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ABSTRACT

COSTAcrion 251 <ImprovedQuality of Servicein lonosphericTelecommunication
SystemsPlanningandOperation)hasbeenadynamicgroupof 122 paruicipanísfrom46
organisationsin 20 Nations working as a íechnical connnunity towardsa common
goal. Themainobjectiveswerelo collecíadditionalquantitiesandtypesof ionospheric
dala, Lo generaleproceduresfor predictionof ionosphericmodeisoverEuropeand to
promotetbeir use, lo extendubeexistingmodeislo give systemperformancestatistics
andlo developa melhodologyfor channelsimulalion.Themajorachievemenísinclude
especiallyte productionof databasesof ionosphericrneasuremenls,ube developmentof
proceduresfor ionosphericandplasmasphericmodeUing,mappingand forecasting
andmodeisfor usersfor overalíperformancepredictionof systemsin Europe.

Theresulísobtninedja te frame of COSTAction 251 during te period1995-1999
aresummarisedwith particularreferencelo their applicalionfor terrestrialandEarth-
spaceionospherictelecommunicationsystemsplanningandoperation.Reconunenda-
tionsfor futureactivitiesarepresenled.

Kcy words:Ionosphere,Modelling, Mapping,Prediction,Forecasting,RadioWa-
ves,RadioCommunications.

1. INTRODUCTION

Co-operationresearchon effects of Ihe upperatmosphereon terrestrial
andEarth-spacecommunicationsal Ihe Europeanlevel is absolutelynecessary
becauseaccuratepropagationinformation is essentialLo supportte design,im-
plementationandoperationof mostmodemterrestrialandsatellitecommuni-
calion systems.Nowadays,communicationsthrough Ihe upper atmospliere
sbouldmeetmore andmorerequirenients,evensothey seemLo beexcessive,
unrealistic,or usefulness.Advancein perfonnancepredictionandforecasting
shouldbeachievedby bringing togetbergroupsworking in two arcas,namely
groupswith objectivesradio engineeringapplicationsorientedandgroupsthaI
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give moreemphasison radio sejence.Currently, thereis no structuredco-or-
dinationeffort in Europein this domainoutsideCOST(EuropeanCooperation
in tbe ficid of Scientific andTechnicalReseareh).

In this frame, work startedwith COST Action 238 (Predictionand Re-
trospectiveIonosphericModelling over Europe - PRIME), which operated
from 1991 to 1995 with objectivesto developimproved modeisfor the Euro-
peanareabetweenlatitudes35-550N and longitudes 100W-300Eusing jo-
nosphericinformationtakenfrom existingmeasuringequipment.Studieswere
conductedto the specificationof the monthly medianheightprofile of electron
densityup to a height of 1000 km andthe mappingas afunetion of time-of-
day,seasonandsolaractivity of te monthlymedianvaluesof the Total Elee-
tron Content(TEC) and standardionospheriecharacteristics.Proceduresof
evaluationof thesequantitieson an individual daywere developed.

COSI251 (ImprovedQuality of Servicein IonosphericTelecommunica-
tion SystemsPlanningandOperation)wasa naturalsuccessionto COSI 238
w¡thout which resultswould notbe exploited. It wasbuilt on existing COSI
238teamsandappropriatenewgroupsfor the additionalactivities. The parti-
cipantsin COST 251 camemainly frompublie researchinstitutesandfrom uni-
versities.Thework was organisedasa seriesof Work Packages,eachwith own
sub-objective,structuredwithin five Working Oroups.Al] Work Packages
hadparticipantsfrom morethantwo countriesandhaveelectedtheirown lea-
ders.A ManagementCommitteesupervisedprogress.

2. GENERAL DESCRIPTIONOF COST 251 AND ITS ORJECTIVES

Ihe mainobjectiveswereto collect additionalquantitiesandtypes of io-
nosphericdata, to generateproceduresfor prediction of ionosphericmodels
overEuropeand to promotetheiruse,to extendthe existingmodelslo give sys-
temperformancestatisticsandto developa methodologyfor channelsimula-
tion for HF systemsin Europe.me work hasbeensplit into five main areas,
allocatedto five working groups: (1) modelsfor terrestrialsystems,(2) models
for Earth-spacesystems,(3) ionosphericmodelling, (4) variabiiity and fore-
castingand(5) systemperformanceandspeetrummanagement.

Aceordingto the objectives,the principal activities werete following:

• Assemblyof a databankof vertical-ineidenceandoblique-pathionosp-
hericmeasuremenísandTotal ElectronContent(TEC) for use in model
generationandtesting;

• Investigationof ionosphericpropagationeffeetson radio systemsusedfor
navigation,geodesyandradio-astronomy;

• Studiesfurtherthe developmentof new modelsfor the monthly median
ionosphericeharacteristiesfoF2, M(3000)F2andTEC;

• Improvementof existing techniquesfor predictionof ionosphericva-
riability parametersof interestto HF systemplanningandoperationand
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otherionospherictelecommunicationssystemsparticularlyin higli la-
títude;

• Investigationand improvementof ionosphericforecasífor 1ff system
operation;

• Studiesof UF channelmodels,signalvariability andmodeisfor overall
performanceprediction;

• Productionof mapping functionsandassociatedcoefficients for the
monthlymedianionospbericcharacteristicsfoF2,M(3000)F2andmC;

• Productionof spatial-interpolationalgorithmsfor instantaneousvaluesof
foF2,M(3000F2)andmC frona rneasureddatabr the sarneepoch;

• Elaborationof forecastingalgorithmsfor estimatingvaluesof foF2,
M(3000F2)andTEC up to 24 hoursaheadof thepresent;

• Generationof expressionsfor te electron-densityheightprofile form in
temisof valuesof foF2, M(3000F2),mcandotheravailableionosphe-
ile andsolar-geophysicalparametersas necessary;

• Productionof amethodologyfor channelsimulationfor 1ff systems;
• Interactionwith radio usersand comparisonof their performancedata

with modelresults;
• Productionof computerprogramsin accordancewith therecommended

procedures.

Ihe adoptedCOSI 251 areais rectangularin geographiccoordinatesfor
operationalconvenienceandeaseto interfaceto global models(Fig. 1).

lii total 122selentisísandengineersfrom 46 Organisationsin 20 Countries
havebeenassociatedin the four-yearof the lifetime of the Action (1995-
1999).SuccessfulAction outcomewas achievedby volunteercontributionses-
timatedby peerexaminationto give generalagreement.
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3. MEASUREMENTS AND DATABASES

Ihe studiesundertakenwithin COSI 251 werefor the mostparttheoretical
audstatisticalinvestigationsmakinguseof ionosphericmeasurementdatasets
availablefrom databasesestablishedunderAction auspices.Many pastmea-
surements,especiallythoseof vertical-soundingsalreadyexistedand were
available,though sorneof tbem neededfurther analysisand assemblyinto
convenientformatsfor an easyuse.Speeialeffortshavebeenmadeto checkIhe
quality of the dataandrnanyparticipantsin tliis Action havecontrolledmostof
the storeddata.In this Sectionvertical- andoblique-incidencesoundings,elec-
tron-densityheight profiles, TEC and UF spectraloccupancymeasuremenís
that werecarriedout underAction auspicesarereponedandthe databaseses-
tablishedare described.

3.1. Measureinentscarriedoid under Action auspices

3.1.1. Ionosphericsoundings

Within and close the COSI 251 areaof Europe(Fig.1> Ihere havebeen
about50 ionosphericstationsproviding long-seriesof dala, mosíof them are
stitl in operationandmaintainedby Action participants.In many stationsme-
asurernentsperformedover4 solarcyclesarenow síoredin the databasesand
madeavailablein appropriatedigitisedform. Long-seriesdatasets are very im-
portantto certain studies,particularly thoseundertakenwhich haveaddressed
whethertherehavebeenany detectableionospherictrendswithin the COSI
251 areabeyondthoseassociaíedwith solar-cyclechanges,andfor Ihegene-
ration of long-termmappingdalasets.

Regularvertical-soundingsare carriedoutsystematicallyonceeachhour in
most of the síationsaudonly al a few stationsevery 15-minute intervals,but
alsoin Ihesecasestheregularreductionof Ihe datais madeonly atone-hourin-
tervals.In thisregard theyrepreseníunder-sampledeffectivesnapshotsof jo-
nosphericstate.Within-an-hourvariability canbelarge,especiallyat dawnand
dusk. Regularsoundingsare also deficiení for the detailedinvestigationof
the day-to-dayvariability andfrom hour-to-hour.Coinprehensiveinvestigation
of ionospheriedisturbancesindicative of ionosphericresponseto solar and
magneticdisturbancesrequiresmorerapid soundings.Morerapid soundingsare
alsoneededfor spectralanalyses,which involve studyof temporalchangesas
an aid to forecasting,and to spatial mapping on individual occasions.Ihe
needis thereforefor coordinatedrapid-soundingmeasurementcampaigns.Sin-
cedisturbancescannotyet be forecastit was necessaryto agreein advancethe
epoehsof the campaigns.Campaignsof measurementsat 5-minute intervais
took placeduringdifferentsolarepochs.Difficuities havearisenin finding the
neeessaryresourcesto analysethe largenumberof ionogramsfor theserelati-
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vely lengthy dataseIs. However, sorneof them measuredin Rome (Italy),
TortosaandEl Arenosillo (Spain)havebeenanalysedandhavebeenusedin
statisticalstudiesduring the Action.

Obliquesoundersoffer thepotentialfor dalainversionto giveinformation
on rnidpathionosphericconditions.The bestgeographicalimplementationof a
network to monitordxc ionospherewouldbe lo haveregularlyspacedionosp-
heriesounderscornbiningvertical andoblique transmissionsbetweenthern.
Unfortunatelythis is not possible.However,a networkof suchsoundersexists
over Europeand a number of specialcarnpaignsof oblique-soundingwere
performedin Belgium, Italy, Spain,SwedenandUnited Kingdom during the
Action.

3.1.2. Electron-densityhe¡ghtprofiles

Bottomsideelectrondensityprofiles havebeenobtainedby inversionof
vertical-incidenceionograrns,usingeitherPOLAN (Titheridge,1985)or AR-
TIST (Reinischetal., 1988).Topsideelectrondensityprofiles havebeenob-
tainedfrom the COSMOS,Isis-AlouetteandIK-90 satellite sounders.me
mainapplicationis the validationof predictedelectron-densityheightprofiles.
In thisaspectit was interestingto analysevertical-audoblique-soundingdata
on the samepathsimultaneouslyin order to investigateIheir mutual depen-
dencies.

3.1.3. Total ElectronContent

Total ElectronContent(ThC) datahavebeenderivedin DLR/DFD Fer-
nerkundungsstationNeustrelitz(Gennany)from OPSmeasurernentscan’iedout
at stationsof the EuropeanOPS TrackingNetwork of the InternationalOPS
Service(Jakowskiet al., 1998a).Assumingasinglelayerapproximationfor the
ionosphere,slantThCdalawerethenrnappedto averticalatthepiercepointof
the ray pathwith the «ionosphericshell» fixed at 400 km height. Within dxc
COSI Action OPS measurementsover 4 years(1995-1998)werecollected,
analysedandtrausformedto the COST251 dalaformat.

3.1.4. HF spectraloccupancy

1fF spectraloccupancywasmeasuredwith four autornaticsystemsaspart
of ajoint UnitedKingdoni/Swedishexperiment(Gott et al., 1996).Ihesesys-
tems werelocated at Baldock (United Kingdom),al Linképing audKiruna
(Sweden)and al Munich (Gennany)and provide effective measurementof
spectraloccupancyoverNorthernEurope.Also, Iherewasa fifth measurement
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systemat CobbettHill, nearFarnborough(United Kingdom).Ihe measureof
occupancyusedis definedas congestion,whieh is theprobabilitythatIhe out-
put signalof abandpassfilter of given bandwidth,randomlyplacedwithin agi-
venITU frequencyallocation,exeeedsa giventhresholdlevel,

3.2. Databasesestablishedunder Action auspices

3.2.1. fue COST251 databank

The COST 251 databankbasedatte AbdusSalamInternationalCentrefor
IheoreticalPhysics,Trieste (Italy) is operationalsince April 1997 frorn Web
homepage:http://www.eost251.ictp.trieste.itl. meCOSI251 databaseprovides
montbuy-medianauddaily hourly valuesof up to 14 ionosphericcharacteristies
measuredat about50 stationslocatedin the FuropeanCOSI251 region andthe
immediatesurroundinggeographicarea, for the years 1944-1997.Ibis dala
bankcontainsalsoanumberof electron-densityprofiles, as well asTEC andio-
nosphericabsorptiondata. Participantsin COSI 251 havemadetestson te
quality of te data, and a numberof errors in the original databavebeenco-
rrected.Recognisingtbatthe databasehasapplicability for otherscientifxcin-
vestigationsbeyondte lifetime of COSI251 it was decidedto includeup to 14
ionosphericcharacteristiesalthoughnot alí of tesehavebeenusedto date.

Ihe databaseof vertical-incidenceionosphericsoundingshasbeenmade
availableon CD-ROM by the RutherfordAppletonLaboratory(UnitedKing-
dom),includingamodemWindows-basedinterface,the IIWO DAlA package
developedby the OeophysicalInstitute of Sofia(Bulgaria).

3.2.2. TheIonosphericDespatchCentrein Europe

TheIonosphericDespatchCentrein Europe(IDCE) hasbeenestablishedas
aninitiative of COSI Action251 (Stanislawskaet aL, 1999a).It is operatedsin-
ce January1997 in HeliogeophysicalPredictionServiceLaboratoryof the
SpaceResearchCentreof PAS (RegionalWarningCentreof the International
SpaceEnvironmentService,IRLES) in Warsaw(Poland).

lUCE allowsconvenientaccessto sornerecentionosphericdatafrornver-
tical-incideneesounderslocatedmainly in Europe.Datafor the currenímonth
arepresentedfrom the beginningof the rnonth up to last rneasurementsavai-
lable. IDCE offers the cataloguesof disturbedand quiet days,the list of dis-
turbedperiodsof few hoursduration,dataon suddenionosphericdisturbances
as well as solar,magneticandotherionosphericinformation,predictionsand
forecasting.IOCE providesalsovaluesof te MF2 indices(Mikhailov, 1999).
Onte basisof thernost recentdalaapresentationof te instaníaneousmapsof
foF2 for Europefor is madeavailable.Data are availablefrom Web page:
http:\\www.cbk.waw.plV-wc\idce.htmlandon ftp.cbk.waw.pl.

Física de la Tierra
2000, 12, 6 1-103 66



R. Hanbabaant! B. Zolesi ImprovedQuality ofServicein Ionospheric...

4. IONOSPHERTC AND PLASMASPHERIC PREDICTION

4.1. The COST 251 model for the montbly median ionospheric

characteristiesfoF2, M(3000)F2and TEC

4.1.1. Modelfortite monthlymedianionosphericcharacteristicfoF2

The COSI251 modelfor the monthlymedianfoF2, knownasMQMF2R,
is basedon SingleStation Models (SSM) and tbe multiquadriemethodfor
spatialapproximation.

Mostof te ionosondesin the COSI251 areahavemorethanonesolarcycle
periodof observations,enablingthecreationof fofl monthly medianmodels,ca-
lledSSM’s, for tite locationof theseionosondes.meionosphericmdcxMF2 was
usedto derivete foF2regressionson solaractivity for eachionosondestation.A
set of coefficientsfor 12 monthsand24 UI momentsfor eaehjonosondewere
generatedwith anon-linear(cubiepolynomial)dependenceon MF2 index.

lite choiceof ametitodfor spatialinterpolationwasa crucialpoint. The
multiquadriemetitod(Hardy, 1971)usedfor mappingin topographymaybe
successfullyappliedto global as well as to regionalionosphericmappingas
wasshownby TeryokhinandMikhailov (1992).Titis metitoddrawsa surface
strictly over given setof pointsin distinetionfrom otiter methodsadoptedfor
ionosphericmapping.AlI pointsinsidete COSI 251 areaas well as iii thebuf-
ferzonewereusedfor drawingte surface.Thus thisapproachalwaysprovides
asmoothinterfacingto te IIU-R (1997) modeloutsidetite COST 251 area.
Ihe metitod is numericallystableand doesnot requireadditional «soreen
points» for numericalstability in data-sparseregions.A buffer zoneof 45
pointsaroundtite COSI 251 areawasusedto interfacete COSI 251 mapsto
te global ITU-R maps(Fig. 2). It shouldbenotedtbatthe modelMQMF2Ris
basedon tite MF2 indextat is availableonly for tite past.A conversionpro-
cedurefrom R12to MF2 is adoptedin the modelMQMF2R.

4.1.2. Modelfortite monthlymedianionosphericcharacteristicM(3000)F2

lite COSI 251 modelfor te monthlymedianM(3000)F2,knownas UN-
DIV, usesSSM’s,making no distinetionbetweensolarcycles.no distinetion
betweenrising andfalling partsof thecyclesandno accountingfor hysteresis
effects.

Since for constantlocal time no appreciablesystematicdependenceof
M(3000)F2on geograpitielongitudewas foundover te COST238 areate
original UNDIV approacitwas to uselinear regressionswit geograpiticlati-
tude.Testsdemonstratedtat titis approacitwasnot goodenoughfor te mucit
wider COST251 area(Leitinger, 1998a).Tite useof magneticlatitude(dip la-
titude andmodifieddip) insteadof geograpiticlatitude brougittslight impro-
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Figure2. FxampleofCOST2SIÉoITU-RfoF2mapsinterfacing.The COST251 urea gronod-based
lonosondes(*) asidbuffer zonepoínOs(•) areshown.

vementsonly. Thereforegeograpitielatitude was maintainedand a linearde-
pendenceon geograpiticlongitudewas added.Porconstantlocal time (LT) aud
month of the yearbi-linearregressionsin latitude andlongitudewereadopted.

Ihe monthlymediansof M(3000)F2were takenfrom the COST 251 data-
baseandpreparedin tite following way: (i) for eachCOSI 251 stationnot re-
servedfor testing,for eacitmonth andfor eachitourUI linearregressionsfor
the R12 dependenceof M(3000)F2 were constructed,(u) level valuesof
monthly mediansfrom tite regressionswere calculatedfor two R12 levels
(R1~=35 andR12=135),(iii) by meansof Fourier interpolationtite diurna! va-
riation of tite level valueswere trausformedfrom UI dependenceto LI de-
pendenceand(iv) for severa]different se]ectionsof stationsbilinearregressions
werecalculatedfor eachR12 level, for eacitmonth andfor eacithourLI.

lite buifer zoneprocedureadoptedin COSI 238 was used.Titis buffer
zonehasa width of 5 degreesin latitude andlongitude,half of tite buffer zone
beinginside the COSI 251 area,half of it outside.Titis meansthat with tite
bufferzoneinterpolationtite «unadulterated»COSI 251 areais restrictedto
betweenlatitudes 37.5-67.5

0Nand longitudes7.50W- 57.50E. It should be
mentionedthat the bufferzonesolutionis an analyticaloneaudtitereforecon-
tinuousin tite mapvalueandin alí its derivatives.

Tite M(3000)F2mapsfrom UNDIV slrnw asmoothbeitaviourwithout
small scalestructureswitich would be unrealisticfor a montitly median
rnap.Figure3 displaysexamplesas contourlinesover tite entireCOSI 251
area.

lo
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4.1.3. Modelfor TEC

Tite COST 251 model for TEL, known as COSTTEC,is basedon
montitly andhourly mediansof electroncontentderivedfrorn tite Differen-
tial Dopplereffect on tite signalsof tite polarorbiting NNSS satellitesfor
tlneesolaractivity interval. Tite mediansweregainedfor tite latitudes45,
50, 55 and600N from latitudinal profiles of electroncontent.For eachof
titeselatitudesa setof 1212 Fouriercoefficientswasproducedby transfor-
ming thebi-itourly andmonthlymedians.Tite Fouriersetswerecut down to
55 coefficients(time independentvalue, diumal, semi-diumal,annual,
semi-annualcomponentsandcombinations).Sincetite latitudedependence
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Figure3. Regionalmapof tlse ionosphericcharacteñsticM(3000)F2for 1800h UT, asobtainedfrom
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tumedout to benearlylinear,regressionuneswerefitted to the Fourierca-
efficients leading to twa setsof 55 Fourier terms(valuesfor tite latitude
52.50N andvaluesfor the latitudinal gradients)for eachof tite two leveisof
solaractivity.

Becauseno electroncontentdataexist (or were¡nadeavailable)fram tite
langituderegionEastof 200E it was necessaryto transferexperiencewith the
longitudedependenceof peakelectrondensity ta electrancontent.This was
achievedby introducingtite equivalentslabthiekness,tite ratio electroncantent
divided by peakdensity,(Leitinger and Hochegger,1999). Iecitnically tite
longitudedependencewas derivedfrom tite UTNDIV 251 faF2 map and for-
mulatedwitit twamoresetsof Fouriercoefficients.

Figure4 displaysexamplesof the annualauddiumal variatianof IEC for
twa lacationsandtwo levelof solaraetivity.

e

Egure4. Annualasid diurnalvariationoboalaedfromCOSrrECfm latitude 400N; top: low solaracti-
vity(R

12=20); bottom:high solaractivity (R>,=150);left: Iongitudeó0
0E;right: longitude io0w.
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4.2. The COST 251 model¡br the electron-densityhe¡ghtprofile

Tite COST 251 recommendedmodel COSTPROF for tite eleetron-den-
sity iteigitt profile consistsof twaparts:

1. A bottomsidemodelfor tite heigitt regionbelowthe F2-layerpeakbased
un tite ionosphericeitaracteristicstoE, foFí, foF2 andM(3000)F2and
on rocket soundings.

2. A topsidemodelbar tite heigitt region aboyetite F2-layerpeakbasedun
O~-H~diffusive equilibrumwitit built-in mapsbar titreeparameters:tite
oxygensealeheigitt atte F2-layerpeak,its heigitt gradientandtite 0~-
H~ transitioniteight.

The model is continilausin alí spatialfirst derivatives,a necessityin ap-
plicationse.g.ray tracingandlocationfinding.

4.2.1. Bottomsidemodelforthe heightregion belowtite £2-¡ayerpeak

Tite modelfor te E, Fi andF2regionsis a modified«Di Qiovanni-Radi-
celia»(DOR) model(RadicellaandZhang, 1995).Regionalor global mapor
measuredvaluesare adoptedas input for tite ionosphericcitaracteristicsfoE,
foFí, foF2 audM(3000)F2.lite modelusesfive semi-Epsteinlayers (Bossy,
1987).Iwo semi-Epsteinareusedfor tite E-layer (topandbottom),twafor tite
F 1 -layet(alsatop andbottom)audonefor te bottomof tite F2-layer.Tite ma-
ximum of tite E-layer is fixed at 120 1cmaltitude,tite heightof tite Fl-layer is
modelledandtite heigitt of tite F2-layerpeakis derivedfrom M(3000)F2and
tite ratio foF2/foE.

The D regionmodelcoveringtite 55-85 km iteigitt rangewas producedby
te University of Rostock,Germany,(Singeret al., 1995)anditas beenínter-
facedwitit tite DOR model. lite formulationis basedun rocketsoundingdata
andcomparisonwitit radio wavepropagationdala andusesdalafiles for at-
mosphericpressurederivedfromtite CIRA-86model.

To combinetite D-regionmodelwitit tite DGR modelof tite E-Fregion,tite
modelswerelinkedby aconnectingregionbetween85 and95 km to securea
transitionwititout-discontinuitiesin electrondensityandits first derivative.

4.2.2. Topsidemodelfor tite iteight region aboyetheF2-layerpeak

The topsidelonospiterefonnulation,for tite iteigitt regionaboyetite F2-la-
yer peakup to 2000 km, usestitree pitysical parameters,namelyte oxygen
sealeheigitt atte F2-layerpeak,its heigitt gradient,andtite O~ — H~ transition
iteigitt. mesetitree parametersaremodelledaccordingto solaractivity, season,
local timeandmodifieddip latitude (Leitingeretal., 1995). -
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Diffusive equilibrium doesnat give a maximumbut a decreaseof electron
densitywith increasingiteigbt. A Chapman’slayerexpressianis adoptedto force
a peakof tite electrandensityprofile. At tite peakelectrondensityit is assumed
titat tite electrondensityscaleiteight is approximatelytheplasmascalebeightbar
atomicoxygenions. This scaleiteigitt increaseswithheigitt togetiterwith tite tran-
sitianin ion compositionfrom atomicaxygento atamicitydragenians.Tite tran-
sitianheigitt is tite iteightwitere tite densitiesof tite two ions areequal.

lite oxygensealeiteigitt wasfound by fitting CitapmanIayersta titearetical
modelsin tite surroundingsof tite electrondensitypeak(Iitheridge, 1993).The
temperatureof neutralgaswas takenfrom M51586 (Ivledin, 1987), tite tempe-
raturesof ionsaudelectronswere calculatedfram simplifiediteatcanduction
equatians(Titheridge, 1993), calibratedwitit abserveddata (Tititeridge,
1976a,b)audby comparisonwitit tite resultsof moreaccuratebut mucit more
complicatedcalculatians.

Tite iteigitt gradientof tite oxygenscaleiteigitt was derivedfrom ananaly-
sis of observeddataaudof tite iteatflow equations(Leitinger 1998b).COSI-
PROF usesa scaleiteight, witicit increaseslinearly witit iteigitt from tite F2-la-
yer peakto aceiling iteight h~. Aboye a constantscaleiteight is takenfar
electrandensity.

Tite O~ — H~ transitionheigitt is abtainedin COSTPROFfram a diffusive
equilibrium formulation.

4.3. The COST251 metitod¡br instantaneousvaluesof foF2, M(3000F2)
andTEL

Almost aH approacitesfor obtaining instantaneousmaps of faF2,
M(3000F2)andTEC maygive significanterrorsespeciallyin data-sparsere-
giofis, or evenon someoccasionscan leadto numericalinstability of tite map-
ping procedure.lite accuracyof an ionosphericmapdependson its tite ability
to describetite differentpitenomenain tite ionospitere.Unfartunately,tite num-
ber of measurementlocations is generaUyinsufficient for tite productionof
fully accuratemaps,evenayerarestrictedgeograpiticalregion,andusemustbe
madeof artificial screen-pointvalues to constraintite mappingcontoursin re-
mote areas.Furtitermoreitigiter latitudesare signif¡cantly influencedby the
míd-latitudetraughpitenomenaduringnighttime(seeSection4.5.12).

4.3.1. MethodforinstantaneousvaluesoffoF2,M(3000F2)

Tite COST251 metitadfar instantaneousvaluesof foF2 andM(3000)F2,
knownas PLES(PolandPL, SpainES),combinesmontitly medianmapsof io-
nospitericcitaracteristiesandasetof sereenpoints-measurementsusingtwo in-
terpolationmethodsmadifiedtitis purpase:Kriging and«fitting».
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Titebasisof Kriging (Matheron, 1971)is ta apply weightedinterpola-
tion amongadjacentdatapointsusingvariogram,i.e. functionwitich illus-
tratestite differentiationof tite valueof aparameterdependingon thedis-
tancebetweentite differentmeasurements.Weigitting factorsaregiven to
tite measurementslii orderto assuretite mostaccurateestimationof tite unk-
nown parameter.A scalingfactor is introducedin tite Kriging interpolation
tecitnique.

Fitting (Rusit audEdwards,1976)usesa setof weigitting functions,whicit
area measureof tite staristicaldependenceof foF2 betweenpointsaix a spitere.

Tite janospiteriecitaracteristicsattwo clasepointscitangein time in a
x’eiy similar way. Titecorrelationdecreaseswith tite distancebetweenthe
observationpointsaudtite variagramis foundto be anisotropici.e. tite va-
riogram18 different in distinct azimutits.mecorrelationradius,witicit is tite
distancebetweentwo points for witicit the correlationof tite ionospiteric
citaracteristiccitangesby 0.5, is adoptedto parameterisetitis propriety. In
sornemetitodstite fulí correlatianfunction, calledweigitting function, is
used(RusitandEdward,1976). Oneof thedisadvantagesof tite metitadis
tite fact titat tite resultantfunctiondoesnot passthrougittite input point va-
lues. For COST 251 applications,JuchnikowskiandZbyszynski(1992)
modifiedtite Rush-EdwardsinterpolationmetitodLo ohtainmoredesirable
results.

It is well knawntitat tite weakpointof everymappingprocedureis gene-
rally the numberaud/or tite distribution of measurementlocations,witicit
maybeinsufficientfor tite productionof fully accuratemaps,evenoverares-
trictedgeograpiticalregion.It maynotallow describinggradientsproperly.To
constrainresultsto pitysicallyrealisticfigures,deviationsfram monthlyme-
dianpredictedvaluesaremodelled.It itas beendemonstratedtitat titis tecit-
nique smootitesout many discontinuities(Stanislawskaand Juclmikowski,
1997). Titree or faur data pointsallow constructinga mapwith acceptable
precision.

Comparisonswitit measurementsIxave showntitat tite accuracyachievedit>’
botit metitods is almost tite same.Nevertbelesstite modified Kriging algo-
rithm is betterfor foF2(metitodPLES2),witile fitting is betterbarM(3000)F2
(PLESS).So that both metitods¡¡ave beencombined(PLES2 for foF2 aud
PLESSfor M(3000)F2)to producetite COST251 instantaneoúsmappingmo-
del for ionospitericcitaracteristics.

4.3.2. MethodforinstantaneousvaluesofTEC

lnstantaneousvaluesof IEC mapsaregained by using tite COSI 251
electron-densityiteigitt profile in its «instantaneous»modeandnumericallix-
tegrationalongverticalor slantrays.
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4.4. Thc COST 251 forecast¡ngprocedure

Tite COSI 251 forecastingprocedureis basedon tite auto-correlatianpro-
cedureCORLPREVdevelopedby Muittarov audKutiev (1999) in tite frame-
work of tite Actian. A networkof 23 vertical-incidenceionosandesprovidestite
basicinputs. Mappingis possiblefor tite areaextendingfram 100W to 900E
andfrom 300 to 700N, which includestite COST 251 region.Dalaarecurrently
updatedevery24 itours on weekdays.

Tite difficulty is thatgoadstatisticalestimatesof tite autocorrelationfunc-
tion require very long observationperiods.Titis is impractical since tite un-
derlyingpitysicatprocessesarenot stationaryayerlong periodsof time. lix or-
derto avoid titis, a predeterminedsitapewitit a finite numberof parametersis
imposedto tite autocorrelationfunctian.Theseparametersarecitasenin sucha
way titat diumal variationsaudmedium-termdecorrelatianof tite ionospiteric
citaracteristicof interestarewell represented.A time period of 20 daysis used
for tite calculationof tite empiricalautocarrelationfunction.Iestsata varietyof
locationsitave demonstratedtitat tite autocorrelationmetitod perfarmssubs-
tantially bettertitan usingregularlyupdatedmantitly medianvalues.It is clear
titat titis metitodwill breakdownat tite onsetof ionospitericstorms,as it cannot
itaveprior warningof disturbances.Howeverit itas temedout to be surprisingly
robust in disturbedconditions.Tite autocorretatianmetitodis applied to pro-
duceforecastvaluesof foF2andtite F2-layerbasicMUF far a3000 km range
(MUF(3000)F2)at integeritours UT up to 4 days aiteadateacitvertical-mci-
dencestationwiten sufficientmeasurementsareavailable.This is necessaryto
ensurea forecastfor up to 24 hoursaiteadis alwaysavailable,despitewee-
kend’sdifficulties. Valuesfrom tite past60 daysareusedtaconstmctan auto-
regressivefilter.

foF2(MI-~) 12MAY1O9S 12OXIUT

2

- 6.50V
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Gecg~MtIc~ÉtttÉ(E~es E)

Figure5. Map derivedfrom 24 hoursaheadforecasoof foF2 for 12 May 1998 80 1200 h UT.
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Forecastsmapsof foF2 andMUF(3000)F2are drawnusinga conxmercial
packagewith aKriging option, witicit is particularly suitablefor contouring
sparsedala(Fig 5). An operationalforecastingtool is availableon te World
Wide Webbar interactiveuse(itttp://www.rcru.rl.ac.uk/iono/maps.ittm).CORL-
PREV softwareis available aL SpaceResearchCentre,Warsaw(Poland),1mw
anonymousftp://itaydn.cbk.waw.pl(seeSection8).

4.5. Other stud¡esand models

Wititin titis line of activities studieswereconductedfirst of al on tite de-
velopmentof modelsrelevantto ionospiterictele~ommunicationapplications
lar tite COSI25] area.In Ihis Sectiontesemodeisarebriefly describedand
tite mainachievementsof differentstudiesarereported.

4.5.1. Monthlymedianionosphericcharacteristicsfoff2¿mdM(3000)F2

4.5.1.1. IonosptxericSingleStationModeis

As it is generallyaccepted,ionosphericSingle StationModels (SSM’s) give
tite mostaccuraterepresentationof tite modelledionospitericparametersun te
inimediatevicinity of aix ionaspitericstation.For titis reasonSSM’scanbeused
in severa]applications,as,br instance,fiuing datagaps,either retrospective
dalagapsof activestationswitit long enougitseriesof rneasurements,or to ex-
tendtite seriesof valuesof clasedstations,while asecularvariation is not fo-
reseen.Anotiter importantuse is Lo producescreenpoints for mappingio-
nospitericcharacteristics.‘me work itasbeendoneasfollows: i) to producenew
SSM’s, u) to comparetitem with tite previouslyproducedmodeisduring tite
COST238projectandiii) to usethemin ionaspbericmapping.

TwanewfoP2modelswereproduced.Xenoset al. (1996)useaquadraticre-
gressionbetweenmontitly itourly medianvaluesof foF2 andtite AristotelianUni-
versity lonospiterieS-index.Solé(1998)modelintroducesageomagneticdepen-
dence.litis madelis basalon astatisticalseconddegreemultiregressionbetween
foF2, te monthiy ionosphericTmdcx ami tite monthlygeomagneticindexAp.

‘mesemodeisandtite IIU-R modelitave beencomparedwith te modeis
producedin te COST238 projectand testedwitit datafrom 22 ionospheric
stationstitat coverte wboleCOSI 251 area(AlbercaeL al., 1998).As expee-
ted, te SSM’sgivebetterresultstitan globalmodels.‘me bestresultsarepro-
ducedby Solé‘s modelandte modelof Mikhailov andMikitailov produced
duringCOSI 238 (Bradley, 1995). ‘me resultsof botit modelsarevery clase,
but titoseof Salé’smodelare tite best.A predictionof te Ap magneticindex
ma>’ be neededto makeuseof titis model.lo acitievetitis, aneuralnetwork
procedurewas introducedin tite model, obtainingte index witit aix error of
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25%.Furthetmorc,Soléel al. (1999)bavedrawnatientionjo tite fact thai tite
dependenceof tite Ap índexon Ihe resultsof tite modelisnoí high. II ~sfornid
that a 30%error lo tite Ap indexaffectstite lina! resultof foF2 in oniy 0.1 MHz
lii average.Wilh tusAp índexpredictionprogram,Solé’smodel canbeadop-
lcd lo predictfoF2, Consequentíy,tite modelof Soléis tite SSM of fof’2 re-
commendedby COSIAdían251.

Desudestite foF2 SSM’s~tinte M(30005F2 SSM’s itave beenproduced.
Míkhadovet al. (1996) modeluse a seeonddegreerela.tionshipbeíwcen
M(3000~F2and1< Solé(1998) utilisestite saniea]gorithmlot M(3000)F2thai
tite oneLar fofl. 3%.enosami Alberca(1999)usenew-al network tcchniquclar
M(3000)F2,Mosíof tite valuesarepredicíedwitit lesstitan 5% error.

4.5.1.2. ISIRM (ImprovedSimplitied lonospiterieRegionalModel)

¡51kM is a regional inodel of tite ionospitericcitaracteristiesfoF2 and
M(3000)F2,evolvedby SIRM (Sirnplified lonospiterieRegionalModel) (Za-
lesí el aL, 1996)amI appliedto a moreextendedareataldng lino accounítite
consequencesofitigh latituderegion.lite ¡nade]is basedon tite Fourieranaly-
sísof tite monthlymedianvaluesof tite tonospiterieparamekrsmeasuredat11w
síatíonsni tite Luropeanami nearFastre,giorísant] colleetedundertite COSI
25! projecí.Tite bit-st stepof tite procedureis tite linearregressionanalysisof
fuemontitly medianvaluesof a givenionospitericcitaracteristieagainsítheso-
lar actívííy mdcxR

11. Tite seceodstepis aFourieranalysísof tite dataLar twa
lixed valuesof R, ~0andR1., z 1Q~~ In orderto benerreproducetite moníhly
beitaviourtite Fourier anoiys~werepeifonnedmontl-i by month insteadof
alongtite twa virtual yearsoftite two solarepocits.

Reimproved811kM muodel is still a very simpleprocedure,001 only lot lis
cas>’maúxematicalformulationant] Lot tite reducednumberof numericalcoef-
ticients,buí aboyealí foi- tite sitort softwareprogramIhaícan beeasilyusedant]
liniced wlih otersoftwareprocedures.

4.5.1..3. ILCNN (JonospitereLocal Copy by NeuralNeíwork>

ILCNN is a ocotal networkproceduredesignedto ruodel ant] predicí tite
moníitly medianfoF2and M(3000>F2over tite COSI 251 area(Larnming ami
Cander.1999).A mulíi-layerpercepíronwainedwiíh back-pronagaíionis adop-
ted. ‘tite numberof híddenunits ls 16 ant] 9 on lirst ant] secondliUden layers,
respectíveíy.U is welI knownthai titeknowledgeof aneural network is coníai
nedin its weight.Titeseweightsareami cae-it inputof al] itiddeux unitsandalt out—
put unlís. lite aim of tite back—propagaríonalgariíhmis Lo fínd tite weigbts.lo
implementthe ILCNN model,only tite architectureof tite new-alnetwork, tite
weigbteoefflcients,sígmoidfuncrionami nonnalisedfunctíonsareneeded,
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4.5.1.4. MQMF2

‘me MQMF2 metitodbar te montitly medianfoF2andM(3000)F2usestite
sameSSM andinterpalatianprocedureas un tite metitodMQMF2R described
in Sectian4.1.1 but tite solaractivity index in MQMF2 metitodis MF2 instead
of R12.

4.5.1.5. PLESíaudPLES2(PolandPLSpainES)

PLES1 andPLES2 are tite implementationfor montitly medianmade-
lling of tite appraacitdescribedin Section4.3.1.Titesemetitodsinvolve tite
generationof SSM acitievedby Solé’sprocedure(Solé,1998). ‘me modelre-
quirestite montitly averagedAp and1 indices as input for SSM’scalcula-
tions. Tite valuescreatedby SSM’sareinterpolatedfor tite witole COSI 251
areawith tite modifiedKriging technique(PLES2)or witit fitting (PLES1).
Different responsesta geomagneticdisturbancescanbe takenunto account
witit tite inclusionof tite Ap mdcx. Titis index canbe successfullyusedbar
retrospectivemodellingwiten Ap index is knawn.However far long-term
prediction tite difficult>’ of sufficient accuracyin its predictability nowa-
dayssitouldbe noted.

4.5.1.6. SWILM (Space-WeigittedIanospitericLocal Model)

SWIiLM is a tecitnique for modelling tite foF2 montitly median,witicit
uses data andtite R mdcx. Twa setsof coefficientsarecalculatedpast series 12
by linearrelationsbetweenfoF2 audR bar 20 stationsin tite COSI 251 area,

12
for eacitmontit audbar eacititaur. Framte twa setof coefficientsant] from gi-
venvaluesof tite inputparameterR12, tite faF2montitly mediansarecalculated
for tite penad1957-1996,far eacitslationof tite database,for eacitmantit and
bareacititaur.‘me 20 slationsaretiten assembledin dibferentsectorsdepending
aix tite latitude distancefrom tite locationwherepredictedvaluesof faF2itave
to be calculated.Eacit sectoritas a widtit of 5 degreesin latitude.‘me predicted
faF2 valuesare finally basedon tite values of foF2 coming fram different
sectors,opportunelyweigittedaix tite spatialscale.

4.5.1.7. UNDIV

‘me UNDIV metitodbarmodellingte foF2 montitly medianusete same
procedureas describedin Section4.1.2 barM(3000)F2.A parabolicregression
for te R12 dependenceof foF2 is adapted.Titree levelvaluesof montblyme-
dians were calculatedfrom tite for R levels (35, 85 andregressions titree 12
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135). Ihe resu¡tsare12 x 24 x 3 level valuesperstatianfar foF2. Bilinearre-
gressionsfor eacitR>2 level, for eacitmontit audfor eachhaur(LI) arederived.

4.5.1.8. SAILT

SAILI is an empiricalmodelof foF2 for tite 35(400 latitude belt during
quietant] disturbedcanditians(Eliseyevant] Besprazvannaya,1998).Tite mo-
del is basedan a slatisticalanalysisof multiyearobservationat tite vertical-un-
cidencesoundingnetwork.Tite ¡evel of tite noanfoF2 is approximatedby
productof twafunctians.‘me foF2for otiter haursarerelatedta tite noanvalue
by a simpledependence:

foF2 = K. .foF2

Tite valuesareobtainedby interpalatianbetweentablesof coefficients.

4.S.2. ModeisforTotal ElectronContent

Tite regionalTEC nxadel NTCM (NeustrellizTEC Mode»,producedat
DLRJ’DFD Fernerkundungsstatian Neustrelitz (Oermany)framOPSmeasure-
ments,itas beenimpravedant] updated(Jakawski,1998, 1999).Twaversions
of tite madelweredevelapedant] appliedta mapcanstruction.

NTCM 1 Tite algarititmincludesfundamentaljanospiterievariatiansand
solaractivity dependence.‘me coefficientsof tite modelarebasedaix IEC-Fa-
radayratationdalaoblainedat tite EuropeanstationsNeustrelitz(Oermany),
Graz(Austria)andFlarence(ltaly) during tite years1976-82.

NTCM 2 ‘mis versioncomparedwitit NTCM 1 includesadditianallya
geamagneticlatitudedependenceterm.‘me coefficientsaretakenfrom GPS
derivedTEC mapsayerEuropeobtainedfram February1995 until January
1996.

An evaluationitas beenmadeof tite globalrms error,given by:

a=(ji~(P, ~mí)2j}

witereN is tite total numberof samples,istite valuepredictedby tite modelfor
sample¡ ant] is tite measuredvaluefar sample1. ‘me rmserrarof NTCM 2 was
lesstitan 1 xlO’

6nr2 for 1995(Jakowskietal., 1998b).It is cleartitat titis model
provideshighaccurate‘WC dataayertite COST251 areabar law solaractivity
condition.
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4.5.3. MetitodsforinstantaneousvaluesoffoF2, M(3000)F2¿mdTEC

4.5.3.1. MQMF2-IM

‘me metitodMQMF2-IM for foF2 audM(3000)F2instantaneousmapping
usestite following: (i) SSM’sbar faF2 audM(3000)F2,(u) screenpaintsrnsi-
detite area, (iii) effectiveitourly MF2Cff andR12ff indexes,(iv) bubferzane,(y)

main ionospherictrougit model and (vi) multiquadricmetitodfor spatialap-
praximation.

‘me ionaspitericindexMF2 is usedto find tite foF2relatiansitipwitit salar
activity. HoweverformadellingM(3000)F2tite index R

12 is adaptedas it pro-
videsbetterregressionaccuracy.

SSM madelma>’ beusedto producefoF2 aud/arM(3000)F2screenpoint
valueif tite nearestavailablecurrentobservationis locatedfurtiter titan 1O( in
longitudeand 5( un latitude. In tite areaswitit sparseionosondesadditianal
screenpointsare intraducedwitit tite ITU-R model.

A bufferzaneof 45 pointsis definedas aconstraintto avoidunrealistiebe-
itaviour of foF2andM(3060)F2alangtite baundar>’of tite area.Local MF2~ lii-
dicesarederivedfor eacitionosondelocationfram tite observedfoF2valuesto
drawaMF2 surfaceayertite areawitit tite multiquadricmetitadbar spatialap-
proximation.MF

2
6~~valuesbar tite buffer zanepaints arededucedfram tite re-

gressianabMF212versusR>2. ‘mis is possiblewitit aminimumof 3 abservedva-
lues of faF2. If titis canditianis nat met, tite MF

2Cff far previausitaurs (or
montitly medianvalue)maybeused.Iii tite sameway, aneffectiveint]ex R is
adoptedastite input to tite M(3000)F2SSM’saudbar tite buffet zaneta c’álgu-
latefoF2 ant] M(3000)F2usingtite ITU-R model. ‘mis index R

1 eff 18 deduced
framtite mininiisationof tite standarddeviationbar tite calculatedIaF2with res-
pectto tite abservedonesayertitewitole areain questionbarall integersUT. Ef-
fectiveR1~ff mdcxis usedasinput to tite IIU-R modelun tite bufferzane.

‘me main ionaspiterictrougit model basedaix COSMOS-900ant] ínter-
COSMOS-19satelliteobservationsdevelopedun IZMIRAN, Russia(Annaku-
liev et al., 1997)is introducedlix tite madeloptionally (Mikitailav etal., 1998).

4.5.3.2. PLES3audPLES6(PalandPL SpainES)

PLES3audPLES6aretwa otiter versiansof tite recaminendedCOST251
instantancausmappingmediaddescribedin Sectian4.3.1.lix titasemethadstite
mid-latitudetraugitmadelis intraduced,as well as SSM’s,develapedby Salé
(1998), witicit supplementedtite monthly medianmodel. ‘me traugh madel
suppliesadditionalscreen-paintsbarmapcanstruction.‘me madelof tite mit]-
latitudetraugit,describedlii Sectian4.5.12,itasbeenincludedin PLES3 only,
witere tite interpalatianpracedureis tite modifledKriging. PLES6makeuseof
SSM’sandfitting.
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4.5.3.3.SAIM

Tite objectivewas to developa metitodwiticit canprovidesmapsof foF2
evenin situationswiten foF2 abservationsare availableanlyfrom 1-3 iona-
sondes(EliseyevandBesprozvannaya,1998).An elfectivelevelof solaracti-
vity 18 evaluatedby tite analysisof tite noandatafrom tite previausdays.Real
timeionaspitericdataare titen introduced.As areplacementof tite Kp-index, an
effectiveKp valueis estimatedfrom tite experimentaldataun ardertitat tite pre-
dictedfoF2 value is equalto tite observedoneat tite ianospitericstation.Tite
traugitpasitianaudtite effectiveKp aregiven by monitoringtite equator-ward
diffuse auroralbaundary.

4.S.4.Instantanecusmodelforelectron-densityheightproflle

A neuralnetwork scitemewas proposedby Stanislawskaet al. (1999b)
for tite generationof an instantaneousmodelfor electron-densityiteígitt profi-
le. Insteadof adirect predictianof Uds profile it was propasedtapredicttite jo-
nogramwiticit is unambiguouslyconnectedwitit tite profile.

lite model derivesfram a feed-forward multi-layer structure. A predetermi-
nedprofile formulais establishedto describepastprofilesabtainedattite location
of interest. lite training processuseselevenpointson tite trace of a set of pre-
viously recordedtypicalionograms.‘me final profile formula is developedstep-
by-stepby aix iterativepracess.Tite neuralnetwarkis usedas auniversalappro-
ximate connectingtite profiles witit five citaracteristicsparametersof tite
ionagram.Tite sameparametersare titenusedas inputswhenthe trainingprocess
endsup witit aprofile formulathatis bestf¡ttet] ta tite set of training profiles.

4.S.5. Forecastingprocedures

Wititin tite framewarkof titis COSI 251 activity dierearea numberof fo-
recastingproceduresrelevantto ionospherictelecommunicationapplicatians.A
majartitrustof tite workitas beentite applicationanddevelapmentof non-li-
neartechniquesLa improveianospitericforecastingcapabilities.

Tite DERA (UnitedKingdom) IonospitericForecastingServiceneuralnet-
work modelcanpravidepredictionsof tite hourly variationof foF2 from 1 to
24 itours ahead.However, tite operationalpackageof tite modelhasbeende-
signedun sucita way titat it wouldbe a simplemattertaincorparatepredictive
modelsfor additianalgeaphysicalparametersunto tite sameframework.

A neuralnetworkbasedstand-alonemodelwitit intrinsic inputsitas been
developedby Tuluna>’etal. (1999)to forecastfoF2oneitaur in advance.lix titis
researcit,tite feedforwardmultilayerperceptronneuralnetworkwas preferred
as arcititecture.Standardback-propagationalgorititm was adopted.
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A mediadfor foF2predictianfrom 1 ta 24 itours aheaditas beenproduced
attite AtmosphericSoundingSlation «El Arenasilla»(Spain)byMilcitailov et
al. (1999). ‘mis metitadis basedaix amulti-regressianof deviatianof itaurly
foF2 fram runningmedianwith tite previausabservationsant] Ap índex.Spe-
cial proceduresitavebeendevelopedby Mannet al. (1999)to predictfoF2 t]u-
ring severestarm periodswitit leadtimes larger titan 3 hours. ‘me metitod
comprisestite basicversionof tite mediadtabe usedduring quiet time andma-

- t]eratelydisturbedconditianswitit switcliing taaspecialmodeto predictduring
stronglydisturbedperiods.

Finally, tite COSI 251 forecastingprocedurefor estimatingvaluesof foF2
audM(3000)F2itas beenextendedto includefarecastsof TEC ayerEurope
(Canderetal., 1999).

4.5.6. Merit of íonosphericindices

Researcitín thisfleid was carriedautwitit tite daubleami of citaracterísing
botit tite relationsitipsbetweenindices and also seasonalcitanges.Separate
cubicpolynaniialrelationsitipsitavebeenderivedbetweenR,2audMF2 indices
for eacitmantit of tite yearandfor tite up-gainganddawn-comingitalf salar
cycles,but adoptedfiguresaretitasefar both italf cyclescombined.A simpli-
fied linearrelatiansitipín termsof hasbeenproposedfor usewidi diesepast
MF2 for input to mappingcodeswitich arespecifiedin termsof R12, since in
samecasestite alternativeuseof die cubierelationswauldresultun inconsis-
tenciesandwouldnot bepassible.Small systematicseasonalchangesin MF2
itavebeendetectedbut sucit featuresareabsentin tite casesof aud1 indi-
ces.‘me reasansfar titeseeffects arecurrentlynot clear,but arebelievedto be
relatedto tite fact titat MF2 is givenentirel>’ from Nartitern hemispiteremea-
surements,witereasT is basedaix measurementdata for both itemispiteres.
litis aspectis subject to furtiter review, but it is suggestedtheseseasonal
citangesarenat impartantsincetitey arecampensatedin tite way tite faF2re-
gressionrelatiansitipsaredetermined.

As far as indicesbar usein sitort-termionospitenicpredictianswerecan-
cerned,titree separateinvestigatiansconcerningcanbereported:(1) Perraneand
DeFrancesciti (1998)itave reviewedtite mast cammon solar, ionaspiteric ant]
geamagneticindices witit particularreferenceta titeir application for radio-
communicationpredictianspurpases,(u) Benczeetal. (1998) itave undertaken
studiesta deriveadaily MF2 index witicit is perturbedfrom tite mandilyvalue
by anexponentialfunctionwiticit dependsaix neutraldensitycitangedueto ge-
omagnetieactivity as citaracterisedby die Kp índexaud(iii) Muittarov ant] Ku-
tiev (1998a) itave developeda similar typeof índex as tite basisof anew
sitart-tennpredictianmediadun witicit regularmanthlymedianvariatiansof a
given íanaspitericcitaracteristicarecarrectedby afactorwhich dependsUne-
arly aix tite assaciatedauto-correlatianfunctionexpressedun termsof Kp.
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4.5.7.Long-termtrendsof¡onospiteriechange

Síndiesiii tite areadealtwitit long-termtrendsobservationsof t]ifferent io-
nospiterieparanxeters(Benezeeta]., 1998; Bremer, 1998, 1999a,b;Danilov ant]
Mikhailov, 1998; Lastovicka, ¡997). Here mainly ionasondedalaitave bern
analysedconsideringtite following twa main problesns:a) Are Itere marked
trent]s iii tite jonospiterewliicit canidbe importantlar tite ionospbericHP pro-
pagatiananil its prediction?it) Are titere trendswitich are cannectedwitb
anthropogenicaflycansedatmosphericinfluences(e.g.greenhauseeffeet)?In
tite frameof tite COSI251 projeettite first problernis moreimportantwhere-
asthe secondproblemis ageneralsejentifieandalsopolitical questian.Portite
investigationof tite secandproblernalsosorneadditional ianospitericamI al-
maspiterieparametersita-ve beenanalysed.

It itas beensitown that tite detectedionaspiterictrendsare relatively srnall
comparedwidi tite solarant] geomagnetieinfluences.literefore,duringtite next
yearsit is net neeessaryto take mío acceunítheir influencesente ionospiteric
HP radio propagation.Neve-rthelessdiis effect itas Lo becarefully monitorediii
tite future. Especiallyit sitouldbe noticedthattite scientific problemof apos-
sible increasingalmaspiteriegreenitonseeffectrequiresfurtiter investigadomis.

ano] lii tite F2 regiantite resultsof tite treno]analysesarepartlycontroversia]eannotbe explainedby tite greenhauseeffect.

4.5.8. Assessrnen¿tofrrans-ionospher¡cpropagation

Researcitiri Ibis areawas partof tite issuescancerninginvestígationof io-
nospiteriepropagationeffecísami radio systemsusedbr navigation,geodesyant]
rat]io-astronomy.Propagafloneffecís due to baekgroundjonization (retarda-
don, dispersion,plane-af-polarisationrotationant] absorption)ant] dat tairte-
gularíties(seintillation>wereanalyset]ant] predictionteefiniquesproduced.

Attention primarily focusseden day-to-dayvariability. Due lo eonxplex
solar-terrestnalrelatiansitipsionosphericparameíerssucit as tite peakcloe-
tran densityant] ‘EEC sitow a ratiter higit day-to-dayvaríability duela astrong
competitionalvarlausprocesses.Variability studieslar ‘EEC itavebeencarnet]
out, especiallyami tite basisof tite higit resalutionFaradaydalathatweregained
between1978 ano] 1989 at Florence(líaN). It tumedaul thai equivalentslab
tbicknesscanbe usedtetransíertite variability infarmationlot foF2 in tite fo-
llowing way: a) calculatepeakelectrondensityfrom foF2 ano] b) multiply
peakeleetrondensiíywith madelvaluesof slabtiticknessano]usetite resulíto
assessvariability of verticalelectroncanlcnt.‘mis sehemeis proposedlot tite
future becauseit is not possíbleta replacetite higit resaludanFaradaydalaby
OPS-IEC.

lite secano]topíc aix whichattentienwasfocusedwas tite studyof stonns.
During stormsTEC JataindicatelargedeviatiansIt-orn tite meanbeitaviourup
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to200%(Jakowskiant] Schlueter,1999).Tite siatisticalstut]y hasrevealedsig-
nificant differencesin tite temporaldevelopmentbetweenSummerandWinter
storms.Ta stut]yte ionospitericvariability un termsof ThC, armsanalysishas
beencaniedout referringta a meandiurnalTEC variation.‘me absaluterms
valuesrangefromabaut1- 4x10’6m-2,witereastite itígbestvaluesappearatlo-
wer latitudesprobab¡ydueta tite itigiter absalutelevel of TEC at day-times.
‘me percentagedeviationsrangefrom about20% atlower latitudesup to 60%
un aurorallatitudes.No signifzcantlongitudinaleffectappears.Usingglobal or
regional permanentoperatingOPS ground station networks(e.g. diat from
IGS ) it is suggesteddiattederived‘WC mapsmaybeusadto studylargesca-
le structuresun electrandensityano] titeir mavementduring ionospitericper-
turbations,‘mus,bat individual storm citaracteristicsof tite geomagnetic/ia-
nospiteriestormsas well as commonfeaturesderivedfram statisticalstudies
canbe analysed.

Tite generationof ‘WC mapsallows alsotite computationof ring mapsayer
te Europeanarea.Tite applicationof sucitmapstafmt] aut areasof particular
variability was cansidered.GPS basedIEC manitoring can effectively be
usedta studylargescaleianospitericperturbatians.

4.5.9. Predictionoftite FI layer occurrence¿md«L condition»

Tite critical frequencyfaFí predictedby tite Du Citarme formula (Du
Citarmeet al., 1973)assumeslimits bar tite presenceof die layerasafunetion
of te solarzenitit angleandof die solaractivity given by tite index. un te
studyundertakenin die frameof COST251, a probabilityfunctiontaevaluate
tite occurrenceof die Fi layerano] «L condition»(caseswitere electrandensity
profiles ante ianagramstracessitow a ledgeratiterdianaremarkablecusp,so
no critical frequenc>’canbe assignedto tite layer)wasproposedtereplacetite
limits mentionedaboye(Scotto,1999).

4.5.10. fonosplierievariability

A lot of effortsitas beendevotedto te establisitnientof statisticsof te re-
latíve deviatíonsof foF2 ant] M(3000)F2Irom a referenceleve] ayertite Ru-
rapeanregion(Kaurisetal., 1998; Muhtaravetal., 1999). ‘me relativecontú-
butions abquasi-periadicoscillatiansfrom 2 ta 35 days to te variability of
foF2 at middle Nortitem latitudesun Europeitave beeninvestigated(Altadilí,
1996;Lastovickaano]Mlch, 1996; Altadill andLastovicka,1996;Altadilí a al.,
1998;Apostalavetal., 1998; Soléetal., 1999). ‘me resultssuggestdiatdiereis
aclearseasonalvariationwit maximumun Suminersolsticeano]mínimumin
Winter ene. lite contributiensaremodulatedit>’ tite solarcycle ant] simúlta-
neauslyinfluencedby te long-termgeamagneticactivity variations.Tite exis-
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tenceant] developmentof tite quasi-2-dayoscillationsin tite plasmafrequency
variationsof tite F-regionat Nortitern middle latitudesitas beenconfirmed
usinga methadologytitat allows to do suchstudyatfixed heigitts. lanospiteric
quasi-periodicvariability causedby gravity ant] planetarywaveshas been
analysed(Lastovicka,1999). Effectson tite F-regianof titree typesof waves,
witicit comefrom belowant] affect te ionospitere,werecansidered.litesewa-
vesareplanetarywaves(periodsof days),tides(periodsof 24, 12, sometimes8
hours)andgravity waves(a few minutesto a few hours— partlycoming from
auroralionaspitere/titermospitere,partly coming from below).

Tite annualant] latitudinal variationsof spreadF itave beenstut]ied atmit]-
latitudes(Benczeano]Márez,1998, 1999; Benczeano]Poar,1999). ‘me spread
F occurrencefrequencyhasbeen determined.litis occurrenceindicatesan
annualvariationwith a maximumin the Wintermontits ano] aminimumin the
Summermonthslike the annualvariation of the occurrenceat high latitudes.
1-lowever,tite amplitudeof tite annualvariationof tite occurrenceis smallerin
yearsof maximum salaractivity titan in yearsof minimum salar activity. It was
shawntitat tite occurrencefrequencyof spreadF decreaseswith increasingge-
omagneticactivity,witich is appositeto tite situationat itigh latitudes.Tite ob-
servedlatitudinalextensianof tite irregularitiesvanesbetween150 km and
.1 lOO km.

In additioncharacteristicschangeshavebeenestablisitedof electrondensity
profile in responseta gravity waveupwardpropagation.Gravity wavespropa-
gatingthrougit tite ionospiterecausea cyclic variatianof the verticalelectron
t]ensity profile. litis signaturehasbeenobservedin a numberof single site ia-
nogramsequencestakenat 5 minute ant] 15 minuteintervalsby Moariteadand
Radicella(1998). ‘me wavelengthof tite gravity waveswas 600 to 2000 km:
lite temporalvariationobservedat the saunderlocationwas transiatedinto a
spatialmodelof tite gravity wave.Someparametersof tite channelscattering
functionhavebeendeduced.

4.5.11. Disturbanceeffects

lite activitiescarnet]with titis areareferto tite investigationof disturban-
ceeffects ami tite behaviourof ionosphericparameters(Bradleyet al., 1997;
Bremer, 1996; Bremeret al., 1996; Davis et al., 1997; Fuller-Rowell et al.,
1998; Gordienkoant] Kaliev, 1998; Lastovicka,1996; Iulunay, 1996).Tite re-
actionof tite middle latitudeionospiteretageamagneticstormsitas beenmo-
delledempirically by Fourierdecomposition(Kutiev et al., 1998; Muhtarov
ant] Kutiev, 1998b)ant] an algorititmbasedon linearpredictionfilters hasbeen
developedta forecastfoF2 citangesrelatedto stronggeomagneticstonns(Va-
silievie ant] Cander,1997). lite poststorm effectsin the D reglanionisation
titat influencesionospitericpropagatedradio waves hasbeen stut]ied with
promisingresults.
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Specialconsiderationitas beengiven to itigit latitudedisturbanceefbects.
Directcorrelationstudiesbetweengeomagnetieindicesant] ionospitericpara-
metersgayeun te pastpoarresultstul to tite intraductionby Wrenn(1987)of
asimpleway of treatingaselectedmagneticindex by meansof a time series
accumulationob tite index itself. lix tite frameof COSI Action 251, a similar
analysishasbeencarriedout but relatedto te itigit latitude stationsEurope
(Perrene¿mdDe Franceschi,1999).Metbodswereexploredteevaluatetite ca-
rrelatiandegreeseparatel>’foreachmondi ob te yearano]bar teup-goingand
t]own-comingitalf solarcycle. It was demonstratedespecialí>’titat tite corre-
lation degreesitows a clear seasanaldependence,being maximumduring
Summer.A bettercorrelationwas foundduring tite rising phaseof tite solar
cycle.

‘me effects of strongnietearologicalevents on te F-regionionospitere
itavebeenstudied.It seemsto bedevelopedbestatiteigitts near200km but af-
fectstite witole F2region up taits maximum.it is believedto be transferredup-
wardsby gravity wavesof troposphericorigin. Ibis gravity waveactivity was
fauno] to increaseremarkablyafter te Mt. Pinatubovolcaniceruptionun tite
long-periodrange(1.5-3 itours) ano] taincreasewit increasingsolaractivity in
te 1 1-yearsolarcycle (Lastovickaetal., 1998).

Lastly mentíansitouldbe ¡nadeof investigationsof geomagneticstorni
efbectsaix tite Fi -layer.

4.S.12. Troughmodetling

‘me main or mid-latitudetrougit is tite main ianospitericstructureat mio]-
andsub-aurorallatitudesduringnigitttime. Thereitavebeena variety of tech-
niquesto observetite trougit, including ionosandes,incoiterentscatterant]
‘EEC, as well as satellite-bomeexperiments.Unfartunatel>’tite ionosandenet-
work is not denseenougitaudnigitttimeionogramsfrom traugb-regionlatitudes
obtensuffer fram disturbances.Topsidesoundersare a possiblesourceof in-
formationabouttrougit sitape,but tite latitudinalresolutionis insufficient to de-
fine tite troughmorpitalogy.Direct useof the latitude dependenceof vertical
TECitas pravidedcasestudiesbar tite steepnessof tite walls of te traugit, its
widtit ano] statisticaldatafar teseparameters,but witit camparativel>’large
errormargins.Relationsitipsbetweente latitudinalpasitionof te trougit ano]
local time ant] geomagneticactivity indices havebeengenerated.However
despitetite long itistory of titeoretical work, aur knawledge18 noÉ far-rea-
citing.Neverthelessit is ver>’ importanttaitave reliableinfonnatianaix tite sita-
peof tite trougit un electrondensityat tite F-layerpeakforterrestrialant] tran-
sionospiterictelecammunicatiaixsapplications.

A new approacitto madellingte trougit itas beendemonstrated.‘mis met-
ited is basalen a temagraphicimageof tite ionospitereover UnitedKingdom
thatis extrapolatedteodier longitudesacrosstite Europeaixsector(Fig. 6). Ini-
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tial resultsfrom the mappingwereshownto comparewell with observations
from jonosondeslocatedbetween12 to 30(Eastof tite tomographyreceiver
chain (Mitchell et al., 1997). lix a separatestudya seasonalvariation hasbeen
revealedin the latitudinal position of tite trougit, showing te trougit to be
furtiter southduring tite winter titan tite summer(Mitcitell et al., 1999a,b).

Tomograph¡c Iniage: 15/10/93 21:36 UT
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Figure 6. Modelof electrondensityover Europeusingthetoniographicimagefroin asateflite pass.

‘me basisfor tite COST251 traugit model is acombinationof a small-sca-

le trougit modelwitit a large-scalebackgroundmadelfor electrondensity:

Ne(h~ 9,2) =ML(h,~¾A+T(h, q~,2)

witere : electrondensity;ML : ¡arge-scalemadel; T : troughmodel; h
iteigitt; 4) latitude;2 : longitude.A Gaussiandepressioncould serveas one
of tite simplestpossibilitiesfor T. Aix investigationwascarnet]out un arderto
evaluatethe positionof tite traugitminimumin invariaixt geomagneticcoar-
dinateson te basisof alargedatabasefrom the DE2 satellite(Stanislawskaet
al., 1 999c). lite sitapeof tite trougit is definedby te simplification of thc
mid-latitudeionospiterictrougit modelbasedaix EuropeanfoF2 values den -

vedfrom analysisof Magion-3 HF radio spectrometerdata (Bradleyetal.,
1998). Aix exampleof instantaneousmapof foF2 generatedby the PLES3
procedurewitit titis troughmodel during an intensemagneticstorm is pre—
sentedun Fig. 7. Following companisonwitit otiter modeis,it was demonstra-
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ted titat titis modelis well suitedfar telecommunicationsapplications(Tulu-
nayetal.,1998).
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Figure 7. Exampleofinstantaneousmapof foF2 (xlO/MHz) for 10 Muy 1992st 2200 h UT generated
by te PLES3procedurewith thenew mid-latitudetroughmodel asidfive measurements.

4.6. Comparisonproceduresandresults

‘me overalí accuracyof differentfaF2, M(3000)P2ant] electrondensity
profile modeisdevelopedt]uring tite projectneedstebe assessed.lii arderte
obtaincomparableresults,tite samedatasetandtite sameprocedurewasap-
plied witenmakingcamparisansbetweenmeasurementsant] te resultsof tite
models.Testswerecarneo]ant independentlyun Bulgaria,Italy ano] the United
Kingdam, witit identicalresults.

‘mineen vertical-incidenceianosandestationswere selectedbar testing,
giving goadspatialsamplingof tite COSI 251 area.Por long-termmapping,
montly met]ianswereused,witile bar instantaneousmappings,itourly data
fram te 5»~ da>’ of eacitmontit were used.Quality cbecksaix tite testingda-
tabasesresultedin tite eliinination of mostof teunreliabledala.Farlong-term
mapping,mondiswidi gapsof total lengthgreatertan 15 days,or singlegapof
lengt greatertitan 10 days,ar extremevaluesexceet]ing20% of tite total
numberof vaho]valuesfor tat mondiwereelinúnated.Honrswit numberof
valid values lesstban5 werealsoeliminated.Porinstantanenusmapping,ex-
tremevalueswereeliminated.A titresitolo]probability of 0.99 was usedto de-
fine te extremevaluesbar eachstatian.

Tite testing databasefor electron-densityheiÉitt profile includedtapside
profiles obtainedfrom COSMOSant] ISIS-Alouettetopsidesaunt]ersano]bat-
tomsit]eprofilesframfive statiansin Ita]>’, Polaud,Spainant] UnitedKingdanx,
obtainedby inversianof vertical-incidenceianagramsusingPOLAN (Titite-
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ridge, 1985) ant] ARIISI (Reinischet al., 1988). An overalí rms error was
camputedfor eacitprofile, andtiteseweretitenaveragedayerte wholedata-
base.For bottomsit]eprofiles,it wasdecidedtofocusami tite F2-layerin view of
uncertaintiesin tite invertedprofilesun tite D- ano] F1 -layer.

4.6.]. Long-termmappingofmonthlymedianfoF2 ant! M(3000)F2

The rnodelswere rankedaccordingto the global rmserror. In addition,au-
xiliary testswere carriedout to ensurea goadmergewith tite ITU-R global
mappings.Tite madellerswereasket] to supply24 maps,un te fornv¡ of a lati-
tude-longitudegrid of results (resolution2.5( far latitude, 5( far longitude)
for tite COSI 251 area,for aselectionof montits ano] itaurs. Mapswererequi-
red for 0000,0600, 1200ant] 1800 it UI for tite selectedmanths.A grat]ient
citeckwas carriedout at tite bardersof tite maps.

Mostmodelsimproveon tite currentITU-R model.The gradientchecks
were acrucialpart of tite restingprocedure.A numberof modeisdio] nat
passthat test,somewitit veryseriousproblems,somewitit minarproblems
only. Far foF2, in retrospective¡nade, MQMF2 is tite only modeltitat sa-
tisfies tite gradientchecksano]hasrms error lesstitan0.5 MHz. Tite next
bestmodel witicit satisfiesthe gradientciteck is PLES1. Of tite madels
witit R12 inputoní>’ ano] satisfyingtite gradientcitecks, MQMF2Ritas the
best rms error. For M(3000)F2, UNDIV is tite model with tite bestrms
errar. It alsa satisfies the gradientchecksant] R12 input requirements.
MQMF2 is aclasesecano].

4.6.2. JnstantaneousmappingoffoF2 andM(3000)F2

Againte modelswererankedaccort]ingto mserror. For foF2 mapping,
tite Kriging algorithmsin tite methodsPLES2 ano] PLES3 pei-form better
titan tite fitting algorititms un the metitot]s PLESSant] PLES6ano] give exce-
llent resultswitile for M(3000)F2mappingfitting algorititnis un tite metitod
PLES5providetite bestaccuracy.Forboth citaracteristicstite performanceof
MQMF2 is excellenttaoano]hascomparableaccuracy.Tite useof tite trough
model in PLES3doesbring a smallimprovement,but requiresat]ditionalin-
put data.

4.6.3. Electron-densiíyiteightprofile

Comparisonshavebeenmadebetweentite profilesobtainedfrom COSI-
PROFant] IRI modelsant] measuredtopsideant] battamsideelectran-density
iteigitt profiles.
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‘me COSIPROFmodelgivesa substantialimpravementayertite Rl mo-
delfor tapsideprofiles aix tite testingdatabase.‘me performanceof te COST-
PROFant] Rl modelis similaron tebattomsideprafilestesteditere,widi botit
rnot]elsgiving aver>’ small rms errar.Haweverit sbouldbenatedtitat tite IRI
itas sorneserioussitortcomingsin its formulationfor te upperF region.Oneof
titeproblemsappearsun itigiter latitudesatitigit solaractivity. Tite profilesteno]
to acquireunrealisticallylargeprofile scaleiteigbts.Evenixegativesealeiteights
appear(exponentialincreaseob electrondensitywidi heigitt aboyetite F2-layer
peak).COSTPROFremainsrealistieunder alí conditions,botit witit global
(ITU-R) ano]regional(COSI251) inputparameters.

6. METHODOLOGY FOR CHANNEL SIMULATION
FOR HE SYSTEMS

‘me primar>’ objectivewas tadefmea bunctianalcitannelsimulatorarciti-
tectureTer HP systemsin Europe.‘mereareclearshortcomings¡ix tite Watter-
sonmadel(Wattersonet al., 1970)witicit is widely usedas abasisof existing
simulators,not leastbeingte limited dataaix witicit te modelwas originally
based.Also, tite Wattersonmodel inhereixtly describesnarrowbano](appraxi-
mately3 kHz bandwidtit)citanneis,witereasfuture simulatorssitaulo]becom-
patiblewith arangeof systembandwidthsnp teatleast1 MHz, corresponding
ta atime resolutionof 1 micrasecono].

A new basicstructurefor tite realisationof a channelsimulatoraix ge-
neralpurposeDSP-boardsitas beenproduced(Van derPerre,1997; Van der
Peneet al., 1997).Tite functional elementsof tite simulatorarespecifiedun
such a wa>’ tbat a completerange of citannel types,appropriatefor HP
transmissionsystemtestingup to bandwidtitsof at least1 MHz, canbe im-
plemented.lix additian,a Wattersanmodelma>’ be simulated,if required.
Consideratianwasgiven to tite applicability of a replay-typesimulator un
te COST251 context.In general,it was felt tat tus dio] not providean ap-
propriatebasisof flexibility for dxcrangeof applicationsenvisaged.Ha-
wever,barunpredictableeventssucit as itigit latitudedisturbances,it would
be passibleta incorparatereplay segmentsunto tite overalí timeprofile of
tite simulatortestprogram.

7. MODELS FOR USERSFOR OVERALL PERFORMANCE

PREDICTION

7.1. General propagation modell¡ng

Researcitactivity conceminggeneral propagation modelling was oriented
aboyealí towards producing simulatian tools bar overalí perfonnancepret]ic-
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tion. Numericalmethoo]sfor tite modellingof 1fF radio wavepropagationin tite
real ianospherehasbeendeveloped(Gitermet al., 1998a).Tite term «realio-
nospitere»is understoat]to describeamediumwitit threedimensionalslowly-
varying electromagnetiepropertiesof tite backgrount]andtime dependentin-
itamogeneitiesas well as deterministicandrandominhomogeneities,inclut]ing
extrabent]ingof rays,multi-rayeffectsano]diffraction effects.‘mesemethods
arebasedon te camplexpitasemethodfar wavepropagationin a slowly var-
ying mediawith local initomogeneitiesembedded.

Specialattentianitas beengivento tite problemof the HP fluctuatingcitan-
nelcitaracterisationun tite caseof frequenciesclaseano] aboyetite MUF. Ihis
panicularsituationof askip field is describedby a specifxcally developed
wave fiel] integral representationin termsof t]iffracting camponentwaves
(Oitermetal., 1998b, 1999). In at]dition Éhetecitniqueitasbeendevelopedbar
modellinglarge-scaleionosphericstructureswit tite itorizontalgradientsof tite
ionaspitericelectrandensity.Researcitactivitiesaix propagatianmot]elling in-
volvedalsotite constructionof a computercodeto take into accaunttite ma-
vementof tite main ionaspiterictrougit.

7.2. F2-Iayer basicMUF variabllity

lix tite higitly cangestedHP bano] thesignal quality generallyincreasesas
tite frequencyapproacitestite MUF. HF propagationpredictiansprocedures
sucit as titat of RecammendationITU-R P.533(ITU-R, 1995)canprovide
guidanceaix tite expectedperformanceof eircuits. liteseproceduresareba-
seo] aix averagebeitaviourof tite ianospitereano] sitaulo] not be expectedta
give informatianbeyandtiteir statistical capabilities.It sitaulo] be noted
that generalí>’ operatorsano] frequencymanagersteno] to select frequen-
cies,whicit areanywiterefrom 65 to 90%of tite predictedMUF. If madeis
sitaulo] pravidea betterpredictionof tite distribution of tite daily MUF’s
araun]tite mandil>’ medianMUF, thenit might bepossiblesuccessfulope-
rationat frequenciescloserto tite predictedMUF. Titis woult] be very ad-
vantageousfar spectrumoccupancysince it wauld widen tite available
bandsfar use,especialí>’t]uring periodsof low solaractivity. Furthermore
tite evaluatianof the MUF variability ma>’ facilitate improvedfrequency
sitaríngun HF terrestrialsystems.

lite variabi!ity of tite basicMUF (i.e. tite itigitest frequencyby witicit ara-
dio wavecanpropagatebetweengiven terminals,an a specifiedoccasion,by
ionaspitericrefractionanly) with patit lengtit itas beeninvestigatedby Bradley
etal. (1998).It itasbeenfauno]titat tite upperdeciledeviationfrom tite median
usuallyincreasessligittly with distancewitilst tite lower deciledeviationfalís,
but citangesarerelativel>’ small. Oneof tite key aspectstreatedwas tite esta-
blisitmentof boundsfor tite relativemagnitudesof tite day-to-dayvariationsin
foF2 ano] M(3000)F2on quiet ano]disturbeddaysano] itow titesecitangewitit
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season,locationant] solaractivity (Fotiadisano] Kouris, 1998).Tite day-ta-day
variation ab tite basicMUF itave beencomparedwitit titase of foF2 ant]
M(3000)F2(Kouris etal., 1999).Tablesof valuesfor botit tite ratio of te up-
perant] lower decilevaluesto te medianbasicF2-MUIF itavebeenprovided.
lite F2-layerbasicMUF variability ma>’ beevaluatedbar tite COSI 251 area
from tesenew referencefigures,whicit aresligittly t]ifferent from tosegiven
un CCIR (1980).

7.3. Stat¡st¡calcharacterisationof HFchannel

‘me statisticalcitaracterisatianof tebeitaviourof te transniissioixcitannel
was animpartanttopic of researcit.Sincejonospiterevaneswitit time, space
ant] frequencyin man>’ scales,tustaskwasnatatrivial activity. Difberentap-
praacitesto describete scatteringfunetionwerestudiet] (OitermandZernov,
1998;Zemavetal., 1999)ano] metitodsto statisticallyanalyseano]citaracterise
te variationsof the HE citannelresponsehavebeendeveloped(Arikan ano]
Eral, 1998; Arikan, 1999).

Sincemostof te widely availabledatasetsconsistof vertical-arablique-
incidencesoundingdata,citaractenisationparameterscanbe extractedfrom
sucit data sets utilising oní>’ tite amplitude infarmationob receivedsingle
tonesignals.By te propasedmetitodalogy,robustestimatesta time var-
ying meanano] varianceof te citannelresponseis obtaiixeo].For titis purpose,
slidingwindaw statisticsof te availabledatais used.un applyingte sliding
window statistics,tite window size is citasenas longas possibleto pravide
betterestimatesano] still sitortenougit to capturete underlyingtimevaniation
ob tite citannelresponse.Basedan tite estimatedvarianceof obtainedre-
sults,detaileo]justificationante properwindaw size is given. Iii ardertaob-
tain morereliable estimates,tite data is medianfiltered prior to statistical
analysis.‘mis new statisticalanalysisapproacitis appliedto availabledataob-
tainedfrom measurementcampaigns.Tite resultsob tite statisticalanalysis
confirmedtite expectatianson tite pit>’sical beitaviourof tite ianospiteric
citannel.It was fauno]tat tite midíatitudesinglet’requencycitannelis slowly
time varying ano] localí>’ stationaryun a sliding window of 22 secands.It
wascont’irmeddiat during earl>’ morningitours ant] mghtitours,te citannelis
cansiderablymorestablebarcamniunicationpurpasescamparedto dayano]
earlyeveniixgitaurs.

Witen consideringte establisitmentof ebficientano]reliablecommunica-
tion links thraugitte ianospitericcitannel,scatteringfunction ano]oter citan-
nel coherencebunctionsare usualí>’ computedano] examined.Twamajaralter-
nativeswerecansideredbar tite numenicalcamputationof diesefunctions.In
tite first metitod,tis is acitievedtitrougit tite estimationof tite autocarrelation
of citaxinel impulseutilising te transmitteo]ant] receivedsignalsfrom contra-
íleo] experimentresponse(Arikan ant] Arikan, 1997). lix te secano]suggested
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metitod,estimationof te HE citannelimpulseresponseis tite fu-st stepant] the
scatteringfunctjan is computedutilising tite channelresponse(Aúkan, 1998,
1999).

Afta assessingtite elfieieney,performance-,coniputationaleomplexity
ano] casÉof thesemetitot]s la estímatitigte HP channelresponse,it is con-
cluded that ¡CalmanFilía estimatorwitit properadaptationprovidestite-
besÉesrimate.‘Ehusa meíhodalogywas developedtaestimaretimevarying,
fading, ¡nultipath HP channelresponsenumerically titrough aix adaptive
Kalman Fílter basedchannelestimatorutílisíng tite data froni cantrolled
experiments(Arikan, 1998, 1999). Majar advantageof adaptiveKaInian
Filter basedchamad esúmatoris thatit can efficiently trackthe variationsiii
tite channelresponse.Titas tite physiealmoo]eiof thc channelcanbe incor-
poratedloto te estimatar.Titis capabili¡ydaesnoÉ exist un ata ¡nethods.
Adaptationof te ¡CalmanFilter tu rite variarionsiii te ehannelresponsehas
beenimplementeo]atvarjoasleveisant] sealesespeciallyay tite initialisation
ano]parameteradaptation.Basedon simulationsof HP channeisundergoad,
moderateant] poarionosphericstatesant] lar Signalta NaiseRatias(SNR)
from 10 to 40 dB, it hasbeenobservedthar adapúve¡CalmanFilter conver-
ges fasta for lowesterror not only for goadano] moderateconditionsant]
high SNRsbut alsakw poarknospitericstate-ano] low SNRs.Titas tite sug-
gesteo]adaptatiansignificandy improvesthe perfornianceof te standard
¡CalmanFilter estimator.

7.4. Modellingof HP spectral occupancy

Measurementsof HP spectraloccupane>’allowedtite developmentof (i)
low- ant] higit-angleoccupancyovei~NarthemEuropeano] (u) variationof oc-
cupancywith azinxuth(EeonomoucÉ al., 1998; Panújarosetal,, 1998).

Tite logit ¡nade],witit the appropriatemodel index funetiony~, forms tite
LaycockXiottmadelfor esrimatedcongestionQk for ¡TU frequencyallocation
k (Pantjiarosetal,. 1997).Tite mdcxfunetiony~ of tite paranreterson whicit oc-
cupancydependsis detenninedby statisticalanalysisof tite experimentaldata,
Por cae-it receivingsite-, estimatesof Yk aredeterminedfor eachof tite 95 ITIJ
frequencyallocations,ano] tite variatianof diese95 index functionswith fre~
quencyistitenmadelled,ta giveasingle modelíndexfunetionapplyingto tite
catireHP spectrutn.Uy dcvelopingtite samefarmof moJellar cadi ¡ite~ ant]
comparingtite coeffieientsof tite parametcrsof titesemodeis,a singlemodel
kw loar sitesis derivedby attributingdiffere-ncesin me-asure-Ucongestionvalues
to differencesin te locatiomisof tite reeeivingsites.Tite titting pracedureay-
tenxptsto modeltite systematiecamponentof tite dala,witilsí allowing Lot tite
randomconiponent.‘mis givesa meidelwhich is betterable to pre-dict future
valuesof accupaney,ant] witicit maybe develapeclreadiiyby tite- inclusionof
adt]itional measureme-nts.
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7.5. RealTimeFrequencyManage¡nent

Develapinentsun tite availability of flexible ant] rapit]ly-contrallable
equipment,un broad bano] antennasano] un tite regulataryenvironmentnow
permit tite economicpossibilityof adaptiveEF systemsto provideitigit per-
bormanceusingrealtime frequencymanagement.Studieswititin this COSI
Action itavebeenconcernedwith aspectsab tite control algoritms,models
ano] diagnosticmeasurementmetitodsto enitancetite frequencymanagement
funetion.

‘mere is now aix increasingneedLo provide higit dataratecaminunicatian
ano]die averalíutilisation of tite spectrumwill beenitancedby considerationof
at]aptivity in tite modulationwavefornxsant] dataratesin responsetatite cha-
racteristicsof tite citanneltransberbunction.

‘me tapiescansideredo]uring tite COSI Action relevantta titis subject
weretite following.

1. The effectiveuseof ionospitericsoundingwitit very low pawers itas
be-enintroduce-o],titusminimising tite interferencecauseo]by te neces-
sarydiagnosticmeasurements

2. ‘me probabilisticmodellingof interferencewas undertaken.‘mis work
ma>’ be usedwitbin tite frequene>’selectionalgoritlxm.

3. Tecitnique-sfor tite measurementof tite scatteringfunetion,basedaix
tite spreao]ingob signaldela>’ ant] Doppleror on afractal measurement
abtite funetion,itave beendevelopedano]sitaulo] leadta statisticalmo-
deis.

4. Sitort-term forecasting(itours aitead) ano] ver>’ sitort-termforecastíng
(minutesahead)itas beenconsidered.Iii particular,metitodsof datafu-
sianant] aneuronalapproachwereconsideredwhicit enableestimatesof
interferenceto bemade.

8. THE COST251 COMPUTERPROGRAMS

Sevencomputerprograms(Table 1) itavebeenpreparedto providepredic-
tions in accordancewitit te recommendedpracedures(Stanislawskaet al.,
1998). ‘me calculationrelatedeititer to resultsfor difberent times at a single
citasenplace,or as mapsayeraspecifiedareaaL a single time. Locatiansano]
mapsmaybe anywiterein tite world, witit interfaceas apprapriatetate ITU-
R global inaps of ionospitericcitaracteristiesant] to tite ]RI electran-t]ensity
iteigitt profile model. ‘me computerprogramsare availablefrom anonymaus
ftp ://haydn.cbk.waw.pi.
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Table 1: Lisí ofprogramíant! outputparameteríavailab!efromanonymous
ftp :1/hayt!n.chk. waw.pl.

Program
name

AuthorlOrganisation/
Country

Jonospherie
characteristie

Prediction

MQMP2R A. Mikitailov, Institute
of Apptiet] Geopitysics,
Russia

foF2 Long-term mapping

UNDIV R. Leitinger, University
of Graz,Austria

M(3000)E2 Long-termmapping

PLES2 1. Stanislawska,Space
ResearchCentre,Polant]

foF2 Instantaneousmapping

PLESS 1. Stanislawska,Spaee
ResearchCentre,Poland

M<3000)F2 Instantancausmapping

COSTPROF R. Leitinger,University
of Graz,Austria

electron-density
heigbtprofile

Long-termmappingant]
instantancausmapping

COSTTEC R. Leitinger.University
of Graz,Austria

TEC Long-term mapping

CORLPRED 1. Kutiev, Geophysical
Institute,Bulgaria

foF2 Short-termforecasting

9. CONCLUDING REMARKS AND FUTURE ACTIVITIES

COSI 251 itas undertaken ano] completeda large variety of tasks. Tite pri-
mary objectiveof tite prajectwas to recommendimproved proceduresto im-
prove qualityof ionospitericteleconiniunicationsystemsplanningant] operation
in Europe.Majaradvancesitavebeenabtainedin janospiterieant] plasmasp-
iteric modellingant] systemperformancepredictionundernormalant] disturbed
conditians.Tite resultsobtainedt]uxáng tite Action can be applieddirectly ta
operatianaluse.Tite Final Repon,basedaix materialprovidedby 34 contribo-
ting autitorswitin titis Action, is et]itedby Hanbaba(1999)ant] publisitedby
tite SpaceResearcitCentre,Warsaw,Poland.It is anticipatedto annauncetitat
tite newpracedureswill meetusersrequirementsant] wiIl be adoptedfor a long
time.

Co-operationwititin COST itas pravidedefficiency ant] informality of
tite co-aperationwith otiter scientistsbeyondtite political ano] administrative
confinesof Europe.Participaiitsgayeempitasisaix spe-eifietemesfollowing
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titeir own expertiseano] interest but witit an applicationarientedgoal. It
sitaulo] be notedtitat COST insuresa crassbertilisationof ideasano]warking
togedierin a largergroupta providebasterprogresson agreaternumberab
frants tan anecountrycault] managealone. It was recagniseddiatte COSI
framework is tite only frameworkto developtitis researcitindependentlyof
ecanomicalinterests.Only tite scientific interestano] tite potentialfuture ap-
plicatianswerete key factars.‘me addedvaluein carryingautresearcitunder
te COSI frameworkis f¡rst of aH tite establisitmentof new networks.‘me ca-
llabarationestablisitedo]uring COSI 251 pennittedte establisitmentabviable
combinedteamswitit sufficient size ano] resaurcesano] enlargedtite callaba-
ratianbetweeninstitutesin PuropeanCauntries,stimulatingresearcitin many
of titem.

Taking unto accountte new horizansof Eartit-spacesystemsdevelop-
me-nt including titat interestsEuropeamore carefuldefinition of tite upper
atmaspiterestructureano]variability particularlyin its topsideregianis ne-
eded.Suchdefinitionis an importantbasisfor a COSTActianorientedta-
wards tite evaluatianof tite upper atmospitereeffects on tite advanced
Eartit-spacecommunicationSsystemsincludingnavigationalsystemsano]
LEO ano]MEO satellitesconstellatians.Cansistentwitit titis, afour-yearfo-
llaw-onActian «Effectsof tite upper atmospitereaix terrestrialano]Eartit-
spacecommunicatians»itasbeenpropase-o]witit tite fallowing objectives:
(i) ta perfarmstudiesto influencetite tecitnicaldevelapmentano] tite im-
plementationof new cammunicatianservices,(ji) ta developmetitodsano]
algarititmsto pre-dict ano] ta minimize tite effectsof ionospitericperturba-
tionsano] variationsaix cammunicatians,(iii) ta collectadditionalano]new
ianospitericano] plasmaspitericdatafar naw-castingano] forecastingpur-
posesano] (iv) ta stimulatefurtiter ca-aperationun tite damainof ianosp-
iteric ano] plasmaspitericpredictionano] forecastingbar tenestrialano]Eartit-
spacecammunications,including interactiverepercussionsaix tite
carrespandingstandardsun titis fiel], taking into accountusersprese-nt
ano] future need.
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