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ABSTRACT

In December1990anew IRJ handbookwas publishedby NASA’s National SpaceScienceData Center
(NSSDC)describingin detail theInternationalReferenceIonosphere1990.Shortly thereafter,theJRI-90
softwarewas releasedon tape,diskette,andcomputer networks.Thispaperis intendedasaninventoryof
the most importantIRI activities up to 1990andas a starting point for the next improvement cycle.It
summarizesthe work andstudiesthat led to IRI-90 andprovidesan overview over this latest version of
the model. Shortcomingsand limitations arepointedout, andwaysof overcomingthemarediscussed.
Prioritiesare suggestedfor the list of work items thatthe IRI group has to tackle in the future. High on
the wishlist are majorimprovementsat high latitudesand inclusionof magneticstorm effects.This first
paperdealswith the electron density;a follow-on paperdiscussesplasmatemperatures,ion composition,
andion drilL

INTRODUCTION

Since the joint URSI/COSPAR project for the developmentof the International ReferenceIonosphere
(IRI) begunin the late sixties,severalversionsof the modelhavebeenreleasedin hard copyas well as
in computer-readableform. Newdata input and feedbackfrom the user community have helped theIRI
group to continuously improve andelaborateuponthe model from version to version.A setof tentative
tablesof mi profiles was presentedat the XVII General Assemblyof URSI in 1972.The first widely
circulatededitionof the modelwas IRI-78 (computer program: Version No. 5),which is describedin a
red URSI booklet /1/(seealso/2,). It markedthe transition from a model in tabularform (profiles for
typical conditions) to a truly global model (using spherical harmonics). Over the following years
extensivecheckingandvalidatingof IRI-78 with newergroundandspacedataresulted in severalupdates
of the IRI programs. Most notably, the representation of the topsideelectron densityand of the global
description of the plasmatemperaturesbenefited from the input of satelliteandincoherent scatter radar
data.Finally, by the end of 1980it wastime for a newedition. IRI-80 (computerprogram: Version No.
7) was publishedin a voluminous issue/3/of the yellow reportsof the World Data Center A for Solar-
TeirestrialPhysicsin Boulder, Colorado, U.S.A. After an improvement cycle of six years,the next
milestonecamewith the releaseof 1RI-86 (computer program: Version No. 9), which wasthe first
edition to be available online through computer networks and also on diskette for useon Personal
Computers (PCs).With IRI-86 camea betterrepresentationof the equatorial topside electron density
profile (database: AE-C, AEROS,Jicamarcaincoherent scatterradar) anda much refined description of
the global morphology of electron temperature (data base: ISIS-i, -2, AE-C, Jicamarca and Arecibo
incoherent scatter radar). In November1990the latestedition, IRI-90 (computer program:Version No.
ii), waspublishedas a greenbook /4/ in thereport seriesof theNational SpaceScienceData Center
andWorld DataCenter A for Rocketsand Satellites (NSSDC/WDC-A-R&S). It featuresseveralnew
options for the electrondensity and ion composition. Version No. 12 of the IRI computer program,
which was releasedin Novemberof 1991,includesthe most recent COSPAR International Reference
Atmosphere(CIRA) for theneutral temperature.

IRI is used for awide range of applications in science,engineering,and education.Its ever-increasing
popularity is documentedby the number of citations in scientific journals(1989: 41; 1990: 57; 1991:
64) and alsoby the fact that it is consistently included in NSSDC’s annual hit list of most frequently
requesteditems in spacescience.Since 1988,IRI canalsobeaccessedand run online on the NSSDC
Online Dataand Information Service (NODIS) account: To do sofrom a NSI-DECnet node (i) SET
HOST NSSDCA, (ii) USERNAME=NODIS, and(iii) follow theprompts andmenus.
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This and the follow-on companionpaperreview the past,presentand future of the IRI project. In
particularthe studies thatled to the different editionsof the modelarediscussed,the statusof on-going
WI activities isexamined,andpriorities for future IRI initiatives are proposed.Details of the functional
descriptionandexplanationsof the formulasusedin IRI canbefound in the1RI-90 guidebook/4/ and
will not be repeatedhere. The focus of this paper is the electron density, all other 1RI parameters
(plasmatemperatures,ion composition,ion drift) are the topic of the companionpaper.The first partof
thispaperis dedicatedto the globalmappingof peakparametersandthe secondpart to the representation
of thedensityprofile.

F- AND E-PEAK MAPPING

Coordination of the international F- andE-peak mapping activities is the responsibility of special
working groups of the International Union ofRadio Science(URSI) andof the ConsultativeCommittee
of International Radiocommunications(CCIR), which ispart of the International Telecommunication
Union (ITU). CCIR’s most widely known mapping publication is the “atlas of ionospheric
characteristics” (Report340andlater supplements)/5/. It containsglobal maps for all thoseionospheric
peakparameters of importance for radio wavepropagation. When the WI group beganits modelling
work, it decided to rely on severalof thesewell-establishedCCIR parameter maps ratherthan pursue
independentmapping solutions.Of particular interestfor IRl aretheCCIR modelsfor the E- and F-peak
critical frequencies foE, foFi, and foF2, and for the propagation factor M(3000)F2. From these
parameters onecan obtain the peak densitiesandheight: (i) Peakdensities(NmE, NmF1, NmF2) are
proportional to the squareof thecritical frequencies,and(ii) a strong anti-correlation existsbetween
M(3000)F2andthe F2peak heighthmF2.

From thebeginningthe WI group closelyfollowed the work doneby CCIRand URSI mapping groups
and, when appropriate, hasurgedCCIR andURSI to considernewmapping initiatives to provide more
andmore accurateworld mapsof ionosphericpeak parameters. In recentyearsthe WI group hasbegun
to assumea more active role in the mapping effort, recognizing thatits needs,especiallyconcerning
regional mapping, are not fully servedby the present level of CCIR and URSI mapping activities.
Recentreviews of mapping of F2-peakparameters were prepared for the WI group by Bilitza et al. /6/
andby Bradley /7/.

F2-peakdensityNmF2andcritical frequencyfoF2

Past developments. CCIR releasedits first setof numerical maps for foF2 in 1967 as CCIR Report
340/5/.The 23,712modelcoefficientslisted in the reportwerealsomadeavailableonpunchedcards for
useon computers.Jonesand Gallet /8/developedthesemaps basedonionosondedatarecorded at over
150 stations from 1954 to 1958.In a first step, Fourier functions up to sixth order (13 coefficients)
wereused to describe the monthly median diurnal variation (in Universal Time) at eachstation. In a
secondstepthe global morphologyof each oneof the 13 Fourier coefficients was representedwith a
specialchoiceof geographicalsineandcosinefunctions dependingon geographiclatitude and longitude
and on the modifieddip latitude(modip) introduced by Rawer /9/. Testsshowedthat modip is the best
suited coordinatefor the global representation of foF2, particularly in the highly structured equatorial
region.

This analysiswas donefor eachmonth from 1945to 1958,thus obtaining for eachcoefficient (ofeach
monthly map) five values correspondingto different solar activities. In the nextstepa straight line was
(least-square)fitted through the fivepoints, and coefficientvalueswere calculatedfor two levelsof solar
activity (R~=0, 100— R~beingthe 12-month-smoothedmeanvalue of the Zurich monthly sunspot
number). For other levelsof solaractivity the CCIRReport 340/5/recommendslinear interpolation up
to R12= 150. Abovethis level saturation is observedin a lot of cases,andCCIR suggestsusing an
effectivesunspot number of 150 if R~is greaterthan 150. Even though the CCIR-67 maps were
regarded asprovisional at thetime, they are to thisdaystill the mostwidely appliedfoF2 model.

In 1971 the “SupplementWi To Report340” /5/wasreleasedintroducing a revisedsetof coefficients
for foF2 that was produced by Jonesand Obius /10/. Different from the 3-dimensional CCIR-67
functions, their 5-dimensional modelfunctions includealsoannualvariations (Fourier series)and solar
cyclevariations (seconddegreepolynomial).Thustheir approachresultedin aconsiderablereductionof
coefficientsandintroduced moresmoothingof the original database.Both models,however, werebuilt
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with the exactsamedatabaseand thereforedo notdiffer much in termsof forecastcapability.Mostusers
decidedto staywith the original CCIR-67 maps rather than to developnewcomputerprogramsfor the
implementationof the CCIR-7i seL In the “Supplement N’ 3 To Report 340” /5/, which was released
in 1980,CCJR recommendsusing the CCIR-67 mapsfor long-term predictions andthe CC1R-71 maps
for short-term forecasL

Becauseof theirregular distribution of ionosondestations and thetotal absenceof data abovethe oceans,
it is not surprising that errorsweredetectedin comparisonsof the CCIR maps with groundandspace
data/11,12/.When Jonesand Gallet /8/ originally developedtheir foF2 numericalmaps, they hadto
introduceso-calledscreenpointsto stabilize their analysis method. At thesephantomstations,located
mostlyin theoceanregions,artificial valueswere obtainedby averagingover therealdatafrom stations
with similarmodip but different longitudes.A much betterway of determiningfoF2at the screenpoints
was chosenby Rush and his colleaguesat the Institute for TelecommunicationSciences(ITS) in the
earlyeighties/13,14/.Theyfilled the oceandatagapsat mid-latitudeswith theoreticallydeterminedfoF2
values.Neutral wind amplitudes neededfor this calculation were inferred from the comparison of
theoretical and measuredfoF2abovethe continents. Rush et al. /13,14/decidedto build their iTS maps
with a rather limited database,using only about 2,400station-months compared to theabout 10,000
station-months usedfor CCIR-67. Only two yearsof data wereconsideredin their analysis,onefor low
and one for high solar activity. The maps thus relyied on only two valuesfor the determination of the
solar activity variation of each coefficient rather than 5 as in the caseof the CCIR-67 maps.
Discrepancieswere found in comparisonswith the topsidesounderdataof the JapaneseISS-b satellite
/15,16/;ISS-boperatedduring aperiodof veryhigh solaractivity (1979-1980).

The next steptoward better foF2 maps came from work doneat the Australian Ionospheric Prediction
Service(IPS).Fox andMcNamara /17/combinedthe theoreticalITS valuesover theoceanswith avery
large databaseof ionosonderecordings (over45,000station-months)and then applied their own type of
harmonic analysis. Their methodallows for differing numbersof harmonic termsdependingon magnetic
latitude. By using more terms than older maps (CCIR, ITS) in the equatorial region andlessat mid-
latitudes,better agreementwasreachedwith theglobal foF2 mapsobtainedby theISS-b satellite.Other
differences to the Jones-Galletmethod include: (i) Ratherthanmapping Fourier coefficients,Fox and
McNamara mappedthe hourly values; (ii) ratherthan using modip and geographiclongitude, theyused
modip andgeomagneticlongitude; and (iii) their final maps areprovided for T =0, and 100, whereT is
the ionosphericT-index /18/ traditionallyusedfor ionospheric forecastingat IPS.

Present status. Meanwhile, at the General Assembly in 1984 URSI acknowledged the needfor a
renewedinternational mapping effort andestablishedtheWorking Group G.S ‘to makeimprovementsin
the presentCCIR maps’. Under the chairmanship of K. Davies,the ITS andIPS groups combinedtheir
efforts and cameup with anewsetof coefficientsin 1988/19,20/.In creatingthesemaps,it wasdecided
to staywithin the mathematical framework of the earlierCCIR and ITS modelsbut at the sametime to
makeuse of the extensivedatabasesynthesizedin the IPS maps.Thus, the URSI-88numericalmaps
were obtained by applying the Jones-Galletmethod to foF2 maps establishedwith the IPS model. As
expected,comparisonswith IS S-btopsidesoundermaps showedthe URSI-88 mapsto be more accurate
than theCCIR-67 maps over the oceans.But at the sametimesomeaccuracywaslost overcontinental
areas. it is easily understood that the better representationof the ionization structure over theoceans
cameat the expenseof a slightly lessaccurate model in other areas of the globe,becausethe set of
model functions remainedunchanged.Even though the URSI-88 mapsarenot yet adoptedby CCIR, the
WI group decided to use thesemaps for its 1990 edition. CCIR-67, however, was kept as a second
choice,becauseof the possiblepreferenceof certainuser groups. As in thepast, foF2 (or NmF2) canbe
alsoa user-provided input parameter.

Future improvements. Progressin global foF2 mapping may comefrom applying more sophisticated
numerical analysisproceduresto theunevenlydistributeddatabase.It seemsclear that theequatorial and
auroralregionsneedmore harmonic terms than the mid-latitudes, asthe work by Fox andMcNamara
/17/has shown.This can, of course,only succeedif theionospheric data basecontinues to beenlarged,
particularly at low and equatorial magnetic latitudes. Unfortunately, ionosondestations are largely
accumulatedin the Europeanand North American sectors,andonly few arenearthemagneticequator.
Help may alsocomefrom thetopsidesoundermeasurementsmadeby theJapaneseISS-band OZOBRA
satellitesand the Russian 1K-19 satellite. Regrettably, there are no new topside soundermissions
planned at this time.
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A betterrepresentationof thesolaractivity variationsof foF2is alsoof greatimportance.In theCCW
“SupplementN’ 3 To Report340” /5/it wasnotedthatthelevelof solaractivity atwhich foF2appears
tobesaturatedisafunctionof location, timeof day,andseason,but no recommendationwasmadeto
replacetheconstantsaturationlevel ofR~=150usedin theCCIR-67model.Onepossiblesolution is
theuseof oneof the ionosphericindices1F2,IG, or T insteadof solarsunspotnumber.Theseindices
areobtainedfrom a linear regressionanalysisof solarsunspotnumbersandfoF2 valuesmeasuredat
selectedsites.For 1P2 the regressionlines wereobtainedfrom pastmonthly noon data(1942-1957)
recordedat 13 selectedionosondestations/21/. IG wasdesignedspecificallyfor usewith theCCW-67
maps.It usesthesame13 locationsas1F2, butits regressionlinesweredeterminedfrom theCCIR-67
maps122/. Different from 1F2 and1G. the AustralianT-index/18/isbasedon foF2datafor all hours
from 30 stations;regressionlines areobtainedin a fashionsimilar to 1F2. Not surprisingly,these
ionosphericindiceshaveshownmuchbettercorrelationwith foF2 thanany of the solarindices,but
their availabilityandconsistencydependonthecontinuousoperationsof theselectedionosondes.CCIR
preparesamonthly circularof 1F2 andIG values(monthlyand12-month-runningmean).At its recent
meetingtheWI groupdecidedto allow useof IG in additionto thepresentlyusedsolarsunspotnumber
in futureeditionsof themodeL

In recentyearsthe WI grouphasbegunto exploremoreactively solutionsto certainaspectsof the
mappingproblem.Topics of particularinterestarehigh-latitudemappingand foF2updatingduring
magneticstorms. Even though IRI at presentis a non-auroral,quiet-time model, Schunk and
Szuszczewicz[23/pointedout thatin its monthly-averagedformattheWI/CCWcompareswell, evenat
high latitudes,with the monthly-averagedfoF2 mapsthatwereproducedfrom ISS-b measurements.
Theyalsofoundgoodagreementwith theionosondedatacollectedduringtheir global-scaleSUNDIAL
campaigns,evenfor stationsassumedto be in the nighttimetrough/24/. Regionalmappingmay help
to furtherimproveWI athigh latitudes.Two suchmethodshavein particulargainedtheinterestof the
flU group,andfirst resultshavebeenreportedatWI meetings.Dvinskikh/25/ proposedthe useof so-
called Empirical OrthogonalFunctions(EOF), which are obtainedas the eigenfunctionsof the
autocorrelationmatrixof adatafield. UsingEOFs,Bossyeta!. /26/producedaregionalfoF2modelfor
invariant latitudesgreaterthan50. Their numericalmaps arebasedon foF2 valuesobtainedfrom
aeronomicalsimulationswith theUtahStateUniversity (USU) modeL EOFshavealsoprovento be a
moreefficientway for therepresentationof globalmapsbothin termsof computationtimeandspace
requirements[27/.Thesecondmethodisbasedontheuseof fractionalLegendrefunctions,theso-called
SphericalCap Harmonics (SCH) /28/. SCHshavebeenapplied for regional mappingof foF2 in
Europe.At aurora!andpolar latitudesplasmaconvectionis clearlyaffectedby the direction of the
InterplanetaryMagnetic Field (IMP) /29/. Therefore,different setsof regional maps have to be
establishedfordifferentIMF directions.Sojkaetal.130/usedtheUSUaeronomicalmodelto investigate
theIMP dependenceof anoftenobservedplasmadepletion,theso-calledpolarhole.

Ofgreatinterestto theWI grouparethecontinuingeffortstodescribetheeffectsof magneticdisturbed
conditionsonfoF2.Wrenn/31,32/devisedanintegratedgeomagneticactivity indexto describetheratio
of thestorm-timefoF2toits quiet-timereference.

It is hopedthat futureupdatesof theWI modelwill alsoincludeoccurrencestatisticsfor Spread-F,a
disturbanceoften seenat equatorialandaurora!latitudes.A possiblecandidatefor thispurposeare the
Spread-Fmapsestablishedby MaruyamaandMatuura/33/basedon ISS-btopsidesounderdata.

F2peakheighthmF2andpropagationfactorM(3000W2

Pastdevelopments.Information aboutF-layerheightsis of greatimportanceforradiowavepropagation
studiesandforecast,but real heightsaredifficult to obtain from ionograms.Thereforeapropagation
factorM(3000)F2wasdevisedthatcan bederivedgraphicallydirectly from logarithmicionograms.
M(3000)F2is definedas the ratio MUF/foF2, whereMUF is the maximum usable!frequencythat
refractedin theionospherecanbereceivedatadistanceof 3000km.Thisfactorhasbeenroutinelyscaled
from ionogramsat manystationsworldwide.Numericalmapswereestablishedfrom thisdatabasein the
sameway as describedabovefor foF2. Publishedin CCW’s Atlas of IonosphericCharacteristics/5/,
thesemapsuseFouriertermsup to4th order(9 coefficients)and49 of thegeophysicalfunctions.Thus,
441 coefficientsareneededpermonthandsolaractivity level.No updateshavebeenproducedsincethe
originalCCW mapswerereleasedin 1967.
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Shimazaki/34/ showedthatpropagationtheorypredictsastronganti-correlationbetweenM(3000)F2
andhmF2.In a secondstephe fitted his theoreticallyobtainedformula to experimentaldata,but his
empirical formulas are basedon peakheights (hpF2)deducedfrom ionogramswith simplified
assumptionsaboutthe densityprofile in the middleionosphere(parabolicbottomside,no E-layer).It
wasfoundthattheShimazakiformulaoverestimatedpeakheightsobtainedwithamoreelaboratereal-
heightanalysisof ionograms.Totakeaccountof theionizationin theE-layer,BradleyandDudeney/32/
modified the original Shimazakiformula by introducingan additional term dependingon the ratio
foF2/foE,wherefoE isthecritical frequencyof theE-peak.A few yearslater,Dudeney/33/ was ableto
comeupwith aconsiderablyimprovedhmF2-M(300)F2formula,basedon amoredetailedconsideration
of thedensityprofile in theregion from E- to F-peak.Up to thispointall studieswerebasedon hmF2
valuesdeducedfrom ionogramsthroughsometypeof real-heightanalysisof the ionogramtrace.This
procedureneedsapriori informationabouttheionization(i) below theionogramstartingpointand(ii)
in the valleythatis oftenfoundabovetheE-layer.Dependingon theassumptionsmade,thecalculated
hmF2mayvaryby severaltensof km /37/. Morereliablemeasurementsof hmF2areobtainablewith
the incoherentscattertechnique.Bilitza et a!. /38/ used thesedatato verify the hmF2-M(3000)F2
correlation.They found thattheyhadto introduceadditionaldependenceson solar activity andon
magneticdip latitude into therelationshipto representhmF2dataof the incoherentradarfacilitiesin
Millstone Hill (Massachusetts,U.SA.),Arecibo(PuertoRico),andJicamarca(Peru).

Presentstatusandfuture imDrovements. Since1979,WI appliestheformulaby Bilitza etal. /38/to
representthe global hmF2with the helpof the CCIR-M(3000)F2maps.Comparisonswith newer
measurementshavebeenin generalfavorable139,40/andhaveencouragedresearchersto useWI-hmF2
values for the calculationof ionization fluxes /41/ andneutral winds /42/ in the F-region.During
nighttime,WI valueswere found to be somewhathigher thanincoherentscatterand ionosonde
measurements/39,40/.Thepost-sunsetuplift of theF-layerobservedcloseto the magneticequatoris
not well representedby anyof theM(3000)F2-basedmodels.Thereis ageneralagreementthatremedyof
theseshortcomingscannotcomefrom furthercorrectingtheM(3000)F2-basedmodels.Directglobal
mappingof hmF2is themostreasonablenext step.Attemptshavebeenmadeto describehmF2with
relatively simpledescriptivemodels/43,44/usingonly asmall numberof termsandcoefficients.It is
clear,however,thatthissimplifieddescriptior~cannotreproducetheglobalstructuretothesamedetailas
representationsin sphericalharmonics.Oneof thedescriptivemodels/43/ wasrecentlyimprovedby
Andersonet al. /45/, who introducedasixth-orderFouriercorrectioninto the Chiu-modelto better
approximatehmF2valuesobtainedwith their Semi-empiricalLow-latitudeIonosphericModel (SLIM).
On the topic of hmF2mapping,closecooperationexists with the Working Group on Ionospheric
Informatics(WGII, Chair: B. Reinisch)of URSI’s Commission0, which was formedin 1987; the
formerURSI mappinggroupwasmergedwith thisgroupin 1990.

Fl-peakdensityNmFI.critical freauencyfoFi. andheighthmFl

During daytimeionogramsoftenexhibit acharacteristicFl point,clearly identifiedby acusp-liketrace
structuresimilar to thosefor theE- andF2-peaks.Invertedinto electrondensityprofiles, theF! feature
translatesinto asmallgradientdiscontinuity.This featureis sometimesdifficult to recognizein electron
densityprofilesmeasureddirectlyby, forexample,incoherentscatterradars.Thestrongdependenceof Fl
parameterson solarzenithangleprovesthatthisregion is predominantlyundersolarcontrol,different
from the highly variableF2-region,whereplasmatransportmechanismsplayanimportantrole.

Thestandardempiricalmodelfor foFi (andthecorrelatedNmF1)wasdevelopedby DuCharme,Petrie,
andEyfrig /46/ in the earlyseventies.Basedon datafrom 39 ionosondestationsfor morethanasolar
cycle (1954-1966),their modeldescribesfoFi variationswith solarzenithangle,geomagneticlatitude
and solarsunspotnumbcr(l2-month-runningmean).In addition, the modelalsoprovidesa limiting
solarzenithangleas function of geomagneticlatitude andsolarsunspotnumber.For zenithangles
abovethe limiting value,the modelassumesthata distinctFl-layeris not present.This globalfoFl
modelwas usedin WI from theverybeginning.CCW includedit in latersupplementsof theAtlas of
IonosphericCharacteristics/5/. Following arecommendationby oneof themodelauthors(Eyfrig) and
discussionsin theWI group,it wasdecidedtoreplacegeomagneticlatitudewith magneticdip latitudein
the flU versionof thefoFi model.Fl occurrencewasfurtherrestrictedin WI by theoutrightomission
of this featureinwinter andduringnighttime.
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The heightof theFl point (hmFl) is foundasthe heightatwhich thebottomsideWI profile reaches
the model densityNmF!. Thus,it is important to note that hmFl dependson the choiceof the
bottomsidethicknessparameterB0 forwhichIRI-90offerstwo choices,asdescribedlaterin thisarticle.
It was found thatthe olderoneof theseoptions(B0 Table)producesa diurnal variation of hmFl
synchronouswith hmF2,whereasthenewerone(Gulyaeva’smodel) resultsin solarzenithdependent
hmFl values/47/.

B-peakdensityNmE.critical frequencyfoE. andheighthmE

Comparedto theP2-region,theE-regionis wellbehaved,exhibitingastrongsolarcontrolandrelatively
smallday-to-daydatascatter.Descriptivemodelsusingonly asmallnumberof coefficientshaveshown
excellentresultsandhavebeenfavoredoverthecoefficient-intensivemappingwith sphericalharmonics.
Systematicanalysisof thelargedatabaseof ionosondefoE measurementsled Kouris andMuggleton
/48,49/to themodelcurrentlyusedin WI andCCW. Basedon datafrom 55 ionosondestationsfor the
timeperiodfrom 1944to 1973,themodel/49/describesfoE in termsof solarzenithangle,geographic
latitude,monthlymean10.7cm solarradioflux (F10.7M),anda seasonalparameter(solarzenithangle
atnoon).A solaractivity dependentminimumvalueisenforcedbasedon astudyof nighttimeresultsby
Wakai/50/. In WI thenighttime variationwas improvedwith the helpof Areciboincoherentscatter
observations/51/.

E-peakheightsmeasuredby ionosondesandby rocketexperimentsshow only asmallvariation with
solarzenithangle (day/nightamplitudeof lessthan10 1cm). At presentthis smallchangeis ignoredin
WI, whichassumesaconstantvalueof 105km. Introductionof oneof thesolarzenithangledependent
formulaswouldmakethis partof the[RI profile moreconsistentwith theD-regionbelow andthe Fl-
regionabove,whichboth moveupwardduringnighttime.

Closeto theE-peakavery thin andpatchySporadic-Elayerappearsirregularly,whosepeakdensitycan
exceedthenormalE- andF-peakdensities.Sporadic-Ecanstronglydisturbradiowavepropagation,andit
wouldbethereforedesirableto havesometypeof global occurrencestatisticsfor this feature.Models
havebeenestablishedfor individual ionosondestations/52,53/.Global-scalerepresentationis made
difficult by insufficientknowledgeabouttheextentof Sporadic-Epatchesandby thenon-existenceof a
truly globaldataset.Mappingproceduresbasedon thedatafrom a few stations,asthey weredonefor
CCW (seeReport340-3/5/), cannotovercomethesedifficulties.

ELECTRON DENSITY PROFILE

In flU thetopsideandbottomsideF-regionis normalizedto theP2-peakdensityandheight,whereasthe
bottomsideE-region andthe E-valley region arenormalizedto theE-peakdensityandheight. Both
profilepartsaremergedparabolicallyin theregionbetweenthetheFl pointandthetop of theE-valley.
Undercertainunfavorableconditionsthemergingcannotbeaccomplished,andin this casetheprofile
gapis closedby linearinterpolation.This candisrupt thelatitudinalvariationof WI electrondensity,by
causingsmall,artificial discontinuities.

Topsideionos~ereandplasmasphere

Thetopsideionosphereis theregionfrom abovetheP2peakto roughly 1000km andtheplasmasphere
is theregion abovethe topsideout to the plasmapause.Plasmasphericelectrondensitieshavebeen
obtainedindirectly from trans-plasmasphericVLF measurements(Whistler) andfrom highly sensitive
in-situ instruments.Topsideelectrondensitieshavebeenobservedwith incoherentscatterradars,satellite
topsidesounders,andin-situ experiments.

Pastdevelopments.By theearlyseventiesthehighly successfulAlouettesatelliteshadaccumulateda
largedatabaseof global topsidesoundingssothatempiricalmodellingof thetopsidecouldbeseriously
considered.Thefirst majoreffort wasundertakenby Bentandhiscolleagues/54,55/usingmorethan
50,000Alouette 1 topsidesoundingscoveringthe dineperiod 1962 to 1966 (low to mediumsolar
activity). For highsolaractivity theyreliedon Ariel 3 in-situ measurementsfor 1967and1968~which
werecombinedwith P2-peakdensitiesobtainedfrom ground-basedionosondcs.Theirmodelisgivenin
graphicalform providingplots of thelinearvariationof their modelparameterswithdaily solar10.7 cm
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radioflux (P10.7)for four foF2classes(2,5,8,11 MHz) andthreerangesin geomagneticlatitude(0’ to
±30’,±30’to±60’,±60to ±90).

In the very first versionof flU, topsideprofiles were basedon incoherentscatterdatafrom Malvern
(U.K.) andArecibo(PuertoRico).Thethicknessof theupperF-layerwaschosenin suchaway thatthe
totalelectroncontent(TEC) calculatedfor theIRI profileagreedwithTECmeasurements.However,the
determinationof thethicknessparametershouldreally bebasedontheso-calledslabthickness,which is
theTECvaluenormalizedwith the simultaneouslymeasuredP2-peakdensity.Unfortunately,very little
informationis availableabouttheglobal variationof slabthickness.Eventually,theWI groupdecided
to~ptheTECcoupling,whichfailedtoproducereasonablethicknessparametersin anumberof cases.
For IRI-78/1/ RamakrishnanandRawerdevelopedananalyticaldescriptionof thedatabasecontainedin
Bent’s model.An importantresultof this newermodel is a smoothlyvarying scaleheight,which is
moreacceptablethanthevery irregularscaleheightbehaviorobtainedwith theoriginal BentmodeL

Presentstatus. Thenextimprovementof the [RI topsidewas triggeredby theresultsof a studyby
McNamara/56/,whocomparedTECvaluescalculatedwith theWI andBentmodelswith alargesetof
TECmeasurements.For mid-latitudes,hefoundin generalgoodagreementwith IRI beingtheslightly
betterperformingmodel.Closeto themagneticequator,however,afactorof twodiscrepancywasfound
for daytime conditionsduring high solaractivity. Both modelspredictTEC too low, with Bent
producingsomewhathigher valuesthanWI. At leastpartly, this is aresultof Bent’s /54/ original
samplingprocedure.For the highly structuredequatorialregion, heonly allows for onesamplingbin
(30’S to 30’ N geomagneticlatitude). Comparisonswith incoherentscatterdatafrom close to the
magneticequator(Jicamarca,Peru)andwith AEROS andAE-C in-situ measurementsshowedthatthe
[RI formulahadto be correctedat low latitudes/57/. Startingwith IRI-86, such acorrectionwas
includedin thetopsidemodel.

Future improvements.Buonsanto/58/comparedWI with alargesetof profilesfrom the incoherent
scatterradaratMillstone Hill. He fmds thatWI overestimatestheelectrondensityin theuppertopside.
Similardiscrepanciesat mid-latitudeswerefoundwith Interkosmos-19 topsidesounderdata/59/.Close
to the magneticequator,on the otherhand, electrondensitiesmeasuredby DE-2 at 700 km are
considerablyhigherthantheWI predictions/61/.Fromthesestudiesit is clearthattheupperpartof the
topsideprofile has tobe revisedin future editionsof IRI. Rawer/60/ pointedout thatthis shouldbe
donewith afield-alignedheightcoordinateratherthanverticalheightbecauseplasmatransportprocesses
in thetopsideareforcedtop~ alongmagneticfield lines.

A plasmasphericextensionof WI was developedby RycroftandJones/65/ basedon a diffusive
equilibriummodel.Electrondensity,temperature,andion compositionaregivenasfunction ofdistance
alongfield line. All parameterfunctionsarethighedto thecorrespondingWI topsideprofilesat650km
altitude. The model density in the equatorialplanevaries with L3 in accordancewith ISEE-l
measurementsandWhistlerresultsat the Siple groundstation/65/. Implementationin WI can be
accomplishedafterafield-alignedcoordinatesystemis includedin theWI code.Shortcomingsof the
presentmodelarethat(i) it doesnotincludethesharpdropin densityattheplasmapause(atL 3 -4)
and(ii) it doesnot considerinterhemisphericplasmafluxes.As aresultdifferentvaluesareobtainedat
theequatorwhenstarting from thenorthernandsouthernendsof the samefield line. TheDE-l satellite
hasassembledalargedatabaseof plasmasphericin-situ measurements,which only now is startingto
betappedforempiricalmodelling/62/.

Middle ionosphere(B- to P2-peak)

Themiddle ionosphereis theregion extendingfrom theE-peakupwardto theP2-peak.Characteristic
featuresareaFl ledge,which is oftenobservedduringdaytime,andavalleyabovetheE-peak,whichis
alwayspresentat night, andat mid-latitudesalsooftenduring daytime.Incoherentscatterradarand
ionosondemeasurementsaretheprimarydatasourcesfor themiddleionosphere.Profileheightsdeduced
from ionograms,however,maybe in errorby severalpercentbecausetheir deductiondependson the
assumptionsmadeaboutthe ionization in theE-valley regionandbelow the ionogramstartingpoint
/37/.Thehardwareandsoftwareaspectsof ionogramreal-heightanalysiswasoneof the majortopics
discussedatan WI-sponsoredworkshopin Novgorod(C.I.S) in 1987 /63/.Improvementsmay come
from comparativestudiesusingincoherentscatterandionosonderesults/64/. Thesestudieswere
initiatedinconjunctionwith theURSIWorking GrouponIonosphericInformatics(Won).
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Pastdevelopments. Only atafew stationswas real-heightanalysisof ionogramsdoneon a routine
basis.The WI groupdecidedto baseits F-regionbottomsidemodelon proffles obtainedatLindau
(F.R.G.),Mexico City (Mexico),andHuancayo(Peru).For the lattertwo so-calledcompositeprofiles
/65/ were used,whichrepresentmonthly averagedionograms.After normalizingtheseprofilesto the
P2-peakdensityandheight,andto thebottomsidethickness~ asuitablemathematicaldescriptionwas
establishedby Ramakrishnan/66/.B0valuesobtainedfrom theseprofileswereaveragedfor twolatitude
classes(low, middle), two levelsof solaractivity (low, high),day/night,andthefour seasons.Major
disadvantagesof thisapproacharethelimited latitudinalanddiurnaldiscrimination.

Presentstatusandfuture improvements. WI-90 includesanewoption for thecalculationof B0, which
overcomessomeof theshortcomingsof theearlierdescription.In thenewapproachB0iscalculated/47/
from the formula thatGulyaeva/67/ developedfor the ratio betweenthe half-densitypoint h0.5and
hmF2;h0~is theheightwherethebouomsideprofile reacheshalf theP2-peakdensity(Ne(h0.5)= 0.5
Nmf2). Investigatinga largeamountof profiles obtainedfrom ionograms,Gulyaevafoundthat she
coulddescribethisratio as functionof solarzenithangleandseason.Her formulawasalsoconfmned
with incoherentscatterdata/68/.Discrepanciesoccurin thepresenceof astrongFl-layer/68,69/.

Quite frequently,a valley canbeobservedin theregionabovethe E-peak.During nighttimedensities
within thevalleycandropdownto afactorof 5 andmorebelow theE-peakdensity.Duringdaytimethe
valley appearsmostconsistentlyat mid-latitudes.In WI, valley parameterswereestablishedfrom
incoherentscatterresults(Malvern,St. Santin,Arecibo) fordaytimeandfrom acompilationof Japanese
rocketobservations170/duringnighttime.For thenighttimeprofile two conflictingcompilationswere
availableat the time. Soboleva’s/71/ datapredicteda muchdeepervalley than the Japanesedata.
Comparingbothwith Schumannresonances,Bookergaveastrongvotein favor of theJapaneserocket
measurements.Resultsfromaeronomicalcalculationsagreefairly well with theWI parameters/72/.

Sincefirst initiatedby Booker173/ in 1977,theWI grouphasbeenworkingon aschemeto represent
theelectrondensityprofilein analyticalform. Thiswouldgreatlyenhancethevalueof WI forradiowave
propagationstudies,which oftenencounterdifficulties becauseof slopediscontinuities.Basedon the
Epsteinfunctionproposedby Booker[73/,RawerdevelopedtheLAY-formalism torepresentthelayered
structureof thedensityproffle/74/.As aspecialoption,WI-90offersananalyticalrepresentationof the
densityprofile in the middleionospherebasedon theLAY-formalism. Using fourLAY-function, this
methodappliesaleast-squarefitting procedureto obtainthe four LAY-amplitudesfrom a numberof
point andgradientconstraints(e.g. E-, Fl- peaks,valley top andbase)/74/. This approachneedsan
explicit descriptionfor the heightof the Fl-peak,hmFl. At presentWI usesa solarzenith angle
dependentformula.RadicellaandGonzalez175/describedionosondehmFl datawithaformuladepending
on Fl-peakdensityanddip latitude. A preliminary setof height andscaleparametersfor theLAY-
approachwas establishedby trial anderrorforawiderangeof ionosphericconditions/47/.In choosing
this option,oneshouldbeawareof thefact that on rareoccasionsthe combinationof constraintsand
pre-setparameterscanresultin unreasonableprofile structures.Fine tuning of the parametersetand
additionalpointconstraintsmayhelpto overcomethisshortcomings.

Lower ionoschere(D-region

)

Pastdevelopmentsandpresentstatus.Theelectrondensityin thelowerionospherecanbedetermined
with ground-basedandrocketradiowavepropagationexperimentsandwith rocketin-situmeasurements.
A majorproblemin thisregion,asfar asempiricalmodellingisconcerned,arethe largediscrepancies
foundbetweenresultsobtainedwith differenttechniques,in particularatnighttime.To resolvesomeof
the issuesof this conflict andto establishgeneralguidelinesfor WI work, aspecialsymposiumwas
held in Konstanz,F.R.G.,in 1973 [76/.It was statedthatin-situ measurements,whencombinedwith
radio propagationmeasurementsbetweengroundandrocket, shouldbeusedasprimary datainput.
Following theserecommendations,Mechtly andBilitza /77/ establishedacompilationof acceptable
rocketprofiles. In all casesacharacteristicpointcouldbeidentifiedat which theprofile showeda sharp
changein gradient.Duringnighttimethis ‘inflection’ pointwasobservedatabout88km andduringday
atabout80 km.Making useof all rocketmeasurements,thedensityatthispointwasrepresentedas a
functionof solaractivity andsolarzenithangle178/.Comparisonswith radiowavepropagationdatahave
resultedin several,sometimesconflicting proposalsfor changesof the WI D-region profile
/79,80,81,82/.Since,however,theseareall indirectly deducedprofilesbasedon certainassumptions
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aboutthecollisionfrequencies,additionalexperimentalevidenceis neededbefore[RI canbechanged
withconfidence/83/.

Futureimprovements.An effort is underway to representthedensityprofile in thelower ionosphere
with theanalyticalLAY-formalism /84/that is alreadyappliedin the middleionosphere.As database
for this modellingactivity, two setsof experimentaldataareunderconsideration:(1) Friedrich’s/85/
compilationof about 100 profiles obtainedby Faradaytechniquebetweengroundandrockets;(2)
Singer’s/86/ setof profiles dependingon seasonandsolar zenithangleobtainedfrom terrestrial
radiowavepropagationdatameasuredatseveralfrequencies.

REFERENCES

1. K. Rawer, S. Ramakrishnan,andD. Bilitza, Js’Uernajional ReferenceIonosphere1978, International
Union of Radio Sci.,Brussels, Belgium, 1978.

2. K. Rawer, D. Billtza, andS. Ramakrishnan,Rev.Geophys.16, 177-181(1978).

3. K. Rawer, J.V. Lincoln, and R. 0. Conkright(eds.),ReportUAG-82, World DataCenterA for Solar-

Terrestrial Physics, Boulder, U.SA. (Nov 1981).

4. D. Bilitza (ed.),NSSDC 90-22.World DataCenterA Rockets& Satellites,Greenbelt, U.SA. (Nov 1990).

5. CCIR Atlas of Ionospheric Charateristics (and later Supplements),Report340.-l.-2.-3. -4. Internat.

Telecomni. Union, Geneva, Switzerland (1967,1971,1975,1980,1984,1988).

6. D. Bilitza, K. Rawer, S. Pallaschke,C. Rush, N. Matuura,andW. Hoegy,Adv.SpaceRes. 7, #6, 5 (1987).

7. P.A. Bradley, Adv.SpaceRes. 10, #8, 47-56 (1990).

8. W.B. Jonesand R.M. Gallet, Telecoinm.J. 29, 129 (1962) and 32, 18 (1965).

9. K. Rawer, in: MeteorologicalandAstronomicalInfluenceson RadioWaves,ed. B. Landmark, Academy

Press,New York 1963,p. 221.

10. W.B. JonesandD. Obitts,OT/1TS ResearchReport3. Ins. Telecomm.Sci.,Boulder, U.S.A. (Oct 1970).

11. J.W. King, Telecomm.J. 40, 364-368(1973).

12. N. Sheikh,E. Neske,K. Rawer,andC. Rebstock,Telecomm.1. 45, 225 (1978).

13. C.M. Rush, M. PoKempner, D.N. Anderson, F.G. Stewart,andJ. Perry,Radio Sci. 18, 95-107(1983).

14. C. Rush,M. PoKempner,D. Anderson,I. Perry, F. Stewart,R. Reasoner,RadioSci. 19, 1083 (1984).

15. N. Matuura,M. Kotaki, S.Miyazaki, E. Sagawa,andI. Iwainoto,Acta Astronautica 8, 527-548(1981).

16. D. Biitza, K. Rawer, and S. Pallaschke,Radio Sci. 23, 223-232(1988).

17. M.W. Fox and L.F. McNamara,J.Atmos.Terr.Phys. 50, 1077-1086(1988).

18. J. F. Turner,LPS-R11, Ionospheric PredictionService,Darlinghurst,Australia (1968)

19. URSI Information Bulletin No 243, 93-96, (1987).

20. C. Rush,M. Fox, D. Bilitza, K. Davies,L. McNamara,F. Stewart,andM. PoKempner,Telecomm.1. 56,
179-182 (1989).

21. C. M. Minnis andG.M. Bazzard,I. Atmos.Terr. Phys. 18, 297-305 (1960).

22. R. Y. Liu, P. A. Smith, and I. W. King, Teleco,nm.1. 50, 408-414(1983).

23. R.W. SchunkandE.P.Szuszczewicz,Ann.Geophysicae6, 19-30(1988).
24. E. Szuszczewicz,P. Wilkinson, M. Abdu, E. Roelof, R. Hanbaba,M. Sands,T. Kikuchi, R. Burnside,J.

Joselyn,M. Lester,R. Leitinger, 0. Walker,B. Reddy,andJ. Sobral,Ann. Geophysicae8, 387 (1990).

,~SR13:3—B



(3)12 D.Bilitzaetat

25. N.I. Dvinskikh, Adv. SpaceRes. 8, #4, 179-187 (1988).

26. L. Bossy,S. Pallaschke,K. Rawer, R.W. Schunk, J.J. Sojka, andH. Thiemann,Adv. SpaceRes.11,#10,

11-14 (1991).

27. W. Singer andN.L Dvinskikh, Adv.SpaceRes.11, #10, 3-6 (1991).

28. G.V. Haines,J. Geophys.Re:. 89, 2583-2591(1985).

29. J. Buchauand B.W. Reinisch,Adv. SpaceRes. 11, #10, 29-37 (1991).

30. J.J. Sojka, R.W. Schunk, W.R. Hoegy and J.M. Grebowsky, Adv. SpaceRes. 11, #10,39-42 (1991).

31. G.L. Wrenn, J. Geophys.Res.92, 10125-10129(1987).

32. G.L. Wrenn andA.S. Rodger, RadioSci.24, 99-111 (1989).

33. T. Maruyama andN. Matuura,,I. Geophys.Res. 89, 10903-10912(1984).

34. T. Shiniazaki,J. Radio Res. Labs. (Japan) 2, 85-97(1955).

35. PA. Bradley andJ.R. Dudeney,J. Atmos.Terr. Phy:. 35, 2131-2146(1973).

36. J.R. Dudeney, I. Atmos. Terr. Phys.45, 626 (1983).

37. T. Gulyaeva, J. Titheridge, and K. Rawer, Adv. SpaceRes. 10, #8, 123 (1990).

38. D. Bilitza, N.M. Sheikh,andR. Eyfrig, Telecomm.J. 46, 549-553 (1979).

39. D. Biitza, Adv.SpaceRes. 5, #10, 29-32 (1985).

40. L. McNamara,B. Reinisch,andJ. Tang, Adv.SpaceRe:. 7, #6, 53-56(1987).

41. M.J. Buonsanto, I. Atmos.Terr. Phys. 48, 365 (1986)and 49, 237 (1987).

42. K. Miller, A. Hedin, P.Wilkinson,D. Torr, andP. Richards, Adv.SpaceRes. 10, #8, 99-102(1990).

43. Y.T. Cbiu, J. Atmos. Terr. Phys. 37, 1563 (1975).

44. G.E. Sutyrina andN.A. Shashilova, Adv.SpaceRes. 11, #10, 19-22(1991).

45. D.N. Anderson, J.M. Forbes, andM. Codrescu, I. Geophys.Re:. 94, 1520-1524(1989).

46. E.D. Ducharme, L.E. Petrie, and R. Byfrig, RadioSci. 8, 837-839(1973).

47. D. Bilitza and K. Rawer, Adv.SpaceRe:. 10, #11,7-16 (1990).

48. S.S. Kouris andL.M. Muggleton, I. Armos. Terr. Phys. 35, 133-139(1973)

49. L.M. Muggleton, Telecomm./. 42, 413-418 (1975)

50. N. Wakai,I. RadioRes.Labs.(Japan) 18, 245-348(1971)

51. K. Rawer and D. Biitza, Adv.SpaceRes. 10, #8, 5-14 (1990).

52. G.A. Moraitis, Adv. SpaceRe:. 10, #11, 35-38 (1990)

53. D.P. Grubor, Adv. SpaceRes. 11, #10,13-16 (1991).

54. R.B. Bent, S.K. Llewellyn, and M.K. Walloch,Ret,. SAMSO TR-72-239, Space& Missile Systems
Organization,Los Angeles, California 90045 (October 1972).

55. S.K. Llewellyn and R.B. Bent, ReportAFCRL-TR-73-0657. Air Force Geophys.Lab., HanscomAFB,
Mass. (1973).



ElectronDensity (3)13

56. L.F. McNamara, Adv. SpaceRes. 4, #1,25-50(1984)

57. D. Bilitza, Adv.SpaceRes. 5, #10, 15-19 (1985)

58. M.J. Buonsanto, J.Atmos.Terr. Phys. 51, 441-468 (1989)

59. N.P.Benkova,M.D. Fligel, P.V. Kishcha,N.A. Kochenova, E.F. Kozlov, Y.V. Kushnerevsky,Ni.
Samorokin,A.S. BesprozvannayaandT.I. Shchuka, Adv. SpaceRe:. 10,#11,79-82(1990).

60. K. Rawer, Adv. SpaceRe:. 10, #11, 75-78(1990).

61. M.J. Rycroft andI.R. Jones,Adv. SpaceRe:. 5, #10, 21(1985) and 7, #6, 13-22(1987).

62. D.L. GallagherandP.D. Carven,61-65,in: Modeling MagnetosphericPlasma,AmericanGeophys.
Union, Washington, DC, 1988.

63. K. Rawer, T.L. Gulyaeva, andB.W. Reinisch(eds.),Adv. SpaceRe:. 8, #4 (1987).

64. C. Chen, B. Ward, B. Reinisch, M. Buonsanto, R. Gamache,Adv. SpaceRes. 11, #10, 89-92 (1991).

65. A.R. Laird, I.W. Wright, andT.N. Gautier, RadioSci. 9, 825-835(1974).

66. S. RamakrishnanandK. Rawer, SpaceRe:. XII, 1253-1259(1972).

67. T.L. Gulyaeva,Adv.SpaceRes. 7, #6, 39-48 (1987).

68. K.K. Mahajanand R. Kohli, 7, #6, 57-60 (1987).

69. L. Bossy,R.R. Gamache, andB.W. Reinisch,Adv. SpaceRe:.8, #4, 201-204(1988).

70. K.L Maeda,J. Geomag.Geoelectr.21,557(1969), 22,551(1970), and 23, 133 (1971).

71. T.N. Soboleva, GeomagnetismandAeronomy 13,790(1973).

72. J.E. Titheridge,Adv. SpaceRe:. 10, #8, 21-24(1990).

73. H.G. Booker, I. Atmos. Terr. Phys.39, 619-623 (1977).

74. K. Rawer, Adv. SpaceRes. 4, #1, 11-15 (1984) and 5, #10,43-49 (1986).

75. S.M. RadicellaandM. Mosert de Gonzalez,Adv.SpaceRes.11, #10,93-95 (1991).

76. K. Rawer(ed.),MethodsofMeasurementsandResultsofLowerIonosphereStructure, Akademie-Verlag,
Berlin, G.D.R., 1974.

77. E. Mechtleyand D. Biitza, Rep. IPW-WBJ, Inst. Physik.Weltraumforschung, Freiburg, F.R.G. (1974).

78. D. Bilitza, 7-10, in [3].

79. W. Singer, J. Bremer, and1. Taubenheim,Adv. SpaceRe:. 4, #1, 79-88 (1984).

80. B.G. Ferguson and L.F. McNamara, I. Atmos.Terr. Phys.48,41-49 (1986).

81. 0.1. Pintado,S.M. Radicella, andP.M. Fernandez,J. Atmos.Terr. Phys.49, 129-133(1987).

82. 1.0. Oyinloye, I. Atmos.Terr. Phys. 50, 519-522(1988).

83. K. Serafimov,M. Serafimova, Y. Ramanarnurty,andK. Rawer, Adv.SpaceRes.5, #10, 99-102(1985).

84. K. Rawer andY.V. Ramanamurty,Adv. SpaceRes.4, #1,71-78(1984).

85. M. FriedrichandK.M. Torkar, Adv. SpaceRe:. 11, #10, 101-104(1991).

86. W. Singer, ZeitschriftMeterologie (German) 26, 231-243(1976).


