
Física dela Tierra 155N: 02144557

2000,12,155488

Tite ¡onospitere:aeronomical
andmeteorologicalaspects

EdwardKAZIMIROVSKY

Instituteof Solar-TerrestrialPhysics,664033P/B 4026, Irkutsk,Russia

«Everytruthis fatedto enjoyonly onemoment
of triurnphbetweeninfinity whenit is considered
misleading,andinfinity whenit isconsideredtrivial...»

H. POINCARE

ARSTRACT

An overview in briefof themain ionosphericprocessesare presentedandcouplings
from belowarestressed.TheD-regionaeronorny,the winter anomalyof radiowaveab-
sorption,wavedisturbancesandregionalfeaturesof the thermosphericwind regime,te
sporadicE-layeroccurenceandstructure,te variationsof atmosphericemissions,the
global morphologyandtemporalvariability of F-region,F-spreadeventsetc. shouldbe
consideredin connectionwith troposphericandstratosphericprocesses.Thereare eví-
dencesfor interactionsbetweenphenomenaassociatedwith tbunderstormsand lo-
nosphere.The long-termtrendsin sornethermospherieand ionosphericparameteres
couldbethe sequenceof te greenhousegasesconcentration.Sorneof experimentaljo-
nosphericdatamay be explainedas beingtheresuit of theforcing drivenby upward
propagationof tbe broadspectrumof internalatmosphericwaves(planetarywaves,ti-
desandgravity waves)from te numeroustroposphericandstratosphericsources.
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1. INTRODUCTION

fle studyof the Earth‘5 atmosphereis of interestto scientistsfrom many
disciplinesandpresentda>’ knowledgeandunderstandingof te atmosphere
from thegroundto te highestlevelsis dic resultof thecombinedcontributions
of meteorologists.physicists,chemists,astronomers,geomagneticians,radioen-
gineersandspacescientists.This rangeof scientificdisciplineshas,not unex-
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pectedly,beenmatehedby an equally extensivevariety of experimentalap-
proachfrom standardmeteorologicalinstrumentation[o te modernoptical, ra-
dio andspace-vehieletechniquesyielding datafrom distaneesout [o andfar be-
yond,te limits of the atmosphere.Theseexperimentalstudieshave,over[he
years,beensupplementedby mucb theoreticalwork to give [he picture we
now haveof [hephysicalstateof Ihe eartb’supperatmosphere.fle sum total
of this knowledgeis nowvery extensiveandin this paper1 can only touchupon
a few seleetedgenerallyacceptedtopies,especiallyin the part concemingfun-
damentaisof ionosphericaeronomy.

The ChambersDictionaryof SejenceandTechnologydenotesa term «ae-
ronomy»as «[be brandiof sejencedealing with the atmosphereof the Ear[b
andotherplanetswhh referenceto [beir chemicalcomposition,physiealpro-
perties,relativemotion andreactionto radiationfrom outerspace».But [he In-
ternationalMeteorologicalGlossary(1991)definesit moreprecisely:«A term
sometimesusedto denotethat branchof Eartb’satmosphericphysicswhich is
concemedwith thoseregions,upwardsof about50 km, wheredissoeiationand
ionization are fundamentalprocesses».

The principalphysical,chemicalandelectricalpropertiesof [he Earth‘s Hp-

peratmosphereare very largely theresultof its interactionwith solarwave and
particleradiation. Theultraviolet andX-radiationsareabsorbeda[ varionsle-
veis betweenabout40 and200 km. The selectiveabsorptionof the ultraviolet
andX-radiationby particulara[mospheric cons[i[uen[s givesrise to [he uniqile
electricalpropertiesof the upperatmosphereby providinga seriesof ionized
strata(layers)collectively known as te ionosphere.Otherultraviolet radiation
is very effectivelyabsorbedlowerdown in the atmosphereby ozone.

In addition[o electromagnetie- wave radiationsthe sun also emitsconti-
nuouslystreamsof energetieelectrically chargedparticles- mainly pro[ons and
electrons.This is the so-called «solarwind» - an ou[ward flow of charged
particlesmovinga[ velocitiesof a few hundredkilometerspersecond.They in-
teractwith the geomagneticfield in a complicatedway, andwith [he gasesof
the upperatmosphere.As a result we canobserve[he geomagnetics[orms, [he
disturbances[o long-distanceradio-wavecommunicationvia [he ionosphere
andthe visibleauroraldisplaysat highlatitudes.Ah teseeventsare closelyas-
soctatedwith the occurenceof sunspotsandshowcharacteristietime variations
over 11 yearsand27 days,respectively,relatedto te sunspotcycle and[he pe-
riod of rotationof [hesun. We may say[batthe atmosphereabsorbsandredis-
tribute globally the variablecomponentsof the solarenergy falling on [bern.
The upperatmosphere/ionosphereactsas the intermediarybe[ween [he plasma-
dominatedmagnetosphereandthe bulk of the neutrala[mospherebelow.This
region is highly complex.Interactingdynamical,chemical,radiativeandelec-
trical variationsoccur there[bat couple [he magnetosphereand middle at-
mosphere.To understandhow [bese coupledelementsin[eract [o producethe
greatvariability cbaracteristicof [he systemis oneof [he majorproblemsin so-
lar-terrestrialrelations.Porexample,[he [bree-dimensional circulation of [he
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therrnosphereehangesduring and following geemagnetiestonns~yet [hecon-
sequencesof [heehangeof circulationon te ternperawre,density,coniposition
ami electriceurrentsof the region are poorly understood.Energetiesolarpar-
ticles penetratethe rniddle atmosphereandproducechemicalchanges in ra-
diañvely irnportantspecies suchasozone,but their global consequencesarenot
fully appreciated.Deeperin [he atmosphere,solarinducedvariations¡ute flux
of cosmieraysmayproducevariationsIB te electricalstructureofte lowerat-
mosphere,bu dic effectsof tesevariationson dicEarth’sglobalelectricalcir-
cuit (ineludingtheionosphere)arenot fully understood.

‘¡he Eart’s ionosphereis apartiallylonizedgastat envelopsdic eanhasid
IB sornesensefonnsdic interfacebetweente atmosphereasid spaee.Sincethe
gasis lonized it can not be fully describedby te equatinusof te neutral
fluid dynamics.Qntheotherhasid[henumberdensityofte neutralgasexce-
eds[batof risc ionosphericplasmaasid certainlyneutralparriclescannotbeig-
nored.Therefore[heknowledgeonly of two «piste»branchesof physics:cías-
sical fluid dynanuicsand plasmaphysiesis not sufficient. un addition
atrnosphericdynamics, spacephysics,ion chemistryami photochemistryarene-
cessaryte understandhow [heionosphereis fonnedasid buifetedby seurces
from aboyeasid be]ow asid[odealwi[h productionami lossprecesses.

Meanwhuleuntil recently[beionosphe.rewasstudiedasa merelymagneto-
activeplasniawithoutconsidera[ionof[begeneralpropertiesof[heatmosphe-
re. It wasknown[battiseneutrala[mosphe,-e(tbermosphere)andjortospisereare
linted 1»’ elecrrodynamicandmomenturntrausfer.Never[helessalniostnobody
beleived[barte [crisis«meteorology»asid«climatology»canbeapplied[odic
ionosphere,ir wastought[batno connectienexistedbetwcenevents,eccuring
in [betmposphere/sttatospberesystenson onebatid aridiii te lonospisereen [he
otiserhaud.Meanwhile,however,it hasbecomeapparcnt[bat[hecomposition,
chernistry,energeties,dynarnícsasidresulting structur~of[belowcr asid upper
arnrosphere,wbich arefunctionsof locationasid time, are so intricately liste-
rrelatedthat it is not really possiblete diseusseachof them in isolation.Gra-
duafly,tbeviewpointthartibe lower asidupperatmosphereare substantiallyun-
ceupledWBS rejected.A lot of discoveriesasid experimentalresultshave
conuinnedtiseexistenceof detailedcorrelationsberween[heparametersof[he
Iowaanduppera[mosphere(Kazimirovsky¿mdKokourov,1991).

l3ut wharis te reasonof correlatiosis?Aspar[ of a physicalmechanism[he
influeneeof inrenialatmosphericwavesmaybe considered.The upwardpropa-
garlenof interna]atrnospbcricwaves(planetarywaves,tidesasid gravity waves)
from the troposphereasidstratosphereis sss essentialseurceof energyasid mo-
rnentumlar te tbernsosphereasid ionosphere.Ofceurse,ube study of interna]
wavesis [heprovinceof mereorology,a discipline[bathasenjoyeda long asid
indcpcndentdevelopmentof its own asid hasíts own complicatedproblerns,
suffscientlydifferentfrom ionosphericpbysics[bat[be[woareregardedasse-
paratebut neighbouringdisciplines.Eowrver,[heinterna] waveslaunchedby
wcatherfrontsorany othersonreeslii te troposphereasidstratospberesomed-
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niesappear[obe capableof penetratinginto [heinnospisere,wbere[beydissipate
[heirenergy.‘Ube leakageof waveenergyfrom te [ropospbereasid síraíosphere
at leastup te 100-115krn was introdueedas «coupling frorn below» (Bowhdl,
1969)andis consideredas a mechanismof [hemeteerologicalinfluenceen [he
ionosphere.Ibis influencehasbeenassuniedami is presentedby varicusmodeis.

The rnetenrologyof [he thermospberediffers considerablyfmom [he.asso-
ciatedwith [hefamiliar weatherpatternswe experienceatte Earthsurface,alt-
hongis tise fluid moíionsaregoveniedby [he sameequatiosisas thoseusedby
¡neteorologisisstudyisig[heweathersystems.In [bethermospheretemperature
mercaseswíth altitude,makingfor a dynamicalsysternthai is Iessdoininated
by instabilitiesthan [hetropospbere,where[he[emperaturegradientis in [be
oppositedirecrion.Also, tibe visceusasid ion dragforcesarevery importaníin
te thermospbere,with theformer tending[o trasisfermoxnen[urn betweenva-
rious altitudesaud[heIaueracting [o stronglyceuple[heneutralthennosphere
te ibe ionosphereami tbereby,to [bemagnetospliere.U is now establishedbe-
yond doubtthai tbe atmesphereextendsfrom [he groundte[hethermospherc,
behavingasa complexsystemcoupling fairly closelyoverwideheightranges.

Por[beaeronomicalmodeis,[hemajorquestinosnewpesedrelate[o [hein-
terac[ions nr eoupling betweenregiosis, islteractions[ha[ are esirrendyonly
crudelyparameterizedwitbin [he separaternodels.‘Ubis is particudary[riscfor
siseupperatmospbere,wherea rich se[ of physicalprocessesbavebeenidenti-
fied that ceupleihe various regions togeiber,as weIl as te ihe síratesphere
andtroposplierebelowasid teihe magnetosphereaboye.‘Uherefore,[heprinci-
pal scientif¡cchailengebeforeus todayis te understand[becoispledsystemas
a whole, including te effectsof energy,monientun-iaudconipesitionalmier-
changebeiweenregiesis.

‘¡he analysisof «traditional»meteorelogicaland ionesphericdata is not
only of interestfor tbe explorationof purely [heoreticalaspeasof tise sto-
chastica~snosphercsystem.buí alsoof relevanceformodemclimatologicalre-
search.Por instance,it is stili unsolvedquestienas te how much[hegeneralsta-
te of ihemiddlc asid [bus[helower a[mosphereand«scirculationsystemsare
influencedby changeswi[h variosis timescalesa[ tise upperboundary- ter-
mosphere/ionospbere.May be suehchangesare lef[ even iii [he troposphere.
Since[heupperatmosphereis generallya goedindicatorof solaractivity, nne
nñght assume[batcorrelationbetweentropospbericami ionosphericparameters
possiblyindicatessucha solar-atníespherenr solar-wcaihereffect.Ahhoughit
is casiate pictureupwarddynarniccoupling becauseof [he rnuch greater
energydensity[halresidesIB te lower aunosphererelative[o [batof theupper
almospisere,it is possiblethaichangesin ihe upperatmospherecan giveriscte
signífícantchangesle the lower atmosphere.‘¡he subjectof solar activity el
fecis en[roposphericweaíheris stifl acontroversialene.Lesscontroversial,he-
wever,is [hepossibilityof solaractivity effectsenclimate.Buí very interes[ing
probteni«‘¡be role of te Sun in ClimateChange»requireste specialcensi-
deratienelsewhere,
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Our mainconceptis that tise scienceof the whole atmosphere-ienesphere
systembecomesgreaterthan[he sumof its cempenentparts.‘¡he scientific fo-
cusis placeden [heinterac[ive precessesamengthe variousphysicalregimes.
This concep[ is in the baseof InternationalSelar-TerrestrialEnergyProgram
(STEP) asidpest-STEPactivity, comprehensivestudyof the mutuallinkages
be[ween tisevariousregionsof spacein additionte the traditionalstudyof the
individual regiosisthemselves.

Masiy of [he ionesphericphenemenacasinotbe explainedin termsof pho-
tochemicalprocesses,solarparticleinjcctionsor solarfIareeffec[. It seemsh-
kely [bat[berearesorneeventsdue[o effec[ of atmesphericoscillations,suchas
winter anomalyof radiowaveabsorption,E-speradiclayer occurrenceand
structure,thermosphericwind regiime,the variatiosisof a[mesphericemissiens,
travelling ionospbericdisturbances,day-te-daymidíatitudeionosphericvaria-
bility, F-spreadeventetc.

‘¡he purposeof this paperis te review shortly sornefundamentalsof ie-
nosphericaeronomyasidsomeobservationalbackgroundsfer [besuggesúonof
a genuinelink betweenprecessesin the lewer atmosphereand ionospheric
response.Atten[ion is concentrateden [he waveswhich are thoughtto ceuple
[he lower atmespherewitb the thermosphere/ienospheresystem.Detailedex-
planatiosisof [heebservationsand[heoriesarenot provided.Of ceurse,[hesur-
veypresentedherewill beaffectedby [hepersonalbiasesof [heautherasid the
limitatiensof space.Since[hediscussionis intendedteberather«tutorial»in
na[ure, only a few key referencestethe literaturewill be given, and[heinte-
res[ed readercanconsul[ bese for morede[ailed discussionasidfor links te [he
moreextensiveliterature.

2. THE IONOSPHERE- BASIC CONCEPTS

Re Earth’sa[mesphereasid ionespheremustbe consideredas apanof so-
lar-terrestrialenvironrnent.This is [he regionof spacecloses[ o [heplanet,a
regiencloseenough[o affect humanactivities and [o be studiedfrem [he
Earth.It is no[ enly [hefamiliara[mosphereof me[eerology flor is it [he inter-
planetaryspaceof astronomy,thougbit interactswi[h both. ‘¡he a[mosphere
asid iosiespherearegreatlyaffec[ed by energyarrivingfrom [he Sun.‘¡his sys-
[em is aregionof in[eractions andbeundaries;interactiosisbe[weensolarasid
terrestrial magnetiefields, betweenmagneticfields and chargedparticles;
asidbeusidariesbetweenregiosisdominatedby differentenergetics,s[ructure
asiddynamics.So, heliospisere,magsictosphere,ionosphereanda[mosphere,
while [hey keep[heir identities asidhave their ewn territories with specific
physical/chemicalprocesses,areclosely interactingasid exchangingesiergy
andmaterial.Basic interactienchasincísbetweenthe principal domainsof
[he solar-terrestrialsystemfrom [heSunup [o tropesphereareshownenfig. 1
(STEP,1990).
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Owing to pervasiveinfluenceof gravity, the atmosphereasid ionosphereare
te fn-st erderhorizentallystratified andconventionallydividedinto layersbased
on tbe verticalstructureof differentparameters.Atrnosphericstructurecan be
neatlyorganizedby arepresenta[ivetemperatureprofile, while [heionosphere
more sensiblyerganisedby the numberdensity of plasma.Scbema[ic repre-
sentatienof atmosphericregions is shownenfig. 2 (Whitten andPoppoff,
1971).

In tbe following text we usetemis «upperatmespbere»asid «middle at-
mosphere»,which are absentenflg. 2. In the pastmeteorologistsoftendesig-
natedtbeentireregionaboye[betropopauseas [he«upperatmosphere».But rat-
herrccently[he ten «middle atmesphere»becamepopularin referringte the
region from the[repopause[e [heturbopauseasidevente lower [hcrmosphere.

It is knowntbat tbe minor specieseccurin [he middle asidupperatmosp-
heresuchas argon,ezene,atemieoxygen,nitric oxide, hydroxyl radicals,hy-
drogenasidheliumand[bat atevenhigher altitudestbeatomicspeciesbecome
[he major constituentsas a result of [be radiation-atmesphereisiteractiens.
‘¡beseinteractiosisare complicatedasid intricate. Re most energetieradia-
tiosis ionize[heatemsandmoleculesthat[heyenceunter;lessenergetieradia-
[ionsdissociatemoleculesasidexciteatoisasidmolecules;[he lastenergeticma-
diatiosisexcite moleculesand detachweakly beundelec[rens from negative
íens.‘¡he frequencyandrelativeimpertanceof [hesereactionsdependen the
spectralirradianceof solarasidgalacticemissionsas well as enthedistributien
of atmespbericcenstituentsasidtempera[ures;[beseareknowsi[o varywi[h the
time of day, latitude, season,solar sunspetcycle, and irregularsolar distur-
bances.

Re ionizedatmesphereof [heearthis composedof a sedesof overlapping
layers.In eacblayerthereis an alti[ude of maximumdesisity,aboyeandbelow
wbich[he ionization densitytendste drop off. Retypical electrondensitypro-
files for sunspotmaximumandminimum,day asidsiigh[, areshownonflg. 3
(Kelley, 1989). Iii daytime[he extremeultravielet(EUV) radiationin [be solar
spectnsmis inciden[ en aneutralatrnosphere[hatis increasingexpenentiallyin
densitywi[h decreasingaltitude. Since[bepbo[ons areabsorbedin [beprocess
of pboteionization,[hebeamitself decreasesIB intensityandincreasingneutral
densityprovidesa simplemechanismfor generationof thebasiclargesealela-
yer of ionizationshownenfig.3. Re peakplasmadensityoccursin [he so-ca-
lled F2 layerasidattainesvalues ashigh as 106 cm-3 nearneontime.Re factor
thatlimits [hepeakdensityvalueis recombinationmate, tberatein which ions
asidelectronscombinete form a neutralmoleculeor atem.‘¡bis in turn very
muchdependsen [hetypeof ion thatexistsin [heplasmaandits cerresponding
in[eractiosi with the neutralgas.

Re profile onflg. 3 is valid enly fer midíatitude.In [heequatorialmegion,
the profile is distertedby [be geomagneticfield, andin the pelarregion, the
profile is distertedby ienizationby enemgeticparticles,magnetospbemiccou-
pling, asidothereffects.

Theionosphere:aeronomicalandmeteoro/ogical aspecis
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The ionespberemaybe definedas[be part of [he earth’supperatmosphere
whereions and elec[rons arepresentin quanfl[ies sufficien[ o affect [he pro-
pagationof radio waves.(Davies,1990; I-Iansucker, 1991). It extendsdown[o
perhaps50 km asid [husoverlapsthe mesospbereand[hermosphere;[besym-
bols O, E, Fi andF2 areusedtedistinguishi[s variousparts.It hasno well-de-
fisied upperboundary,hin mergesinte[bemagnetospbereand¡he pretenesp-
herewbich is composedprincipally of ionized hydregen.The ionosphereis
formedby the ionizationof atmosphericgasessucbas N,, 09 asidO. Tbereis a
dynamicequilibmium in which tise netcencentrationof freeelecrrens,electren
density,dependsen [berelativespeedof theproductionandlessprocesses.In
generalterms[herateof changeof electrondensityN is expressedby a conti-
nuity equation:

9/V —q—L—div(NV) (1)

whereqis the production rate, L — is [he loss rate by recombinatien,and
div(NV) expresses[he Iostof electronsby movemen[,y being[heir meandrift
velocity. During [hedayte in[ensi[y of ionizing radiationvaneswi[h the ele-
vationof [be Sun,asid ibe electrondensityresponds.A[ nigh[ he seurceof ra-
diation is removedandtbe electrondensitydecays.

Below andnear100bu, N9 ¿md0~ bave[he sameratie as in [he Joweral-
mosphereregionsasiddominate[hegas.Near110 km (E-region)the ameuntof
atomieoxygenreachesthatof O,, andaboyeabout250km [hea[emic oxygen
densityalsoexceedsthatof N2. This tmend is due[o ihe pbotedisseciationof 02
by solar UV radiation ceupledwi[b the absenceof turbulen[ mixing aboye
[urbopause.Near[bepeakin te plasmadensity[heions arenearlyah 0~, ce-
rrespending[o [he bigh concentrationof a[omic oxygen in [he neutralgas.
Below [be peakNOt asid02~ becomemoreimportantdominaUng[be plasma
belowabou[ 150km. A[ nighttime,IB lower alti[udes regions,wberemolecular
ionsdominate,[he densityis sharplycurtailed.ILe 0~ plasmadensity,en thc
o[her hasid, is sustained[breughtbe night. ‘Uhe sunriseandsunse[ effec[s are
ve¡-ydramaticat [he]oweraltitudeshin arealmos[ nonexistentin [beF-region.

‘Ube substan[ial differencein ion behaviouris duete[hefact thatmolecular
ienshave a mucb higher recembina[ion ra[e with electresis[han do a[enlic
ions. Ihe rwo reactiosis[bat occurin arecombina[ion areof [hetype

NO+e—*N+0 (2)

asid
O~+e—.O+hv (3)

Thefermerpmocessis calleddissociativerecombinationsince[hemolecu-
lebreaksapart,while [he latter is tenedradiativerecombinationsinceemis-
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sion of a photon is requiredte conserveenergyandmomentum.Re former
processhasareactionratenearly 1000 times highemthantbe lattem, whicb re-
sults in a mucbshortemlifetime for molecularionstan for atomicions. Since
the molecularions aremucbsherterlived, whentheir productionis curtailedal
night, rapid mecombinationquickly meduces[he plasmaconcentration.The 0~
jons at higheraltitudesoften survivesatnigbt at concen[ra[iens between10~
asid l0~ cm-3.

Photoionizationby solarUy radiationis netthe only seurceof plasmain
[he ionospheme.Jonizationby enemgeticparticlesimpacten tbe neutralgasis
particularly importantat high latitudes.The pmimary reactions,however,
areonly [be initial reactiosisof a long asidcomplexweb of events.Several
hundredsof known reac[ions occum simul[aneously and from the frustra-
ting inconsistencies[bat semetimesarenotedbetween[beoryasidobserva-
[ions, we might suspectthaI hundredsof unknownmeactionsarealsoinvol-
ved. Never[heless, it is pessible(only fer bmief description)[o get [he
overviewof Ihe main peculiaritiesof [he ionospbere;shown at Table 1.
(RishberhandGarriorr, 1969).Here is socalled aneffective recombi-
nationcoefficientthat representsalí recombinationreactiosis.If dÑ¡dt andN
aremeasuredasidq is calculated(asis eftendone) aeff is computedby using
the melationship

aNqaN2 (4)

Ion production(D region): lonizationby solarX-rays,or Ly (ioniza[ion of
NO. Enhancedionization following solar fiaresdue[o X-may ionizatienof alí
species.Electronattacbmen[o O and02 forms negativeions; ratioof negative
ions [o electronsincreaseswi[b depthasidatnight.

Recombination(D region): Elec[rons fon negativeions, wbich aredes-
[royedby photodetacbmení(daytimeonly), associa[ivede[achment(O + O (02

+ e), asidmutualneutralization(0 + X~ ( O + X).
Ion production(E): Ienizationof 02 mayoccurdirectlyby absorptioniii [he

firs[ lonizationcontinuum(hv> 12.0eV). CoronalX-rays alsocontribute,io-
nizing 0, 02, asidN

2. Nighttime E asidspomadicE (Ihin patchesof extraíoni-
zation)aredue[e electronandmeteorbombardment.SomeEs radio reflections
maybe due[e turbulencein normalE layer.

Recombination(E): DissociativerecombinationO2~ + e ( O + O asidN0~ +

e-> N+O.
Ion production(Fi): Lenizationof O by Lyman «continuum»or by emis-

sien linesof He. Tbis ionizatien prebablyaccompaniedby N2 ioniza[ien,
which disappearsmapidlyafler sunset.

Recombination(Pl): 0~ ionsreadily [ransferchargete NO asidpemhaps[o
O2~. Most of the ionizationis Ihus in molecularfon asiddissapearsby disse-
ciative recombination.
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Table 1: The ionosphere

Region of¡ayerpeak (cm-3)
a

11
(cm

3/sec)

D 90 1.5x 10’ (neen) 3 x l0~

E 110 l.5x105(noon)
< 1 x 10’ (night)

FI 200 2.5x í05 (noen)
absen[ a[ nigh[

7>< l0~

F2 10” (noen)
10’ (midnight)

¡
0-¡a~~ ~o<

Heightaudelectron
densi[y highly variable.

Largedaily
seasenal,and
sunspet-cycle

combinedwitb
generalerratic

behaviour

Variabie;
probably

decreaseswith
increasing

height

Ionproduction(F2): Jonizafionof O by sameprocessproducingFI; F2 for-
medbecauseaCff decmeaseswith increasingbeight;F2region producesli[le at-
tenuationof radiation.Additional ionizationprocessesmaycontríbuteiii F2 tba[
areattenuatedin Fi.

Recombination(F2): Recombinatienof molecularions as in FI; but liii-
ting processis hemecbarge[rasisfer,giving an a[acbmen[-Iike recorsibination
Iaw.

ReD-rcgion is probablythe mostcornplexmegion in an ienosphere.There
is considerabledeubttha[ distinctlayerexistin [hisregien,but thereis no doub[
tbatperturbationsof [bis region arecloselyrelated[o rntemalatmespheric/me-
teorologicalprocesses.‘Uhe middle atrnospbere,thermosphereandionosphere
makea complexcoupling system.The dynamicalaudchemicalprocessesin
[Lis systemare centrolledby varjeus[ypesof energyseurces:solar 1W and
EUV energies,energiesoriginating iii [besolarwind-magnetosphereinteraction
asiddynamicalenergiesof upwardpropaga[rng a[mosphericplanetarywaves,ti-
desandinterna)gravity waves.‘¡he therrnalenergiesof the themnsosphemeand
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ionospherebeatedby solarEUV, auroralparticlesasidJoulebeatingheatcon-
ductien,downwardeddy diffusion and electremagneticprocesses,while at-
mosphericgmavi[y waves,lidesasidplanetarywavestransportenergyandmo-
mentuminto themesosphereasid [bermosphemefromte lower atmosphere.Re
altituderasigebetween80 asid150 km is particularlyisi[erestisig sincete region
ceuplesalmostequally[o bo[h the middle atmosphereasidthe magnetospbere.

Becauseour societyis becemingincreasinglydependenten technological
systemsthat can be affectedby ionospbemicphenomenaduring geomagnetic
storms,[heionospheme,its electrodynamics,andfrs couplingwit te neutralat-
mosphereasid [bemagnetespherearebeingstudiedas panof a ceordinatedIB-
ternatiosialprogramof «spacewea[hem»research.

Thebmiefbut tboroughdescriptionof tbe ionosphericelectrodynamicswas
madeby Richmond,1998,partly quotedbelow.

Re iosiosphereelectrondensityis higbly variable,dependingnot only en
[he ionizationseurcesbut also en ion-neutralchemicaltransforma[ions, ion-
electronrecembination,andplasmatrasisportby neu[ral winds, electric fields,
anddiffusion. ‘¡he positive-ionnumberdensity is essentiallyidenticalte te
electrondensityIB te E asidF regions,but is &eatertisan[be electrondensity
in tbe0-megion,whemenegativelychargedionsarealsopresent.

‘¡he ienesphemicelectricalconductivity is bighly anisotropic,owingto te
stmonginfluenceof the geomagneticfield en charged-particlemotion. At
high altitudes,wherecollisiosisbetweenionsasidneutralaimmoleculesasidin-
fmequent,tbe ions asid electrosisgyratc areusidmagnetic-fieldlines, though
[bey arefree [o moveparallel te [be fleid, so tbe direct-currentconductivity
alongthe magncticficíd is muehlargertban[beconductivityperpendicularte
[hefleld at alí beigbtsaboye90 km. At lower altitudes,collisionsbetweesite
ions and neutralsbecomemore frequent,decoupling[he electronasid ion
motiosisin tbeplaneperpendicularto the magneticfleId, se that moresigni-
ficant amountsof curmentcan flow IB thatplane.Re direct-cumrentconducti-
vity perpendicularte [hemagnetiefield is largestatheigbtsof 90-1501cmdis-
ring the day and in the nigbttime auroral zone.Further anisotropyof
conductivityoccursduete Hall effect which causestbe direction of [hecu-
rmenttedeviatefrom tbatof [beelectric ficíd an effectmaximizingaround100
1cm altitude.

Re two main seurcesof global-scaleelectric ficíd generationin the io-
nosphereare tbe ionospbericwind dynamoasid [besolar-wind/magnetespheric
dynamo.A tbird seurce,tbunderstormactivity, is beleivedte centmibuteonly in
aminor way, tbeugha[ night it may be locally important.Winds in [be ther-
mospheremovethe conductingmedium tbroughtbe geomagneticfield, pro-
ducisigte electromotivefomeethatdrivescurren[s andsetsup polarizationelec-
tric flelds.Ratdynameactionis weightedtowardtbe90-150km heightrange
duming [heday.At night, bowever,[heE-regiontrasisverseconductivi[y is gre-
atly diminisbed,so[bat F-regiondynamoactionaboye2001cmbecemesmore
impertan[. Re ionosphemiccurrentsarestronges[ en [be daysideof theEarth.
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Whenthe dynamoeffects in the two hemispberesareunbalanced,[hecurrens
areconnectedby amagnetiefleid-alignedcumrent.

Tbesolarwind/magne[ospbericdynamodraws its energyfrem [he kine[ic
and [bermalenergyof the solar wind and magnetospbericplasmasandde-
pendsstrongly en [bedirectionof [be interplanetarymagnetiefield [bat is cm-
beddedin [he solarwind. ‘Uhe ionospbemicelectric fields andcurrentsproduced
by this mecbanismareusually mucbstrengerthan[boseof ienospbericwind
dynamo,andarehigbly variablein time.

Re tbermosphericwinds experiencea significan[ dragferceasthe elec[ric
currenis[beygenerateflew [hroughthe geomagne[icficíd. Ibis ferceis knewn
as «ion drag» becauseit resul[s from collisionsbetweenions andneu[ral me-
leculesmoving a[ differen[ meanvelocities.

A[ middle andlow latitudes,winds in [heionospbericdynamoregien[end
te be domina[ed by global escillations.Aboye 140 km, daily wind oscilla-
tions witb magni[udesover 100 mIs aredriven primamily by [he abserptienof
far-ul[maviolet solar radiation.Between90 and 140 km [be oscilla[iens are
strongly influencedby upwardpropagatingglobal waves,called a[mesplier¡c ti-
des,[bat aregeneratedby solarbeatingat lower alti[udes: in [heupperozenela-
yer andin [hetroposphere.As [betidespropagateinto regionsof expenentially
decreasingair density,[beir ampli[udes cangrow, reacbingvaluesof 100mIs er
se in the lower tbermespherebeforethe wavesdissipate.‘Uhe generatienand
propagationcendi[ions for thesewavestendte favortbe armival of semidiumal
(12-heur)tidesoverdiurnal (24-heur)[alesin [hedynamoregien.

Upwardpropaga[ing planetarywavesarealsobelievedteinfluencewinds
in [helewem[hermospbere,buttheir relativeimpertancetberebasne[ yetbeen
established.

Variationsin the seurcesof [he winds, as well as variatiosis in [he propa-
gationcondi[iens of tidesandplane[amy wavesthrough [hemiddle atmospbere,
are responsiblefor vamiability of [he[hemmesphemicwinds.

The ideasaboyedescribedprovidea se[ of basiccencepts[hatmaybe ex-
pectedtegovemo[hebehaviourof the ionesphere.‘Ube s[ruc[ure of theionesp-
berecoversah [be scalesof spaceand[imethatareepenteobservation;tbe [o-
tal pictureis thereforea complexene.Neverthelesswemayobservetheregular
variationstba[ tend[e repeatfrem eneday[o thenext, or frem eneyear[e [be
next.Historically, ienespbericobservatienshavebeencemparedwith simple
Cbapman[beory fer Ihe productionof an ionespbericlayer,asid majordepar-
tures from the theomy werecalled«anomalies».But sorneof the classicalano-
malles havebeenexplainedby taking large-scalemovemen[s of lonization
in[e account.Tbe causesof someof the e[hers remain in doubt, [hougb in
mostcasespossiblecausesareknewn andthe preblemnew is [o iden[ify [be
correctmechanismfrom amongseveralcandidates.(Hargreaves,1992).

Tbe bebavieurof [be ionosphericE-/ayer is close [o simple tbeory. On
average,[bepeakelectrendensi[y vaneswitb solarzenithanglezas(cesx)”2-
In fact tbe E-reglendoesne[ quite disappeara[ nigh[. Re region remaisiswe-
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akly ionizedwith electrondesisityabout5-1O~cm3,comparedwi[b 10~cm3by
day. The nigh[ ionization is irregular wi[h height. Even duming the day the
electrondensi[y doesnet alwaysvary smoo[hly wi[b height,andnarrow layers
calledsporadic-Ecandevelop.Typical sporadic-Elayems areonly afew kilo-
metrestbick atmiddle latitudes.Re maincauseis [hough[ te be achangeof
wind speedwi[h heigbt,awind shear,wbich in [bepresenceof [he geomagne-
tic field canac[ te compress[be ionization.Sporadic-Elayers are detecteda[
manylatitudes,andseveraldifferentkindsarerecognized.Re differentdiurnal
andseasonalpatternsareebservedat high, middle and10wlatitude, asideach
typearisesfrom adifferentmechanism.

‘Ube D-regionalsoexhibitsstrengsolarcontrol,but its behaviours[rongly
dependsen [beverycomplexphe[ocbemistryof [heD-regien.Re popularway
of observing[belong-temmvaria[ion of the0-regionis te measure[heabsorp-
tion of radio wavesreflectedfrom [he E-region.The abserptiondependsen
bo[b [heelectrondensityandcollisionfrequency.When looking attheseasonal
variatienof radieabsorptionan«winteranomaly»appears,which againinvol-
vesthecomplexion chemis[my of the 0-region asidrelatedte meteorologyof
the stratospheme(seebelow).

Re behaviourof F2 regionappearste be«anomaleus»in manywaysif it
is consideredenly against[he Cbapmantheomy. It is necessaryte include[he
verticaldiffusion of plasmain order [o understandthe existenceof [heF2 re-
gion at aif Re majomclassical«anomalies»of [heF2regionat middlelatitudes
areas follows:

1. Re diurnalvamiationmaybeasimmetmicalaboutnoen.
2. Re diumalvariation is not repeatablefrom dayteday.
3. The seasonalvariatienis «anemaleus»in severalways - themaximal

electrondensityatnoenare sometimesgrea[er in winter thanIB summer(sea-
sonalanomaly);the averagedoverthe wholeEarthelectrondensitiesaregrea-
[er in Oecembem[han in ¿tune(annualanemaly);theelectroncontcntis abnor-
mally higha[ he equinoxes(semi-annualanemaly).

4. A substantialF2 reglenis maintainedat night.

It is not pessibleom necessaryte go into a fulí discussionof alí [he com-
plexitiesof the behaviourof theF2 megions,but weshouldnotetha[ alí models
arebaseden: cbemicalebanges,diumalheatingasidcoeling, windsasidelectric
fields, effectsrelatedte [hesunspotcycle.Mome recen[ work haslcd te anap-
preciationof [beimportanceef ionization mevemen[, IBcluding [bermosphere-
ionosphemein[eractions. (Rishbeth,1998;Wickwarand(Zar/son,1999).

Finally, [he atmosphereasid ionosphereare linked dynamically, radiati-
vely andchemically.It is [bereason,why IB [hefellewingparagrapheswedis-
cuss[be atmosphemicdynamicsasid lower ienospherefrom the meteorological
positions.Aeronomyis [be studyof uppera[mosphemcphysicalandchemical
processesincludingienosphericpmecesses.Electricalengineersare intemes[edin
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nosphereare tbe ionospbericwind dynamoasidtbe solar-wind/magnetespheric
dynamo.A [bird seurce,[bunderstormactivity, is beleivedtecentributeonly in
aminor way, tbeughat night it maybe Iocally important.Winds in [be [ber-
mospheremove [he conductingmediumtbroughtbe geomagneticfield, pro-
ducIBg[beelectromotivefomeethatdrivescurrentsandsetsup polarizationelec-
tric fields. Ratdynameactionis weightedtowardtbe90-150km heightrange
duming[he day. At night,bowever,[heE-regiontransverseconductivity is ge-
atly diminisbed,so [batF-regiondynamoactionaboye2001cmbecemesmore
impertan[. ‘¡he ionosphemiccurrentsarestrongesten [be daysideof theEarth.
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Whenthe dynamoeffects in the two hemispberesareunbalanced,[hecurren[s
areconnectedby amagnetiefleid-alignedcumrent.

Tbesolarwind/magne[ospbericdynamodraws its energyfrem [he kine[ic
and [bermal energyof the solarwind and magnetospbericplasmasand de-
pendsstrongly en[be directionof [beinterplanetarymagnetiefield [batis cm-
beddedin [hesolarwind. ‘Uhe ionospbemicelectric flelds andcurrentsproduced
by this mecbanismareusuallymucb strengerthan[boseof ienospbericwind
dynamo,andarehigbly variablein time.

Re tbermosphericwinds experiencea significan[ dragferceas the elec[ric
currents[beygenerateflew [hreughthe geomagne[icficíd. Ibis ferceis knewn
as «ion drag»becauseit resul[s from collisionsbe[ween ions andneu[ral mo-
leculesmoving a[ differen[ meanvelocities.

A[ middleand low latitudes,winds in [heionospbericdynamoregion [end
te be dominaledby global oscillations.Aboye 140 km, daily wind oscilla-
tions witb magni[udes over 100 mIsaredriven primamily by the absorptienof
far-ul[maviolet solar radiation. Between90 and 140 km [be oscilla[ions are
stronglyinfluencedby upwardpropagatingglobalwaves,called a[mespher¡c ti-
des,[bataregeneratedby solarbeatingatlower alti[udes: in [heupperozonela-
yer andin [hetropospherc.As [betidespropagateinto regionsof expenentially
decreasingair density,[beirampli[udes can grow,reacbingvaluesof 100 m/sor
se in tbe lower tbermespberebefore the wavesdissipate.‘Uhe generationand
propagationcendi[ions for thesewavestendte favor tbe an-ivalof semidiumal
(12-heur)tidesover diurnal (24-heur)[alesin the dynamoregien.

Upwardpropaga[ingplanetarywavesare alsebelievedte influencewinds
in [he lewem[hermospbere,but their relativeimpertancetberebasno[ yet been
established.

Variationsin the seurcesof [he winds, as well as variatiosisin [he propa-
gationcondi[iens of tidesandplane[amy wavesthrough[hemiddle atmospbere,
are responsiblefor vamiability of [he [hemmesphemicwinds.
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non-linearitybecemevery important¡si this critical layer. It maybeexpectedte
be enbanceddissipativeregienfor planetarywavesor undersornecondi[ions
[hecritical layerremainsa pemfec[ reflectorof planetarywaves.

The most spec[acular manifestationsof planetarywavesactivi[y in [be
middle atmospheme,associatedwi[b strengcouplingbetweenstra[osphereasid
lower a[mosphere,occurduring stratospbericsuddenwarmingevents.Re zo-
nal-meanclimatologicaltemperatureandzonalwIBd configurationis drarnati-
cally dismupted,with pelarstra[espherictempema[umesincreasingrapidly with
[¡me,leadingen occasiontereversalsof zonal-meanwinds from westemlieste
casterlies.

Current [beomiessuggestthat a majorsuddenwarming is IBi[ia[ed by an
anomaleusgrowth of aplanetary-wavedisturbance(mainly comprisingwave-
number1 asid2 components)[batpropagatesfrom te tropespherein[o [be stra-
tosphereandinteractsstrongly with tbepre-exis[ing circulatien[beme.Re sta-
tionary planetarywavesthat propagateenergyupwardalso transponbeat
southward(Andrewseta!.,1987).

Our understandingof alí [beobserveddetailsof theseevents,[benecessary
conditionsfor [heir occurence,interannualvariability betweesienestratosphe-
dc win[er andano[her is still by no meanscomplete.Mucb furthemwork will
need[o bedonebeforea fuil undemstandingof [hephenomenonis a[tained.

In general,[heimplication of [hetbeeryfor te modellingof planetarywaves
andfer in[erpretation of atmosphemicobservationsarenot yet absolutelyclearasid
new experimentalinformationconcerning[bebebaviourasideffectsof planetary
waves,especiallyin [belower asiduppertbermosphereis very importan[.

Atmosphemictidesareglebal-scaleoscillations,which areprimamily ferced
by variationsof heatingduete absorp[ion of solarultraviolet radiatiensby at-
mospbericwatervapeurin the troposphere,ozonein [hemiddle atmosphere
andmolecularoxygen~2 in the lower thermesphere.Re solarandlunargra-
vitational forcing that producesoceantidesis muchlessimportantfor [beat-
mosphere.

Re migratingtides(diurnal, semi-diumal,etc)canpropagate[brougbgre-
a[ dep[bs of the atmosphereandcan altain largeamplitudesat sorneheightses-
pecially in [he thermosphere.Re semidiumal[ide playsaparticularlyimpor-
tantrole in [belower thermosphere,whemethe global temperatumeasiddensity
variationsaredominatedby [bismode.A[ higberalti[udes [he semi-diurnaltide
is dissipatedby viscosity asidion drag. In the upperthermosphere,a[ 300km,
[be asnplitudeof [besemi-diurnaltidedecreases,andthermosphericdensityva-
riations are dominatedby the diumal tide that hasbeenfomcedby tbe ther-
mosphericabsorp[ion of EUV solarradiatien.In the moderntheomet¡cal calcu-
lations the semi-diurnaltide in [he thermesphereis cosisideredas a result of
propagationfrom below.

‘¡he non-migratingtides(associated,fer example,with oregraphyandge-
ogmaphicallyfixed trepospbericheatseurces)weuldgive [o longitudinaldiffe-
rencesin tidal s[ructure.
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In theclass¡caltidal theory (¡nviscidatmosphere,background[emperature
is independentof la[itude) the govern¡ngequa[ien is separable,giving risc te
verticalasid lati[ude stmuctureequa[iens. Bu[ in tbe real a[mospherew¡th winds
andmeridionalgradientsof temperaturethe gevemningequa[ien maybesolved
only numerically.

New the modellerstmy te includein tise modeis[heseasonal,latitudinal aud
longitudinalvafla[ions, realist¡ctemperatureandwind struc[ures, molecularand
eddydiffus¡en,accelerationandhea[ing of the meanflow by [¡des,theeffec[ of
tidesenminor constituen[ concentrat¡on,bydromagnet¡cceupling- alí tervis-
cid, re[ating, sphericalatmosphere(cg. [‘orbes, 1991).

In[crnal gravfry wave.s (1GW) are disturbanceswhicli areallowedte propa-
ga[e as a censequenceof buoyanttorcespresent¡n [heatmespbere.‘Ube [empe-
ratureand wind stmucturesdetermine[bewave’sprepagationcharactenstícs.

Many seurcesfer middle atmospberegravity wavesbavebeenidentified.
Theseincludeaimflow overoregraphy,severeweatberfren[s, instabilities in [he
planeta!)’beundaiylayerandinje[ streamsliears,turbulentmotiensof differen[
scales,tbunderstorms.

A[ heigbtsaboye85-901cm [be intemalgravity wavesmaybe «sa[ura[ed»
asidevenbebreakedwith deposi[ien of energyandmomen[um. ‘¡he «[raping»
of 1GWis alsopossible,for [hisreasenenewouldexpect1GWte be ductedin
the region nearmesopause.It is newbelieved[hattbe level of gravity waveac-
tivity determinestbe meansta[e of the mesosphere.Mereover,in [be Iower
thermospberethe wavesrnan¡fes[ tbemselvesin wind, [emperature,dens¡[y,
pressure,ioniza[ion andairglewfluctuat¡onsin the 80-120kmhe¡gh[ rangeand
the ampli[udes areso large[hattbeycan dominatea[ hese al[i[udes (cg. Vin-
cent, 1990; Gavrilov, 1992).

Rccently[heeffectof grav¡tywaveshavebeeninves[igated successfullyte
estimate[he con[mibut¡on of tbeseseurcesof var¡a[iens ¡n [he with¡n an heur
andbeurte heurvariability of f0P2 i.e. critical frequencycorrespondingaud
proportionaltemaximalelectrencencentratienin tbe ¡enespbere(Boskaeta/.,
1996;1999).Fluctuatiensfor electrondensityen [hefixed beightscan becau-
sedeitberby fluctuatiensin the ienizedma[ter (¡e. gravi[y waves)or by t’luc-
tuationsin [heienizingradiat¡on,high-energyelectronsrelatedte geomagnetic
¡ magne[ospbericactivity, etc. Bu[ we can believethata[ middle latitudesand
for ratberquietgeomagnet¡ccenditiosis[be fluctuationsin thc periedrange10
mm - 3 beursarenot of solarermagne[osphericer¡gin.

Tbereis mucbuncertain[y aste individual grav¡tywave seurcesas well as
the wave’sultimate fate.

3.2. Meteorological control of the lower ¡onospbere

An atmosphericlayer, locatedat abeu[ 60 te 120kmaltitude,can bedefi-
ned as atransi[ion regien,wheredifferentfundamentalphysicalmechanisms,
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deminantin [helower asidupperheigbtregions,coexist,sbowingcomplicated
atmesphericcbaractemistics.Porinstance,tbe atmosphereat 60-901cm weakly
ienized(mainly atdaytime)is the interfacebetween[heneutralasid ionizedla-
yers.Turbulentdiffusion is dominantbelowabout100 1cm, while moleculardif-
fusion processoverwhelmsin an upperheightrange.‘Uherefore,d¡fferentpro-
cessesseemte competein this he¡gh[ reglen,making the atmospheric
behaviourquite interesting.Their detailedmechanisms,however,havenot be
clarified yet te a lackof an accuratesn-situ measurementtechnique.

Whatexperimentalevidencessuggest[beexistenceof anat leasttemporary
couplingbetweenthetwo levclsof the atmosphere?(Danilov eta!.,1987).

1. ‘Uhe significantcorrelatiensof ionospbericandstratospheric1 troposp-
hemicparameters- e.g.radiowaveabsorptionfmem enesideami stratospberic
temperature,heigb[ efisobaricsurfaces,total ozonecontentetc. fremtbe other
side(e.g.Kazimirovskyet al., 1982).

2. The responseof radiowaveabsompt¡on,uppermesosphemeandlower
[hermospherewIBds, E, opticalmesospbere1 lower tbemmosphereemissionsen
[be stratosphericwarnúngs,meteofronts,jet streamsetc. (e.g.Kazimirovskyaná
Kokourov,1991).

— ‘Uhe zonaland meridionalprevailingwinds at [helewer thermosphere
reversedwestwardsasid seutbwardsin a periodlessthana weekdumingstra[-
warmings.Rere is an increaseof tbe semi-d¡umnaltide andphaseshift com-
para[ively witb undisturbedwinter conditiosis.Reresponsedependsen [bein-
tensityandlocatienof warming. (fig. 4).

— Radiowaveabsorptionchangesduring asid after stratosphcricwar-
mings.(LastovickaandDela Morena,1987).

— On the frontal daysE~ semetimestendste eccurmorefrequentlyand
with bigbercritical frequencythanfer pmecedingandfellowing days.

— The daily avemageddeparturesof the sporadicE parametersf~E, and
h’E from [becorrespondingmonthlymedianhavebeenfoundte decreasedu-
nng winter-timecirculatiend¡s[urbancesconnectedwi[b stratwarmings.‘¡be
computedneutralwind shearsbowsdecreasedvaluesduming tbesedisturbances.
Re effect may be connectedwith the decreaseof attenuationof AGW, in
consequenceof which tbeverticalwave-lengtbincreasesasid[heE~ pmoducting
wind sheardecreases(growtbof verticalenergyflux).

— Effec[s in [hevamiationsof opticalemissionsintensi[y.
3. Re quas¡-periedicalfluctuationsobservedin absorptionand winds

wbich arecausednot by fluctuationsin tbe solarionizing flux, butprebablyby
planetarywavesin tbe stratespbere.Themeis a modelof [hetransformatienof
planetarywavesof troposphericomigin into wavesin absorptionin the lewer ie-
nespbere(Lastoviskaetal., 1993).

4. The seasonalvariation ¡n the amplitudesof quasi-periodicalfluctua-
tionsof ionospbericparameters(wi[b pemiodsof planetarywaves,tides,internal
gravity waves),whicb aremaximal in winter whenconditionsof upwardlea-
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kageof intemal waves(dependIBgen [he wind asid temperatureprofilesbet-
weentroposphemeandthermespbere)arepreferable(e.g.Taubenheim,1983).

5. Re closecensiectionbetweenthe circulat¡onin [he lowem [bermosp-
here,mesosphereandstratesphere,e.g. near-byradarand rocket measure-
mentsgive [be consis[ent cross-sec[ionsfrom 20 to 110 1cm (e.g. Meekand
Manson,1985).

6. Re existenceof alongitudinaleffecten [be dynamicalregimeof [he
lower thermespherelienosphereduetelongitudinalinhomegenetiesof [belewer
atmosphereprecesses,wbich may be tracedup te [be mesosphereasid [her-
mosphere(prevailingwinds, tides,responsete stma[warms, datesof [beseasonal
reverses).The longitudinaleffect observedmay be interpretedas resulting
from large-scalestationaryplanetary(fig. 5) wavesformedatlower thennesp-
hemicheigbts.In [bis case[be longitudinalvariationof prevailingwind is duete
existenceof suchwavesat[hemesopauselevel, wbile [belongitudinal varia[ion
of semidiurnaltidal amplitude¡s aconsequenceof [belongitudinalvarjation of
zonalf’lew (Kaz¡m¡rovskyet al., ¡988; 1999). In principle, in [he lowem[her-
mospberebes¡de[he numereusvariatiesisof [he dynamicalparametems,the
own (generatedin-situ) leng-termwave-likemotions(including planetamywa-
ves)mayexisí.

Who maybe apreferablecarr¡erof upwardinfluenceacmoss[bemesopau-
se en the lower thennospbere?The atmosphemictides are the mostprobable
candidate.Re non-zonalmodulatienof [hestratospbemicandmesospbemictides
penetratingmío [be lower [hermesphemeappearste genematea quasi-statie-
naryplanetarywaveby demedulating[betidesby enemgydissipationat[he le-
wer thermespbere(e.g. [‘orbes, 1991).

7. ‘¡he winter anemalyof radiewaveabsorptionin 0-region,i.e. excessi-
ve enhancemesilof bo[h tbe averagelevel andespeciallythe day-te-dayvaria-
bility of ienesphemicmadiowaveabsorpt¡on¡n winter netedby many investiga-
ters(e.g.Taubenheim,1983,Danilov et al., 1987).

‘Uhere are two components- 1) «normal»winter anomalywi[h ratherslow
increaseasiddecrease,i.e. in averagedaytimeabsorptienferusualw¡nterday is
bigher thanfor usualsummerday;2) superixnpesedspikes,«excessive»winter
anomaly.

In spiíeof enhancementsof abserptionmaybecensiectedwi[b IBcmeasingof
electrondensityN and/orcollisionfrequencyin ionesphemicplasma,it is no-
wadaysassumed[bat[be win[er anomalyis cennectedpmimarilywith enhanced
electrondens¡t¡esatthe mesopauselevel andaboye.

Why we assume[hatthe wintemenhancementof electrondensityhasinter-
sial («meteorological»)nature?

1. It eccursenboth [henorthemand[besoutbemhemisphemesduringthe
respectivewinter menths.

2. merearenumereusfactsabeutcloseinterrelationof 0-regionevents,
stratesphemictemperatumevariation andsuddenwarmings,changeor evenare-
versalof direction of [hewind ¡u [beuppermesosphemeasid lower [bermespbere.
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3. The correlationbeiweenihe time variatiosisof 0-regionjonization
asid solarL-alphafluxes(measuredby AE-E satellite),whichis weakbuí de-
tectableduringsummemmon[hs, ¡s completlymissingdumingwinier.

4. ‘¡he amplitudeof interdiumalvariationsof absorp[ion ¡si winter montbs
cannelbeexplainedby solarL-alphavariatiosis.

5. The timeasidspaiialsealesof anomaleusabsorption,wave-likc siruc-
tures,arecompatiblew¡th planetarywavespaítern.(e.g.De la Morenaami Ka-
zimirovsky,1996).

‘¡heme aresorne«seenamios»,concemingtbe D-reg¡onmeteemologicalcon-
trol (e.g.Taubenheim,1983,Offermanet al., 1982).

3.2.1. «Concerted»Seenario.

- The generalenhancemeníof 0-megionelectrondensitiesis causedby en-
hanceddownwardeddydiffusion of NO,accumulatedin ihe pelarnight iher-
mosphere.

- In addition,atheightsbelow85 km, [beelectronrateis reducedby inbi-
bition of clusterion fonationbecauseof warm mesopausetemperatures.

- Independently,«patchy»(wiíh respecíte timeandlongitude)downward
transportsof excessNO into 0-regionareeffeciedby diffusion and/orbullc mo-
íiensconnectedwith planetarywavepallemos.Displacementof [besepatehesby
enbancedborizonialwinds, possiblelaunchedby transientperturbatiosisfrem
below,causesrapid cbangesof [beNO distributionwithin 1-2days.

3.2.2. aUnitary» Seenario.

— Wintemmeteemologyal0-regienheightsispredominantlycontrolledby
[hecircumpolarvemtexof zonalwesterlywinds, meachingfrom ihe straíosphe-
reup mio [helower thennospbcre.This cyclonicvomtex is alwaysucdwi[b:

1. Warm mesopausetemperatumes,inhibitissgclusterion fonnation.
2. Downwamdverticalwind components(bullc motion).
3. Low pressurenearthe mesopause,decreasingoptical depthfor solar

Uy radiationandhenceincreasingiLe ienizaiionrate.
Ah ibreeof ibis cenditiosisacíin [be samedirectien— teincrease[heO-re-

gionelectrondensity.
In ibis seenamio[he enhancededdydiffusion in winter raisesthe average

backgmeundlevel of 0-regionionization asideveryglobal or local pertumbatiesis
of [bezonalveríexflow (fer insianceinducedby planetarywaveenergytrans-
fer from below) causesaprompídecreaseor even«breakdown»of ubewinuer
anonialyin D-region.

Bo[h seenamiosLave iheir own medísasiddemerits.It seemsnecessary
still teimproveiLe empiricalbasetedefmecouphingprecessesihroghout[he
aimospheredumingwinier anomaly.
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33. How doesa thirnderstormcoupleenergyinto the upper
atmosphereami ionosphere?

The wide]y acceptedclass¡calbypethesiswere:
1. Re ihunders[ormsare [hemaingeneratersof [beglobal electriccircui[,

causingan electricpotenuialbeiweencaríhasidube ionospbereof abou[ 200-500
kV.

2. Re influenceof tbunderstormsandelectricaleventsnear[begrounden
[heaimosphemiclayerswell aboye[heperfectconductor(<celec[rosphere»)near
60-70km is ferbidden.

Wc know that [he classicalhypo[besis basnot yet beenprevedw¡tbeut
doub[. Moreever,it is nol widely recegnized[hatihe cumren[ sysíemdriven by
global [hundersiormsand by magne[esphemicplasmapbenomenacoexisí in
ubemiddle atmosphereandaboye.Sornerecentmodelsof thunderstermcurren[
systemsasidexperimentssbowthaimostof retumo cummen[ from athunders[erm
generater[batpenetrates[betrepopauseflows globally througb[helenesphere
andalengplasmasphemicmagneticficíd lines.

‘¡be l¡gb[ning generalesbreadelec[romagneticfrequencyspectraandsome
of [he wave energypropagatesmio ibe ienospheme/rnagnetespheresystem,
wbereit iníemac[s with ambientplasmapam[icles. We haveevidence[hat[Lun-
derstormscan be importan[ in [heglobal ¡onospber¡cenergybudge[. Re [Lun-
dereleudelectric fields influence[beE-regienasidF-regionof tbe ionosphere
(SuessandTsurutani,1998).

Recentobservatienshaveshownthat intenseligb[bing producesanumber
of in[eresí¡ng and unexpectedeffecís in [he middle and upper atmespheres
aboyeíhunderstorms.

Somenew asid diverseclassesof energe[ic electrical effecís of [hunders-
tormsLaveLeendocumentedover[hepas[ 5 years.Twe of iheseclassescalled
red spritesand blue jets, are large-scaleeptical em¡ssionsexcited by ligh[-
ning. Together[bey span [be entiredistancebe[ween tepsof some[hunders-
tomms andihe ¡onosphere.‘Ubesenewly disceveredclassesof naturalelectric
phenomenaprovideevidencethai [bunderstermsarebo[h moreenergeíicand
capableof electricallyinteract¡ngwitb iLe upperatmosphereandionespberete
a far greaterdegree[banhasbeenappreciatedin iLe past.

Spritesarevemy largelumineusflasbestha[ appearwitb¡n [Lemesospher¡c
0-regiendimec[ly everactive tbunderstermsystemsceinciden[ with cleud-te-
greundor intracleudlighting sirokes.‘¡riangulationof theim locationsandpby-
sical dimensionsusings¡multaneousimagescapturedfrem widely spacedair-
crafts hasshewntha[ beir terminal altitude ex[ends te ILe ionesphere.The
bmightes[ regienof a spriteis red andlies in [he altitude range65-751cm. Abo-
ve [his ihereis ofien a faint medglow er wispy s[ruciure extendingupwardte
abeu[ 90 1cm, te iLe n¡ghtiimeE-regionledge.

‘Uhe jets are speradicep[ical eject¡ens,deepblue in color, [bat appear[o
emup[ from [he vicini[y of ihe overshoet.Follewing [Leir emergencefrom íhe
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tepsof ubethundercloud,bluejets prepagateupwardin narrowcenes,fanning
out asiddisappearingof abeut50 km overa lifeuimeof abeul300ms.

Reoriespreposedtedateconcemingonly red spmiuesalí involve ligbtning
dischargesaciingciuberas a casuativeagent,or as asimultanenusbutnon-ca-
suativeconsequenceof elecimicalbreakdowntmiggeredby cosmicrays. Inuen-
siveefforts,boíL experimentalasidubeoreuical,areunderwayte determineihe
pbysicalmecbanismsat werkte produce[hundersion (ionosphereeffects.It
is unclearwbether[heabsorptionwitb¡n ubeienosphereor magnetospbereof
[be energyflowIBg upwardfrom ubelewer atmospbereis capableof preducing
effectsthat aredinarnicallysignificaníenoughte qualify as astrenglink bet-
weeniheselayer.However, severallong-lived secondaryeffectswiubin [beneu-
tral upperatmespheremayoccurby way of joule heauing,photoexcitauion,or
electronimpacíexcitauionor ionization.Undemstandingwhere[hesenew elec-
trical processesfil in [he solar-terrestrialsystemasidEartb’s global electrical
circuit is achallenging,andinherentlymultidisciplinary,problerntbat spansira-
ditional disciplineboudariesseparatingihe lewer andupper aurnespheres.
(Sentmanand Wescott,1995).

‘Uhe evidencesfor direc[ inleractiosisbetweenphenomenaassociatedwith
thundersterrnsand ionespbereinclude perturbatiensof electrondensity asid
temperature(increaseof ionizationatE-region,E-sporadicoceurence,increa-
se of temperatumeasidelectrendensityin F-regien),excitationof electrostauíc
wave turbulence,enhancedoptical ernissiens.Thereare sorneapproximate
bypothesisesaboutube pbysicalrnechanisms- e.g. upwardaccelerauionof
electrosisin [he momentof lightning discbarge,ienizatienen by paruiclesetc.
(e.g. Paskoetal., ¡997).

‘¡bere areuheoreticalasidexpemirnentalevidencesaboutrnagnetosphemic
electronprecipitationsimulatedby lightning via madiowaves,paruicularly¡n
ubeELF-VLF range(lessuhan 30 kHz). Becauseubeprecípítatingpartícles
may be ube reasenof dissociationasid ionization processes,it is ube nexí
cbannelof thunderstorrninfluenceentbe ionosphere.We baveVLF signa-
turesof ionosphericdisturbancesasseciatedwith «sprites»(e.g. Rycraft,
1994).

AtmespbericAcousuic-OravityWavesare asseciatedwi[h severe local
thunderstorms,tomnadoesandhumricanes.Reversegroupray tracingcemputa-
tiosis of acousuic-grav¡tywavesebservedby an ienespbericDopplerseunder
array, sbow [bat ube wave seurcesare in the neigborhoodof sien systems.
AGW ationesphericheightsareobservedwhenseveretbundcrstormsare wit-
hin aradiusof severalbundredskilometersof ube ionespbeñcreflectionpoints,
ihe convectiveregiosisrnay be imbeddedin ubestrauiformanvils of thunders-
torms. Luis interesuingthai ubezonesof maximaleccurenceof F-spreadover
West Africa asid SouthAmemicacoincide well with ubezonesof high ibun-
derstomrnactivity (e.g.Kazimirovsky,1983).
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3.4. Meteorological influences on theF-reg¡on

Tbis tepic is much more speculativeuhan fer tbe lewer ienespbere.Ne-
vertbeless,iLe ideasabeu[ dynamiccoupl¡ngbe[ween weatberat [begreundle-
vel and F-regienbehaviourappearedlong age (Beynonand Brown, 1951;
Mar/yo, 1952). New it ¡s evidenítba[ planetary,[idal asidgravi[y waves¡aun-
chedby varleusseurcesin [betrepospbereandstratosphcrereally penetratemíe
[beF2 region.Rereareshert-temmcorrelationsbetweenme[eorelog¡cal asid¡o-
nespbericparameters,and a numberof sta[istically signif¡cant cerrela[¡ens,
tha[ mayberegardedascircumstancialevidenceen [Lelong-tenbasis.The ¡o-
nesphericresponsete[befercing frem belowsbeuldbe anisotrepicandsubject
tediumoal andseasenalvar¡ations,andsbeuldvamy with geemagneticandgee-
grapbiclatitude andlongitude.

Wc believethatplanetarywavess¡gncould be recognizedin ubeglobal dis-
tributionof [heelectrendensi[y (N) in tbeF2 region.TLe regional símucture(so
calledcontinentaleffect)of N~ wbich canbe interpretedin [errnsof [beman¡-
fes[at¡on of [heclimaticprepertiesof the underlyinga[mospherebasbeend¡s-
cusseden many eccasions(Danilov u al., 1987). ‘¡be longitude-dependen[
distribuuionof noenf0F2 valuesis reasenablywell approximatedby tbe sumof
plane[ary wavesn=l asidn=2.Moreever,¡t was sbown[Lat [beseasenalvaria-
tiesisof planetarywavesamplitudesin fF2 and¡n geepoten[ial at 10mb level
arecloselycorrelatedwi[b changeabletf>rne lag.

Srndiesof couplingbetweenienespbericandstratespbericparametersse-
me[imes yield [be ambigueuscenclusionsdue[o ubemaskingeffecten [he¡e-
nospberefrem tbe vam¡eusgeopbysicalfactors,sucbas ¡onizing radia[ien of ube
Sun,energeuicparticlesfluxes,cesmicrays etc.Rus it is desirable[o makethe
analysisin sucbamannertbat variaíienscausedby [besefactersare removed.
Wc Lave proposedand successfullyrealizedthe following technique.Twe
s[atiens are selectedwb¡cb Lave clesegeograph¡cer geomagne[¡c lat¡[udes
buí arewell spacedin longitudeso tha[ theyarelikely te Lavesubstant¡a!dif-
ferencesin meteorelegicalcharacteristicsof the lower aímospbere.Por each
dayubed¡fferencesaredeterminedin ube¡onespber¡ccharacterist¡cs(e.g. f0P2,

~min’ absorpuienof radiowavesetc.)be[ween [besetwo s[ations andubesamedif-
femencesin [be meteorolog¡calcbarac[er¡st¡cs(e.g. stra[ospherictemperature,
beíghtof ísobaricsurfaceetc.).From[becomparisonof ubetimevariatiofis of
thisd¡fferencesenemaysupposetha[ ubeeffect of geepbys¡calfacters,wbich
arealmes[ be sarnefer [we stations,is elim¡natedte aconsiderableextent.On
[becontraryihe meteorologicaleffect duete differen[ climatelegyfer [bese[we
spaccdloca[iens will bestressedand[buscanbe idenuified.If meteorelegical
factorsde indeedbavean influenceupen the varia[ions of ienespbericpara-
meters,we shouldhaveubeclesecorrelationbetweenvar¡a[ions of [be d¡ffe-
rencesaboyedescribed.

‘Ube examplecan be demonstratedfer f0F2 ands[ratesphericdynamics.I[ is
well knewntbat [hewinuercyclonic vor[ex ¡ti [bestratespbereis verydinamic
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amichangeable.‘¡be subtropicalameasof bigb pressurewhensnovingnortis-
ward, maydeforrn asid sometimosoven split it mio two independenícelis.
This circumstanceleadsteasubstantialdiffemencein ubevaluesof stmatospbe-
dcpressumeal two sites,locatedatubesarnelatitudebuí at differentlongitudes.
Does[he bcbaviourof F2 ienosphericiayerreflect [bis phenernena?Fig. 6
presenisthe seasonalvariatienof daily values of differencesla noen fo P2
<A10P2) betweentwo sitesnear55~N spaeedin longitudeby2000 1cm asidlihe
seasenalvadadenof daily valuesof dic correspondingdifferencesin heighuof
30 isPasurface(Ah 4 We can seothaibotis duringwinter asidequinoxes[heva-
luesof Ah~ami ¿?F2aregreater[hanuhoseduringsummer.By ubemetitodof
«superpesedepocti’s»it wasfeusid[batnegativeextremaof Af0 F2conrspond
te positive extremaof Ah~ asid vice versa.(Kazimirovsky¿md Kokourov,
1991).

Por sornetime [heneuworkof jonosondestationsin EuropebaO beendense
enoughLo study [he meteorologicalbebaviorof tite uppem¡onespliere<Bibí,
1989).Eventseaveragebebaviourof ubeF-regionlonizatienshowssubstantial
differenceswiuh locauion.In Europeubevariauionsof ubelocal gradienismn so-
nization canbe differentby a factorof two over [wo locatiosisseparatedby
1000km. This is impertantfor understandinglibe meteorologyof [he ionesp-
bereasidfor pmeciseradiopredicuiens.

As far asubepisysícalcauseof planetarysealewaveslii loE! is concemed,
it seemspossible[bat [bisis ubesequenceof planetarywavesitt ubeneutralal-
mospliere(Rice¿mdSha;p,¡977; [‘orbes et al., ¡999), in thennospbericden-
sity.

From[beearlies[ daysof RE communicationsubepresenceof travelling lo-
nospiteriedisturbances(TíO) anO ienosphericirregularities(inchidingP- spme-
adevent)were revealedasidnowwe know[batbotis arecloselyconnectedwiub
isiternalgravity waves.‘¡be soisreesof ihesewax’esbavebeenidentifsedwbicb
includeseveroweatberdisturbances(typboons,[hundersioro-is,tomado,buril-
canes),eartbquakes,nuclearandindustrialexplosiosis.lii ubeexperimenlispmo-
vided by sorneinvesuigaíors,ter tite majorily of ubewavestise reversegroup
pathcan be followed down teubeiropopauselevel, asid comparisonwi[b me-
teorologicaldalahasshownthai rnanyof ubeposs¡bleseurceregiorisof theob-
servedwavesappeamte Ile lii proxins¡ty te ubejet s[ream, or tebeelose[o re-
giosis of ube eonvecuivetyunstablecoid pelarair. ‘¡he possiblegeneratien
mechanismis [henon-]inearinteractionof sisearflow instabiiuiesin [bejet sire-
am asidpenetrativeconvection(numerousrefereneesin KazimirovskyandKo-
kourov, 1991).

TíO canbe relatedto íroposphericvortexes.Recentlysucis observatiosis
wereprovidedIB ChinawhereTIDs werestatisticallyanalyzedunderubebase
of observationof aaHP Doppler amray. ‘¡be backwardray tracing showsthai
ubesonreesof T11?)s arelocated¡u cheedgesof Qinghai-TibetPlateau,te., m
tite leesidesof tite bulgingterrain of tite plateauwhereihevertexesaremore
probablyproduced.(Wane: aL, 1999).
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P-spreadenionogmamsis oftenconnectedwitb wave-l¡kestmcturesof F-re-
gion irregulamidesinducedby upwardpmopagatingAGW’s of meteemological
origin. It is especiallytrise fom equatorialF-spread.Fer instance,spread-Foc-
curenceIB ihe African ameawas investigatedby measisof non great-circlera-
diowavepropagauionen ubetransequa[orialpatb.‘¡he disiribuuion of ubelien-
zontalvelocity, [hehorizontalwavelengtbof [bequasi-periodicalstructures,asid
tite tilt of ihe irregularitypatehesledte [beassumption[bat [besestmucuuresof
ubeequatomialF-spreadarecennectedwitb AGW in ubeequatomialregion(re-
ferencesin Gershmana aL, 1984).

Thevariationsof theTotal BlectronContera(‘¡FC) overlow-latitudesta-
íions sornetirnesalso shewwave-like structuresal Ihe mornení of unusual
gmoundpressurevariatiosiswitb [be samepeniodandanamplitudemuehgrea-
[eniban ubeasnpli[ude of ubenonnallyobservedshoru-periedchangesIB TEC.
‘¡he surongcemmelationbetweenubeoscillaujesisof [begroundpressureasid [he
TEC givesevidencethaiubeAGW weregeneratedby asingulartreposplierie
eventandpropagatedte ionosphenicbeightswi[hout significaní changesof
pemiod (e.g. Shodela al., 1973).

3.5. A possiblegreenhouseeffect lii the ¡onosphere

Relcasesof tracegasesfrern humanactivity haveapotentialfor causingama-
jor changeIB ubeclirnateof [heEarth.Buíuhereis no deubí[battite subjectof glo-
balclimatewamiingduete socalled«greenheuseeffect»haslcd tecentroversy,
speculauionandconfusion.Despiteube manyuncertainties[batrernain,[becon-
sensusof mostscientis[s knowledgeableabeulibesemattemsis [batglobal wam-
ming will occur.Sornequestionsrernainconcemingubetirning asidubemagnitu-
de of changebuí [herearefew, if any,whodissentfrom [bisgeneralcenclusion.

Tbe [repospbeneexpec[ed te wann,[he sunatosplieme—teceo], ozenecon-
lení— te decrease,the consequencesof [besepmocessesen ube atmosphere
aboye60 lun areconsideredatpreseníandoverailresultsindicatethat global
changeresultingfrom tracegasvariations(e.g.CO2 andCH4 deubling)is not
cenfinedonly tethe lower atmosphemebut alseextendswell into ubemesosp-
heme,tbermosphemeandionosphereregions.Reprojedtedebangesshouldalso
leadtesornealuerauiensIB globalcirculatien, latitudinal distribuuionsof tem-
pematureasidcompositionasid [beresponseof ubea[mospbemic systernte solar
asidauroralvariability (e.g. Thomas,1996).

Cbangesin a[hin layemof sodiumvapeur,abeut90 1cm aboye[heEartb,
could be revealing[hefar-reachingeffectsof greenheusegases(since 1972 up
lo 1987 frs meanheighthadfallennearly akilometre).Although it is noupos-
sible testauewiub abselutecemtaintythatubedecmeasein the altitude of ubeso-
dium ]ayemis anindicationof globalcool¡nglo [bemiddle atmosphere,[hebe-
haviourof [he layerclearly beanssystematicwatchingin yearste come(e.g.
Ciernes/zaa al., 1997).
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‘¡he changesof occurmencefrequency(a considerableincrease)of noctilu-
cent clouds,caused,eitber by cbangesof wa[er vapeurcencen[ra[ion er by
changesof temperature,arepossiblymi indica[¡en of Jong-terman[brepogenic
cbanges.We alse sbouldconsidem[bepessibleeffect of anthropegeniccbanges
in [be mesosphemeuba[ ceuldresultfremaeroselsaudtracegasesdiffus¡ngup-
ward inte [be mesesphere,wbere[beycan cbange[be aerenemy.PolarMe-
sosphereSummemEchoes(lncoberentScatterRadar)might prevetebe sens¡-
[¡ve [racemsfer suchantbrepegeniccbanges(e.g. Thomas,1996).

Long-tentrendsin planetarywave activity at altitudesof about80-100
1cm, which areof possiblyan[hropogenicorigin, baveextensivelybeens[udied
wi[b [beuseof almest30 yearsof abserptionmeasuremenlisalengvarleusra-
diopathsin Europe.Trendsaremoreproneuncedin day[ime [hanin night time
(e.g.Lastovícka,1997).

Accerdingte medelpredictiens,deublingof [Le greenbeusegasescon-
cenímationsbouldleadte a significantceolingof [beupperatmespbereandre-
sulting cbangesin F2-megionparameters- adecreaseof b0F2by abou[ 15 km
wz[b enly small changesof f0F2 and probably 2.5 - 3.5 % increaseof
M(3000)F2.‘¡be lengtermchangesof h0F2andf~,F2 whicb were ¡ti accerdance
wítb medelpredicíions(al leastqualita[ively) were reponedfer semeienosp-
bericstationsin iLe nortbernandsoutbemohemispberes,but tbe resulisdo not
prevideaconsísíenípaftemn.Puríberstudiesarenecessarytegetberw¡[b [esting
bomogene¡tyof data(e.g.Rishheth,1997; Ulich andTurunen,1997;Bremer,

1998;Jarvis et al., 1998).

4. CONCLUSION

‘¡be ienosphere,embeddedin and[igbtly ceupledte [Lethennospbere,¡s
s[rengly influencedby ceuplingste o[ber geephysicalreg¡ens.In add¡tiente io-
mz¡ngenergeticsolar irradiationaboye[be¡enospherebo[b libe magne[esphe-
re asidplasmaspheregreátlyaffect [be ienospbereby [Leprecip¡[a[ien of sef[
andenerge[ic particles,by Lea[ cenduc[ien, asidby fluxes of [hermaJparticles.
Below, [he middle a[mospbereaffects it wi[b upwardly propagatingwaves
(gravity waves,[idesasidplanetamywaves).Explering[besecouplingseffecti-
vely furtbersourunders[andingof atleastubedominantprecessesand¡nterac-
tíens[batplay sucban importanírole in detennininglibe characterof tb¡s panof
[beEarth’senvirenmen[.

Perhapsubemajoradvance¡n recentyearsbasbeen[beacceptanceof me-
teorelegicalprecessesas a[ leasta pe[en[ial causeof ienosphericvariabili[y,
asid no[ some[bing in realm of sejencefic[ien. Hopefulíy, pregressw¡ll be
evenmorerapidin [Ledecadeste come.Siudiesof [Leme[eorelogical effects in
ubelenosphereareactively undemway asid [he main aim of tL¡s reviewpaper
was te s[imulate [heseinvestigatiens.

Wc mus[ loek forward [e a furtherbreakdewnof iLe traditienalisela[ien of
[beienospberefrom [he lewer atmospbere.S¡ncethe upperatmesphereis ge-
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nerafly a geodindicatorof solaractivity, enemighuassumethai correlatienbel-
weenuroposphericasid ionosphericparameterspossiblyindicatessuchasolar-
weathereffect.

Tbequestionof ube ]owerlupperatmospherecouplingis amajorchallenge
for ionosphericphysicste whicb [hegrowingscienccof aemonomyasidmetee-
rology maybe able temakean importanícontribution.

Re only appropriateway teplacetbeserelauienshipsenfirm groundis
via ube studyof causalmecbanisms.Becauseof [be cernplcxiiy of pessible
relauionshipsit is cleartbaí amulii-disciplinaryapproacbis requimedin fu[u-
re investigatiesis,that is conimibutionin [he fields of rneueorology,elimato-
logy, aeronomy,ionosphemicpbysics,atmosphericelectricity, asidplasma
physics.Puríberregional,natienalasid¡nuemnationalcoeperativeefforts ame
neededte erganizeaglobalmonitoming systemof aumesphemicoscillatiesis
with variousnew uecbniques.Continiseusobservatiosisfrom ihesene[works
pemmit resoluí¡onof planetarywaves,aírnospherictides asidgravity waves
andhypethes¡sthai suchmotionspropagateupwardfrom ihe lower atmos-
phereor aregeneratedin silacould be exaniinedcmitically wi[b observational
data.

Wbatis desimedis quantutativeappmeciationof al] libe significantcouplings,
tmiggermecbanismsasid feedbackproccsses.Ofpracticalconcemoarechaisisof
processesthai havefmal resultsimportaníuo life processes,effects en cern-
municatiosisasid technologicalaclivities,andimpacisen ubeconducíof scien-
tifie observationof naturalphenemena.
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