2 vanesalengwith [O]~/[Nj~ ratio but bsiff2 also
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A. V. Mikhailov
vanes as we pass from quiet te disturbedthermesphere.Fon conveniencewere-

write [bis expnessionfon afixed beigbíb, (Mikbaiievel al., 1995)

N~,F2oc (2)

Tliis expressienshews[¡mtNmF2 will increaseprovided the absoluteate-
mic exygencencentratien[0] increases,while [0]I[NI mayremainunchanged
al anyfixed level — dic situatienwebaveaccondingte satellitedata. NmF2 va-
hesas [01067accerdingte [hesimplifred expressien(2). An accuratenumerical
continuity equatienselution,íaking into acceuntalí the precessesrespensible
fon bheF2-layerfermationandthe real thermosphere,givesa little steeperde-
pendenceas ~ fus an [O] increaseatlower latitudesduetedownwelling
motion resulting from sterm-inducedequaterwardtbenmesphericwind, can
really centnibutete [hepositiveNmF2 stermeffectwhile R(NJO)rafe remains
unchanged.

Te estimatetite quantitativecentidbutienof A[0], Aj3, AT~, andAy, te the
ebservedANmF2 andAlnnF2 storni effect, we use merepreciseexpressiens br
idealizeddaytimestatienaryF2-layermodel(Jvanev-KholednyandMikbailev,
1986)Theseexpressiensresultedfnom an analyticalselutienof [he centinuity
equationfon electrencencentratienin tite F2-negien

4 2 2 1AIgN0F2 rz—Alg[O]——Algf3+—AIgH——Alg(0.54d)+AIgJ0 (3)
3 3 3 3

AhF2 2.3H~ 199+ —/0.543 .flg([05 lg(H 2

1 22.3Hz,~í CQ ~ ~+l H—¡05
jqq 4d4)}guz1’g~.

wherc [0] is [he atomicexygencencentration,and ~3is tite lessceefficientat
anyfixed heigbt, fi is [heatemicexygenscaleheight,J0is tbe ienizatieneffi-
ciency,d = l.38(l0’

0(T~/1000~5is the diffusienceefficientaudq ands indices
cerrespondbe quieb and stermconditiens.Wc can extracíthe explicit depen-
denceenT

0 in the exprcssien (3), andassumingAIgJ0= O fon neighbering days,

we can wnte

4 2 2
AIgNa,F2=—Alg[O]---—Algf3+—AIgH——Alg(0.54d)+Alg.10 (5)

3 3 3 3
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A. V. Mi/thai/ev ¡onospheríe [2-/ayerstorms

Titis expxessiondoesnoldepesiden iteightfox any isotermalatmosphereiii
whichscale iteights fon [O] and[3are relabedas H(O) = 2H(j3).

Let usconsidertite physicalmechanismof thepositivestorm effect in tite
«nighttime»(relative[o the storni onset)Americansector.AIí bite tbermosp-
hericparametersare reducedte a fixed iteight of 250 km wibh [heitelp of tite
MSIS-83medelwbieh víassiormalizedby AE-C measured[0], [1%]andT.
Tite aeronomicparametersat 250 km and 1600 LT usedin calculations,are
sitownin Table 2.

Tabie 2. Aeronomicparametersat 250km and1600LT usedlii [hecalculatiens.

Dare [0]
K cm3

[021
cm-3

[Al
2]cm-3

y y
cm-1r’ cm10

¡3

Jan24
Jan25

845 9,81 + 8
1.096 2,23+9

1,68 + 7
3,50 +7

3,29+ 8
6,64+8

6,35-13 8,94-12
1,07-12 7,45-12

3,59-4
9,71-4

Scaleiteigbtsof neutralgasesand someodienparametersat tite heightof

hmF2necessaryfor furtherdiscussionareshownin Table 3

Table3. Scaleheightsof neutralgasesandparametersathmF2height.

ff(Al
2] JO]

km cm’~

27,7 1,11+9
35,9 1,00+9

[O]~
cm

2,15 + 7
7,12 + 6

[Ni ¡‘94enE

4,09+ 8
1,65 + 8

(O/Al9a,,~

¡ 2,71 1,80-4
6,06 1,71-4

New we can write down tite contribubionof variousterms in Eq (5) [o

AIg NmF2 in Table 4.

Tahle4. fe contributionof variesis terms Eq. (5) teAIg NmF2.

4/3A2y[O] Z2/3Alg/3 1/2AlgTn Sun, AlgAl,nobs Windcentr.

0.476 —0,288 0,056 0,244 0,290 0,046

Date

Jan24
Jan 25

H(O)
km

48,4
62,8
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A. V. Mikhailov Ionospheric F2-1ayer storms

Apart from neutral composition and temperature changes, vertical plasma
drift due to thermospheric wind may cause the NmF2 variations. The differen-
ce between illgNmobs and the sum of the contributions of [O], 13 and T n equals
0.046 (see Table 4) and this may be ascribed to the vertical drift effect. Accor-
ding to Ivanov-Kholodny and Mikhailov (1986, formula (2.43» this vertical
drift contribution corresponds to ~Vz = 5.1 ros-l. This value can be checked
using fue observed M1rnF2 = 56 km and Eq.(4). From Eq.(4) it follows that the
sum ofthe contributions of~[O], ~13 and ~Tn to /1hm is equal48 km. Thus the
vertical drift contribution to Mim equals 8 km and this corresponds to ~ Vz =
5.2 ms-l (Ivanov-Kholodny and Mikhailov, 1986, Eq.(2.44». Therefor, ~V z de-
rived from two expressions is self -consistent.

The survey of fue results presented in Table 4 shows that atomic oxygen
concentration variation contributes largely to fue observed background ilNmF2
increase i.e. it may be regarded as fue main reason for the prolonged positive
storm effect. The averaged daytime vertical drift contribution to this back-
ground NmF2 and hmF2 increase is rather small- about 10% in NmF2 and 8
km in hmF2. Therefor, OUT analysis confirms the suggestion by Rishbeth
(1991) that atomic oxygen concentration increase provides the main contribu-
tion to the positive storm effect but only in the «nighttime» sector as in the
«daytime« sector fue mechanism is different (see below). On the other hand, fue
NmF2 surge after 1200 LT followed by a NmF2 downfall at 1500 LT results
from T AD passage over Havana. The F2-layer is non-stationary during this pe-
riod and cannot be analyzed with fue help of the analytical approach described
above. A non-stationary continuity equation numerical solution was derived to
get an idea of real vertical drift variations. Observed hmF2 were fitted by Vz
and resultant Vz daily variations are shown in Fig. 11 (lower graph). Observed
NmF2 daily variations were used as an independent check for OUT VZ calcula-
tions.

Let us consider the European longitudinal sector «<daytime» relative to
the storm onset) where pronounced positive storm effects took place during fue
Jan 25, 1974 geomagnetic storm (Fig. 1). Unlike fue rnidlatitude American sec-
tor these positive storm effects were not followed by negative disturbances du-
ring day-time hours (positive storm of type 1).

Observed daily NmF2 and hmF2 (from ionogram reduction) for Jan 25 in
comparison with quiet day of Jan 24 variations for Juliusruh observatory (54.6
N, 13.4 E, <1>. = 54.4) are shown in Fig. 12. Atomic oxygen [O], molecular ni-
trogen [NJ, ~~ well as fue R(Nz/O) ratio observed by AE-C in the European
sector at about 1500 LT on Jan 25, are shown on the right-hand side ofFig.12.
Quiet-time MSIS-83 model variations are given as well. Such a comparison
with MSIS-83 model is valid because ESRO-4 observations in fue same longi-
tudinal sector on Jan 22 (prestorm day) coincide with MSIS-83 model for
quiet-time conditions (right-hand side ofFig.12, bottom box) Calculated by fit-
ting model hmF2 to fue observed ones vertical plasma drift daily variations are
shown in Fig. 12 (bottom panel).
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Unlike [heAmerican(«nighttime»)longitudinal sector,neutralcompositien
perturbationsturnedout te be restrictedte tite itigher latitude regien (Prólss,
1995) as the storni onsettook placein the day-timesectorandno perturbation
of neutralcompositienwas ebservedatmiddle latitudesin Europeduringsun-
lit hours(so called «forbiddentime» fon [henegativestorm onset,seeaboye).
Tite calculatedverticalplasmadrift is seentebecomemorepesitivejust aften
the stormonset(about0600 LT) fon Jan25 cempanedtequiet dayof Jan24,
when weitave the usual daily variatiensof wind pattemwith polewardtiter-
niespbericwind during day-timeheurs.fenefor,en onehand,tite backgreund
daytime(equator-to-pele)andstonni-induced(pole-to-equator)thenniospberic
wind interactionresultsin disturbedneutralcompesitienrestnictedte high la-
titudes.Ontite otiter band,it decreasesnormalpolewardmeridionalwind asid
makesverticalplasniadrift morepesitive.This increasedverticalplasmadnift
maybe consideredas the principal causefon tite positivestorm effect in tite
sunlit winter mid-latibudeF2-regionas the neutral compositionremainsun-
changed.

Titere is asi additionalcause maldng easier dic pesitive storm effect te occurin
winter. Winter thenmesphereis ceidand tite neutral scale heightis small. Se ene
andtite saniehmF2displacementduetetite verticaldrift resultsin mereNmF2
changesin winter cemparedte anyo[her seasenas in winter [heF2-layer tums eut
in the thermesphere with more abundant atemic exygen. It may be shown that

AIgNmP2/AVz is systematicallyhigiter in winter cornparedte sunimerin the
whelerangeof plausibleverticalplasmadnifts Vz (seealsePrólss,1995).

7. DISCUSSION OF THE STORM MECHANISMS

SolarEUV ionizing flux, thermosphericneutralcempesitienand winds
areknownte be the principal aerenomicparanieterswhich control tite day-
time F2-regien.fe analysisof AE-C andESRO-4neutralcempositiendata
alengwith calculatedmeridional thermosphenicwind fer quiet-time and
stermcenditions,leadste the cenclusienthat tite interactionof background
thenmesphericcinculatien(resultedfrem solarheating)andstenm-inducedcm-
culation(duete high-latitudeenergyinputs) is the mainphysicalprecessgi-
v¡ng risc te [he variety of storni effectsin the mid- andlewen latitude sunlit
F2-regien.

Tite niechanismof the F2-layerstormpesitiveeffect is differentte some
extentin the «nighttime»and«daytime»(relativete [he storm enset)longi-
tudinal sectens.The storm-induced(equaterward)thermosphericwind coin-
cideswith titat of tbe backgroundin the nighttimesectorasiddisturbedneutral
compositionspreadsfar towardslew latitudes.Upwellingandhorizontalad-
vectienleads[o R(N2/O) increaseat highasidniiddle latitudes,and[hisresulís
in tite negativestorni effect duning tite fellewingday.Dewnwelling at lower
latitudes leads te an mercase in [O] and [N2] abselutecencentrations,while
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tite R(NJO)ratio remainspracticallyunchangedabtite heightsof theF2-layer
(Fig. 10). Theabsenceof anynoticeableR(NJO)variationab lewerlatitudes,
accordingtesatelliteebservationandrecení3D modelcalculations(Fónsteret
al., 1999; Rishbebit andMuller-Wodarg, 1999), was obvieuslythe reason
wity neutralcomposibienchangeswerenot consideredas a sourceof positive
stormeffect (Prñlss,1995).However,tite theoryof F2-layerfonmationgives
differentdependenciesof NmF2 en [O] and [N~].fe grewthof atomicoxy-
genabsoluteconcentration[O] (whenR(NJO)is uncitangedattheheigittsof
F2-region)doescontributetethe positivestorm effectappearance(seeTable
4).fe stabiity of tite R(NJO)ratio ab lower latitudesimplies tite influenceof
someothenprocessesapartfrom thermosphericexpansiondue[o temperatu-
re increase(Mikitailov eral.,1997),andtitis wasemphasizedby Prólss(1982).
fe downwellingmotion of atomicexygenis the mostprobableprocess.

It is importantte empitasizethabthe increaseof absoluteateniic oxygen
concentration(low-latitudecase)providesonly abackgroundNmF2increase.
Additional effectsare relatedtetite equatorwardtitermosphericwind changes.
StrongNmF2 asidhmF2 variationsobservedin 1200-1600LT (Fig. 11) are
causedby TAO passageresultingin verticaldrift changesup te (20-30ms-
fis TAO was launcitedby enhancedauroral iteating (AE -index upsurge
around1700 UT, Fig. 9) andits passageis seenon otherAmericanionosonde
stations,e.g.Beulder(Fig. 1).Apart from suchTADs effects(Prñlss,1995)a
general(background)increaseof storni inducedequatorwardwind exists.Ac-
cordingbo ourmodelestiníates,titis resultsin (Vz of about5 ms-1 for tite dis-
turbeddayof Jan25. fis verticaldrift averagedoverday-timehoursalsocon-
tributes te tite positiveNmF2 effect,but tite centnibution is fairly small
coniparedte titeA[O] effect.

Suchsmallverticaldnift allowstite F2-regionisobaricconceptby Risitbeth
andEdwards(1989)te be efficient in this case.Gaspressuredeesnot practi-
cally changeat hniF2 (seeTable 3). Tite isobaricconceptallows te estimate
NmF2variations(whenverticaldrifts aresmall), but it saysnothingabouttite
contributionof variousaeronomicparameterste titeseNniF2 vaniations.Inde-
ed, atenueoxygenconcentrationdid nobchangeattite hmF2(seeTable 3) and
enemayconcludethat theatomic oxygenpreductionratedid not chasigealso
(seeEq. (1)). fus, observedNrnF2 increasewas duete tite loss ratedecrease
as [N

2] decreasedat itmF2 (seeTable 3). In fact, [his is net so, as the titen-
mospitereenrichmentwith atomieoxygenis bhemainreasenfor tite positive
storni effect andthisis clearlyshownby ourcalculations(seeTable 4)

Alí our estiniates were made assuniing tite validity of barometrielaw,whi-
le downwellingresultsin anen-barometricheigitt distributionfon atoniicoxy-
gen.Indeed,only in titis case,R(NJO)maybeuncitangedin a wide rangeof
iteigitts. An estimateof [hedownwellingen atoniicoxygenheightdistribution
(Mikitailov eral., 1997) shows that we may expect an additional25-35%in-
creasein [O]. fus tite conclusionregardingthe leadingrole of atoniicoxygen
in positivestorni effectswill only be enforced.Qn tite otiter hand, the winter
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midldtitudeF2-layer positive storm effect in the «daytime»sectorresultsenly
fnom verticalplasmadrift changes,as [O] and[N2]absolutecencentrationsre-
mainunchanged.

Accerdingte Zevakinaand Kiseleva (1978) midíatitudepesitive distur-
bancesaremeneprobableal low magneticactivity. This is clear, as theback-
greundthenniosphericcinculatienturnseut [o be alittle dampenedby modera-
te auroral heating,but nol revensed.In thiscase,wehaveno changesof neutral
compositienatniiddle latitudesbuí increasedverticalplasniadrift only — tbe si-
buatíen is similar te thai fon ihe Jan 25 1974 storni in ihe Europeansector
(Fig. 12). Whengeomagneticactivity (andauroralheabing)elevates,[heancaof
increasedN2/Oratio spreadsfurthentethe equatorandnegativeNmF2 distur-
bancesappearat middle latitudes,while [he areaof pesibiveNmF2 perturba-
tions shifts te lewer latitudes. The nigbttinie sectorwith pele-te-equaterback-
greundthremosphericwind, as well as sumnierseasoncenditionswhen
daytimepolewardthenmosphenicwind is weakened,areprefenablefon sucha
spreadof increasedN,IO ratio towardslewen latitudes(cg. Prólssaud von
Zahn, 1977).

Thus the mecbanismof interactionbetweenbackground(selan-driven)and
stonni-induced(duete high-latitudeenergyinputs) thenmesphericcirculation
with subsequení changes in neutral compositien asid temperatureenablesteun-
derstandihe main morphologicalfeaturesof daytimemidíatitudeF2-layer
storni effects.

With regardte tbe nigititime F2-layerthe situationleoksmerecemplicated
becauseadditionalprecessesareinvolved.Nighttime F2-layeris lifted by [be
selar-drivenequatorwardmeridionalthermesphericwind bighenoughfrom the
region of stnengnecembination.fe characteristiclime of NmF2 changeswith
respectte necombination(tchem 1/I3~) is morethan 10 h andNmF2 is not
very sensitivete changesin neutralcempesítíen.Thenefor,additional sterm-ín-
ducedpele-to-equatortbermosphericwind carnyingperturbedneutralcempo-
sitienmayresult in further hmF2increaseonly withoutnoticeablecbanges¡e
NmF2.Only in the morningwhenverticalplasmadrift (relatedte the equator-
wardmeridionalwind) decreases,the F2-layershiftsdown andplungesinte the
disturbedneutralcompositionwitb highN,/O ratio. Re necombinationnatein-
creasesresultingin thenegativeF2-layenstorni effect usuallyobservedin [he
earlymomingbeurs(Pndlssandvon Zahsi, 1978).

Niglittime NmF2 variatiensmainly nesultfnom [hebalancebetweenplasma
influx from ihe plasmaspheric tube of force andnecembinatien.Variationsin
plasmaspheric flux niay nesult in large NmF2nigbt-to nightchanges(up te fac-
tor of 7) evenin quietgeemagneticcenditiens(Mikhailov andFónster,1999).
Such strongNmF2 variatiensare comparablewith seveneF2-Iayenstermef-
fecis. Plasmasphericfluxesarecontrolledby niany pnocessesandplasmacern-
pression(decenipnession)in a magnetictubeof force undentite actionof ExB
drift is eneof tite tbem.Titerefon,nighttimeF2-layenstormmechanisnisrequire
furthercensideratiens.
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8. F2-LAYER STORMS Al GEOMAGNETIC EQUATOR

A surveyof ionosphericstormsin thc equatorialF2-regionfor tite periedof
onesolarcycle (Adeniyi, 1986)showsthatthepositivedisturbancespredemi-
nate(abeut90% of ah tite cases)during the mainasid recoverypitasesof the
geomagneticstorms.PesibiveF2-layer stormeffects prevalenceduring geo-
magneticdisturbedperiodswas mentionedin (Matuura,1972; Chandraeral.,
1973; ShanmaandHewens,1976; Rajaram,1977).HowevernegativeF2-layer
storni effectsmaytakeplaceduringseveremagneticstonms(Kane, 1973; Tu-
runenasidRae,1980; Adeniyi, 1986).

fe fonsiatienof equaterialF2-layeris ksiownte beunderstrongcontrolof
ExB dnift andmanymorpitolegicalfeaturesof [heF2-layerare relatedin zonal
Ey electric freíd variations.Electric ficíd ebservationsin American (Fejer,
1981,1991)aswell as in Indian secters(Viswasiathanera!., 1987;Namboethiri
eral., 1989; ScherliessasidFejen,1997)showthe decreaseof eastward(during
sunlithours)electric freídEy resultingin positivefoF2 storni effect.Negative
F2-Iayerstonweffect is usuallyattnibutedto theenitancementin tite eastward
Ey resultingin tite increasedplasmauplifí from [heequatenialF2-layer,NnIF2
decreaseasid[heequatonialanomalyenhancement(RagbavaraoandSivaraniasi,
1973; TumnenasidRae,1980; Adeniyi, 1986).A specialcaseof negabiveF2-
¡ayerstorni effect causedby strongdownwardplasmadnift (westwardEy) is
consideredby Mikbailov andLeschinskaya(1991). fus equatonialF2-layer
disturbancesaresupposedbebecausedby electric ficíd variatiens.Meanwhile
neutralgascompositionchangestakeplacein tite equatorialF2-regionduiing
geoniagneticdisturbancesas well (Prélss,1982,Prñlss,1993b)audtheymay
contributete the F2-layer storni effecb as it was shownby Mikhailov er al.
(1994).Teestimatethe effectsof electric field andneutralcompositionvaría-
tions titree disturbeddays of Sep 15,16 and 23, 1973 were chosenfon tite
analysis. fese days were markedby proneuncedF2-layer disturbancesat
equatoriallonosondestationHuancayo(125, 284.7E) asidESRO-4measure-
mentswereavailablein tite Americanlongitudinalsectoras well. Moderatege-
omagneticdisturbanceswith AE up te 600 nT andDst down te—30 nT took
placeon Sep 15 and 16 whule strongergeomagneticvaniationswith AE up te
1500nI andDstdewnte—60 nI were registereden Sep23. Figure 13 sbows

observedandnienthlymedianfeF2 variatiensfon titreedaysin questionas well
as hmF2 derivedfrom M(3000)F2parameter.Proneunced,stablenegative
(—2MHz enSep 15 ) andpositive(+3 MHz en Sep 16) foF2storni effectstoek
place durisig sunlit hours. Sept 23 gives a different typeof variationswith apro-
neuncedpositivefeF2effectbeforenoenfollowed by asharpfoF2decreaseaf-
ternoen.

A titeoreticalmodelby LeschisiskayaandMikhailov (1984)wasusedin tite
calculatiens.It was showntbatasimpleform of [heelectronconcentrationcon-
tisiuity equationconidbe usedin tite vicinity of geomagnetieequatorte des-
cribetite electrondensitydisbribution
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ú+ (—~-+v )É~+ I?ftL( &InT~ +i)+á-11+p}n=q (6)
ar Y r ¿>r ~ ry 3r H)rJ

wheresi — electronconcentratiencqualste [Of], Da — ambipolardiffusien ce-
efficienb; r — geocentnic distance; V~ — verticalE x B plasmadrift; Te — electron
temperature; 1-1 — plasmascaleheight; 3 — loss linear ceefficient; q — EUV ie-
rnzatienrate.

Tite MSIS-83 medelneutralcencentrationsusedin calculatienswene nor-
nializedby thosemeasunedby ESRO-4andtheverticalplasmadrift, Vz is the
only unknownparameterwhichcan be feund previdedthat[heobservedNmF2
asidhmF2arespecifred.Tite calculatedverticaldrifts fon [breedaysare shewn
in Fig.13. Tite resultsof calculationsmay be analyzedwith tite help of an
analytical expression resulted from the analysis of thecontinuity equation(6)
nuniericalsolutien(LeschinskayaandMíkhailev, 1985)

¡AlgNmF2 = l.0Alg[O].~0.48AIgf3~.~7.75*lUA 1K, flg—1- (7)
1,

where[O] and ¡3 = y
1[N2] + yjO2] arespecifiedal anyfixed beigití (cg. 400

km), Vz (m s’, positiveupward)asid 1 — EUV solar flux. AlI necessaryaeno-
nomicparametersused in calculationsas well as quantitativecontnibutionof
vaneustemisof Eq. (7 ) teAlgNmF2 arelistedin Tables5 asid6. Tite meststa-
tionary peniodof thedayareund14 LT was chesenfon the analysisof Sep15,
16 and II LT (justbeferefeF2 dnep,Fig. 13) fon Sep23.

Table6 showsthatneutralcompesitienchangesmayprovidea majencon-
tribution te theebservedANmF2 vaniations,fon exampleen Sep23. Vertical

TaHe5. Aeronomic parameters at 400kmusedin [hecalculatiens.
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Table 6. Thecontributionof vanioustenms(7) te AIgNmF2

Date Sep.IS Sep.16 Sep.23

l,OAlg[O] 0,0 0,14 0,31

—0,48Alg[3 0,02 —0,07 —0,17

7,75 * 10~AVV —0,18 0,20 0,03

lgI/Ia,~ 0,0 0,0 0,04

AlgNm —0,16 0,27 0,21

AlgNm (obs) —0,16 0,27 0,23

plasmadrift, howeven,is tite main reasonof tite ebservednegabivestorni effect
of Sep 15 andpositiveeffect en Sep16. Surelysharpchangesof tite vertical
dnift after 12 LI en Sep23 is tite neasonfor tite observedaftemoonfoF2falí. It
sheuldbe mentionedthat essentialabomicoxygenpesitivecontributiontursis
oub te becompensatedby halfdue to [N2] concentrationincreaseresulting in
bhelesspnocessenhancenient.

Ihe calculatedverticaldrifts (Fig.13) arequitediffenent for titreedaysin
question.Theneis asbrongupwardVz of abeul40 ni r’ (Ey = 1 mVm ‘)on
Sep 15 which is moretitantwicetitat the quiet time Vz. Irregularvariatiensof
Vz aroundzenetake placeenSep 16 asid is closete quiet timevariationsbe-
fore neonfollowed by a shawupsurgeof Vz up te60 ni r’ (1.5mVm’) at 13
LI en Sep23.

The neality of calculateddnifts is cenfinmedby vertical drifis measune-
menbsatJicamarcaincohenentback-scatterfacility andby greund-basedmag-
neticfreíd observationsas well. Accordingte (Fejer, 1981,1991;Schenliessand
Fejer,1999)equinoctialquietdaytime(14LT) verticaldnift is about13 ms-

1 ab
low level of solaractiviby asid it niay reacit60 — 70 ms1 duringdisturbedpe-
rieds(Weodman.1970; Woodmanet al., 1972).

lite observedgnound-basedH-compenentmagneticfield variationsmay
serveas anindependentcheckof the calculatedverticalF2-layerdnifts becau-
se of closerelabion betweenelectric frelds in [heequaterialE andF2 ionosp-
hericnegions(BalsleyasidWeodman,1969;Fejeret al., 1976; Viknamkumarer
al., 1987).Suchananalysisof AH variationswas niadefon titreedaysin ques-
tion by Mikhailov el al., (1994)andAH relativevariationswereshownte be
closete tite calculatedvariationsin Vz.
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Usually equaborialF2-layerdisturbancesare relatedas nientionedaboyete
bheExB dnifí variatiosissincestorni neutralcomposibionchangesarenot bitat
impressiveas at itigh asidmiddle latitudes.Besides,O/I4~ natio (which is be-
lievedte defineNnff 2) practicallydoesnebchangeat lowen latitudesduring
stormperieds(seeaboye).Accondingte abiteeryof [he equatoria]F2-Iayenfon-
mationbite NniF2 dependesiceen [O] asid [Na,]is different (seeEq.(7))resulting
in aposutiveNmF2 stornieffectdespiteunchangedO/N2natiosimilar temid-
latitude F2-region(seeaboye).Howeverhalf of this [O] positiveeffect is ceni-
pensatedby [N2]increasenesultisigin loss pnocessenitancenient(Table6>.

Let usconsiderExB verticaldrift effects.Observatiosisof day-tinie vertical
plasmadrifts andF2-layerparanietervariatiosisin American(Fejer, 1981,1991)
andIndian(Chasidra,1973; Rajarani,1977; Viswanathanel al., 1987)equaterial
iosiospheneshow[habas arule, tite usualeastwardEy electricfreíddecreasesdu-
ring storni periods.fe decreaseof upwardplasniadrift nesultsin NmF2 in-
crease,day-tinie«bite-out»asid equatenialanonialydisappearance(Rajaram,
1977; Alex eral., 1988 ). Rus the decreaseof regulareastwardEy is an effec-
tive mechanismof tite positiveF2-layerstornieffect whicit is clearlyseenin Fi-
gure 13 for Sep16. An increaseof bheeastwardEy, resultingin siegativestorni
effects,is usuallyebservedduringseveremagneticstenms(RagitavaraoandSi-
varaman,1973;TurunenasidRae,1980; Adeniyi, 1986).Figure 13 demenstra-
tes suchan effect for theaftemeenhounsen Sep23. Bub tite sanieniechanism
may work at low level of magnetieactivity as sitownin Hg. 13 fer Sep15.

Tite equaboria]zonalEy electricficíd asidverticalplasniadrifts areknown
bebe closelyrelatedteB~ composientof interplanetarymagneticfreíd (IMF) va-
riatiosis(Reddyeral., 1979;Gonzalesel al., 1979; Sastny,1988;Demisiovand
Deminova,1988; Fejer.1991; Mikitailov el al., 1996).Zonalwestwardelectric
freídperturbatiosisduring day-biniehounsare eftenasseciatedwitit napidnorth-
wardcitangesof IMP (Fejer, 1991).Re casewe haveaften 15 UT en Sep 16
andafter 13 UT en Sep23 (Fig.13).EastwardEy perturbationsareassociated
with suddenincreasesin convection (southwardturning of Hz). fis takes
placeduring day-timeitours en September15 andareusid17 UT en Sep23.
CleserelationbetweenAE-indexasidchasigesof Hz componenbwasdenions-
tratedby Kane(1974).Re nevensalof Hz froni nortitwardte seu[hward is ane-
cessaryandsufficientconditionfon AE citanges(Kane,1974; Mikhailov er al.
1996).fus Hz of IMP andAE index variationsniay beusefulfon tite equato-
rial F2-layerstornieffectsexplanatien.

Summanizingthe nesultsof tite analysisenemay concludetitat generally
vertical ExB plasmadrift defines tite type (positive er negative)of NmF2
stornieffect.NegativeNmF2perturbationsusuallyarecausedby increasedver-
tical (upward) drifts (easbwardEy increase).Ionesphericplasmais uplifbed
by titis drift froni theF2-region,titen drifbs alongtite magneticfreíd linesapart
from tite geoniagnetícequator(socalled feuntaineffect).Neutralconiposition
changesobsenvedat equatoriallatitudesareinsufficient be producenegative
NmF2 disturbances.A verystrongdownwarddrift (westwardEy)alsomayre-
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sult in negativeNmF2 effect (Mikhailev andLeschinskaya,1991) whenF2-la-
yenis pusiteddewnte lowen heightwhenenecombinationis strong.

Usually,a decreaseof [heupwanddrift enmederatedownwanddrifts carr-
ying plasmafrem tite topsidete [he F2-layenmaximumnesult in a pesitive
NniF2 effect.Atomic oxygen [O] concentrationincneaseobservedin theequa-
tonal thermospiteneduring magneticallydisturbedpeniods may essentially
contributete tite pesitiveNmF2 stonneffectprevidedthat verticaldrift varia-
tions aresmall.

9. CONCLUSIONS

Ienesphenic F2-layerstormsis a very interesting andchallesigingglobal
scaleupperatniosphericpitesiomenonbeing studdedfon moretitan 60 years
sinceits disceveiy.An obvious pnegress has been achieved fon tite last decades

in undenstanding the physicalprecesses respensible fon niany F2-layen storni

effects.Ground-baseionosondeandinceherentscatterionosphericobserva-
tions, satellitemeasunementsof neutralatmespheneparametensalengwitit 1-
3D theoreticalmodelling of tite coupledtitenmospitere-ionospitenesystem
enableteestablishaitierarchy in along list of pnocessescontributingte tite F2-
layenstormeffects. Neutralcempositienchangeswitit decreased[O] andin-
creased[N2]asid [02] alongwitb enhancedT~ arebelievedte betite main nea-
senof the midiatitudeF2-negiennegativestorni effect.Theseperturbatiensof
bite thermespitenicparametersresult from changesin tite thermospiteneglobal
curculationcausedby higit-latitudeenergyinputs (Jouleiteating andparticle
pnecipitations)during geomagneticallydisturbedpenieds.This mecitanism
baseden tite isiteractionof backgnound(solar-driven)andstonm-¡nducedtiten-
mosphericcirculatiensystemsenablesteexplaintite main negativestermfe-
atunes: latitudinalandlongitudinal dependence, seasenal andlocal variatiens
(Ficid eral., 1998).Tite otiten effectsrelatedte vibnationallyexcitedN2,elec-
tric fields, plasmasphericfluxesetc. are net [habinipontantat midíatitudes
duringdaytimeandeasilymaybe compensatedin medelcalculationsby ad-
ditional sniall changesin neutralcomposition.

Situationwith [he midíatitudepesitive storni effect is net [habclear.Tite
main questioncencerus[heincreased[0] and[he sterm-inducedequatenward
thenmospitericwind contributionste [hedaytimeF2-layerpesitivestonmeffect.
Accondingte Rishbetit(1991)tite [01 increaseprevidestite main centribution
teeffect while Prólss(1993b,1995)supposesthatTADs andtite equatonward
thermosphericwind are tite main reasenof tite F2-negionpositivepertunbatiens.
Qur analysis shows that betit pnocessesmaybe nesponsiblefon tite ebserved
stornieffectsdependingwhich longitudinalsector(«nigitttime»en«daytinie»
with respecttetite stermonset)wecensider.Suchlongitudinal diffenencesmay
be successfullyexplainedin the fnamewonkof tite samedisturbedglobal cm-
culationmecitanisni.
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fere is still apreblemwitit [henigitttime positivestornieffect.Additional
processessuchas an increasedplasmasphericinflux dueteplasmacompnession
(Mikhai]ov andF(rsten,1999)maytunn out tebe important.Accerding[otitis
mechanismvery strosignigitt-to night NmF2 variationsare observedevenin
quietgeomagneticconditions.FutureinvestigationsshouldalsoincludetiteF2-
region penturbabiosisrelatedte meteorologicalpitenomena([hundenstornis,
strongcloudiness,atniosphericfrontsetc.).

EquatorialF2-regienmainly is controiledby ExE plasniadrifts (Ey com-
ponentof the electric field) nelatedte IMP anditigh-latitudeelectric freíd va-
niatiosis. Titerefor, strongNniF2 variatiosisare not necessaryrelatedte geo-
magnetiedisturbances.NegativeN¡nF2perburbationsniay becausedbobh by
upwardExB drift increasedue te piasmaoutflow froni tite F2-regionandby
strongdownwarddnifts resultingin tite recombinationTate increaseal lower
iteights. fe effects of neutralconiposition<tangesarenot very strong.but an
increasein [O] niay contributetetite positivestorni effectwiten ExB dnifts are
small. On tite odienhand,negativeNmF2 penturbatiensarenot nelatedto neu-
tral conipositioncitanges.
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