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ABSTRACT

Ion massspectrometerswerecarriedby a numberof satellitesin the 1970s.The ion composition
measurementsfrom two of thesemissions,theOrbiting GeophysicalObservatory-6andtheAtmosphere
Explorer-C,havebeencollectedinto an ion compositiondatabaseto evaluateseveralwidely used
empirical andtheoreticalmodelsfor thespeciesH~,He4,N~,0~,NO4,Nj~,andOj~.Thedatabase
coversall latitudesandlocal times,andthe altituderangefrom 150 kmto 1200km, but herewepresent
altitudeplotsof theion densitiesatnoonandatdip latitudesof 20~400N. Thesatellitedataarecompared
with an earlyion densityprofileby Johnson,with theKoehnleinandIRI-90 empiricalmodels,andwith
theUtahStateUniversity theoreticalionospheremodel. Thesecomparisonsserveto verify someaspects
of the models,buttheyalsorevealsomeoutstandingdifferences. Thesolaractivity dependenceof H4,
He+,N4, and0~is demonstrated,althoughthis hasnot beenpossiblefor the molecularionsbecause
low altitudemeasurementshavenot beenmadenearsolarmaximum.

INTRODUCTION

Theimportanceof aknowledgeof ion compositionfor understandingionosphericplasmaprocessessuch
as plasmaoutflow, the polar wind, ion chemistry, and a variety of plasmainstabilitiescannotbe
overstated.A seriesof satellitesmadein situ ion compositionmeasurementsbetweenlatethe 1960sand
the early 1980s. Referencesto thesesatellitesandthe resultingdatabasesaregivenby Bilitza /1, 2/.
Explorer31 madeion compositionmeasurementsbetween600 and3600km betweenNovember1965
andJanuary1971. Additional ion massspectrometer(IMS) measurementsweremadeby Explorer32
betweenMay 1966 andMarch 1967,by 000-6betweenJune1969 andJune1971,by ISIS-2between
April 1971 andDecember1972,by AE-C betweenDecember1973andDecember1978,by S3-1between
November1974 andMay 1975,by TAIYO betweenFebruary1975andMay 1976,by AE-D between
October1975andJanuary1976,by AE-E betweenNovember1975 andJune1981,by S3-3betweenJuly
1976and March 1980,andby KYOKKO betweenFebruary1978 andNovember1979. Theonly ion
compositionmeasurementsduringthe 1980sweremadebetween800and900km from 1K1300between
August1981 andDecember1983andfrom theAE-E atlow latitudesandataltitudesin thevicinity of the
Fregionpeak.

Clearly, the 1970sprovidedarich ion compositiondatabase.Thesesatellitescoveredawide rangeof
latitudesandaltitudes,andthe full rangeof local timeswerecovered.Owing to the relatively short
lifetimesof the satellites,however,thefull rangeof solarcyclevariationswasnot resolved,particularly
for measurementsin thelowerFregion which areonly availablefrom thedeepdiving AE satellites. A
similar F region globaldatabaseisnot availablefor the 198(Ys.
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In thisbrief paper,altitudeprofilesof theion compositionmeasurementsof the7 speciesH4,He4,N4,
0~,N~,NO4,andO2~areconstructedstatistically from 000-6andAE-C ion measurements.AE-C
was the first in a seriesof threeExplorersatelliteswhich wereprovidedwith propulsion to control
perigeeandapogee,thusmakingpossiblein situmeasurementsdownto nearly 130km.SeeHoegyand
Grebowsky/3/for furtherdetailson theAE-C orbit. Thesedataarecomparedwith thelatestInternational
ReferenceIonosphere,IRI-90, (Biitza,privatecommunication),theempiricalKoehnleinmodel/4, 5/,
andtheUtahStateUniversity theoreticalmodelof Schunk/6/. Thedataarealsocomparedwith theearly
altitudeprofile Of Johnson/7/ which was the first calibratedprofile of ion densityusingsatelliteand
rocketdata.

THE SATELUTESAND THEMODELS

BeforecomparingtheOGO-6andAE-C datawith theempiricalandtheoreticalmodels,weprovidefurther
informationon thesatellitesandthemodels. The000-6andAE-C ionmassspectrometerswerenearly
identicalinstruments,andthedatawerenot normalizedto any othermeasurements,socomparisonsare
expectedtobeespeciallymeaningful. However,thetwo missionswereconductedatquitedifferentparts
of the solarcycle,sowe havean opportunityto examinethe variationof ion compositionwith solar
activity, atleastataltitudesnearandabovetheF2peak.

Themeasurementsusedin theJohnsonpaper/7/weremadeinearly1963 (rocketmeasurementsfrom 90
km to 240kin) andearly1964(satellitemeasurement400km to 1200kin). Thus therocketandsatellite
datausedby Johnsonwere not obtainedsimultaneously,andwerenot takenatthe samelocal time or
latitude. TherocketwaslaunchedatWhiteSands,NewMexicoat9:34local time and330N latitudeon
February15, 1963 while thethedatafrom theSovietsatellite,Electron2, coveredthelocal timeperiod
1400-1900hrs over latitudes 10°-60°N latitude andat altitudesfrom 400 km to 1200km during
February10-16,1964. The ioncompositionmeasu~çmentsusedby Johnsonwereconvertedto absolute
ion densitiesby normalizingto electrondensiiiesdbtainedfrom simultaneousDopplerradiopropagation
andionosondemeasurements.Thiswasaperiodof low solaractivity, with the3 monthaverage10.7cm
solarradioflux about70FIT, similar to thosepresentduringmostof theAE-C mission.

The000-6datawereobtainedwhenthe3 monthaverage10.7 cm flux wasabout140FIT. The000-6
datasetcoversthetimeperiodJune1969 toJune1971 in thealtituderange390km to 1036km. For the
presentcomparisons,only datain thelocal timerangeof 2 bra aboutnoonandin thedip latitude range
20-40°N wereselected,anddatafrom all seasonsare included. Thedatawereuniformly distributedin
longitude(UT)andoccurredina20 dayintervalcenteredon day 130andin a30dayintervalcenteredon
day215. Thesetwo intervalsoccurnearlysymmetricallyaboutsummersolstice. The000-6datawere
obtainedfrom theNSSDConIBM tapeswhichwereconvertedfrom EBCDICto ASCII formatandstored
on magneticdiskfordataprocessing.TheASCII datawerealsowrittenon magnetictapesandreturnedto
theNSSDCforarchiving.

ThelowestaltitudeAE-C datawere obtainedduring the eccentricphaseof thatmissionin 1974 when
F10.7wasabout80FIT. In 1975and1976,whenAE-C wasin acircularorbit nearthealtitudeof theF
peak(about300km),the 10.7 cm flux was about70. During 1977and1978theorbit was maintainedat
about400km.andthe 10.7cm flux variedbetween70 and130,with anaverageof about90 FIT. Thus
thelower altitudeAE-CmeasurementsrepresentthesamesolarminimumconditionsastheearlyJohnson
profiles. Thecircularorbitphasecorrespondedtomoremoderatesolaractivity. TheAE..C datacoverthe
time periodfrom day 350of 1973 to day184of 1978. The AE-C datausedherecoveredthealtitude
range150km to 1200km andwerelimitedto local timesof 2 hrsaboutnOon andthedip latituderange
of 20.400N for all gea~sons.Thesedataoccurredin 3 intervalsabout20 dayslong,centeredatdays50,
130,and255. Mostof thedataabove400km occurredin theday130interval. Thedataareuniformly
distributedin longitude. Thusat altitudeswherethe AE-C and000-6dataoverlap,the. two datasets
havethesameseasonalandlongitudecoverage.TheAE-C datawereobtainedfrom theUnified Abstract
file of 15 secaverageswhichis alsoavailablefrom theNSSDC
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The IRI is a joint project of COSPAR andURSI which hasevolveda seriesof empiricalmodelsof
variousparameters/8/, seereferencesin /1/. The latest IRI model, IRI-90 /9/ containsan improved ion
compositionmodel that is basedon the Danilov-Yaichnikov model /10/ which wasderived from high
apogeerocketsand the satellites Electron 2 and 4, and S3-l. The IRI-86 ion composition model was
basedon datafrom 42 rocketsbelow200km and the AEROS satellitemeasurementsat higher altitudes.
The IRI model contains ion composition for only the 5 speciesH4, He4,0~,NO4, and02+ from
which the ion densitiesare obtainedby multiplying the composition by the electron density. IRI-90
modelvalueswerederived for altitudesfrom 100kmto 1200kmat noon localtimeandfor a dip latitude
of 30°N, for mid February and ata longitude of 1060W andlow solar activity (70FU) to match the
conditionsof theJohnson data. The longitude should not be importantbecausethe samedip latitudes
were usedas the data, however,the IRI model is dependenton longitude andin a small way on season
(this will bediscussedlater).

TheKoehnlein empirical model/4,5/isbasedon observationof AE-B, AE-C , AE-D, AE-E, ISIS-2, and
000-6satellitesplus rocketdata for quiet magneticconditionsL~� 3. The model representsthe 7 ion
speciesH4, He4,N4, 0+,Nj~,NO4, and Oj~and usescubic splines to representthe vertical structure
andemploysharmonic functions for the horizontal dependence.The model is available only in the form
of plots, thereforeit is difficult to compareit under the sameconditions asthe other modelsandthe 000
andAE data. We digitized the datafrom the Koehnleinplots of averagedensityat low solaractivity. The
results should thereforecomparewell with the AE-C dataplotted here.

The UtahStateUniversity (USU) theoretical model/6/wasusedin aparameterizedform providedby R.
Daniel! andD. Anderson (private communication) in which vector sphericalharmonics wereusedto
describethemodelat high latitudes. Altitude profiles of0~,NO~,and 02~wereobtainedbetween100
km and800km for midday, summer conditions at low magneticandsolaractivity, By positive,and18
hrs UT. The modellatitude selectedwas 51°A, since this is the lowestpossiblelatitude coveredby the
model. This latitudeis somewhatabovethe rangeof latitudes usedfor thecomparison with other models
andmeasurements,however,thecomparison of generaltrendsproved valuable.

COMPARISONS OF THE AE-C AND 000-6DATA WITH THE MODELS.

The altitude plots of the 7 selectedspeciesare shown in Figures 1-7. The points represent individual
000-6measurements,andthe 15 secaveragedvalues from the AE-C measurements. The horizontal
striations in the AE-C dataare an artifactof thedensermeasurementcoverageat thedifferent circularorbit
altitudesthatweremaintainedat various times in the mission. Averagesof theAE-Cdataover a 50 km
altitudeintervalarerepresentedby filled circles, while the averagesof the000-6data over 50km are
representedby 5-pointed stars. Onesigmaerror bars are displayed. The solid linesrepresent theJohnson
empirical model. Opencirclesrepresent the IRI-90 model; opentrianglesrepresent the Koehnlein model;
andopensquaresrepresenttheUSU model.

k14 Density

Figure 1 comparesthe If’S densitiesfrom the satellitesandthe models. The AE-C data obtainedduring
its eccentricphaseextendsdown to about230km where theH+ concentration fell belowthe spectrometer
threshold. Theerror barsonthe AE-C and000-6averageprofilesindicate onestandarddeviationof the
log of the densitieswithin each50 km interval. The000and AE datadiffer in importantrespects,with
the AE-C valuessignificantly higher between500and900km. TheAE-C H4 densityis a factor of 6.5
greaterthanthe000-6densityat 600km. Thisdifferencecouldbe dueto differencesin solaractivity, a
different seasonalbiasof the data sets,or a longitudinal biasof the datasets.As mentionedabove,there
isno longitudinalbiasin the000-6andAE-C coverage.Theseasonsarenearly the samewherethedata
overlap in altitude, sincemostof the 000 dataabove600km were taken midway betweensummer and
fall, while the AE-Cdata wereobtainedmidway betweenspringandsummer. Therefore weconcludethat
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the H4 density differencesin the 000-6and AE-C dataaredue to solar activity. This comparison shows

that H4 decreaseswith increasingsolaractivity.
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Fig. 1. Comparisonof satellite datafrom AE—C and000-6 (points) for dip latitudes 20 to 40 andLST
10 to 14 with modelsfor H4. Johnson model (solid line), AE-C averageover 50 km (solid circle),
000-5averageover 50 km (5pointed star), IRI-90 model (opencircle), andKoehnleinmodel (triangle).
Altitude in km andnumber density in cm3.

The Johnsonprofile falls generally betweenthe AE-C and 000-6measurements,exceptbelow 500km
where it exceedsboth of the satellite averageprofiles. The density gradient of the Johnson profile is
rather flatcompared with the data. The IRI-90 modelH~profile is steeperthan the satellite profiles, but
it divergesabove800kmandis anorder of magnitudegreater thantheAE-C valuesat 1200km. Themi
modelextendsonly down to 650km becauseion compositionlessthan1% is neglected.The Koehnlein
model agreeswith the AE-C data below 500km andtends to follow the 000-6data above700 km,
although it should agreeonly with the low solaractivity AE~Cdata.

A numberof factors could contribute to the difference betweenthe satellite andmodelprofiles of H4.
Longitude variation of the IRI model introducea spread of about a factor of 4 in the density. The
seasonalvariation of IRI introducesabouta 37% variation at 700km, with winter having the highest
density andsummer the lowest. The Koehnlein seasonalvariation of iP is opposite to the IRI-90
variation. The width of the AE-C and 000-6bins (20°in latitude, 4 firs in local time, all longitudes
allowed,all magneticactivity allowed)contributes to the scatter in the satellitedata.

&4Densiiy -

Figure 2 comparestheHe4densitiesfrom the satellitesandthemodels. The AE-C and000-6dataand
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the Johnsonprofiles shownearly constantdensity between600 km and900km, with the satellitedata
aboutafactor of 3 lower. The AE-C values rise well above the 000-6measurementsbelow 600km
where they agreebetter with the Johnsonmodel. This behavior isconsistentwith solaractivity biasesin
the data bases;at low altitudes He~decreaseswith increasingsolaractivity; at high altitudesit has the
oppositebehavior. Theargumentsusedto ruleout longitude andseasonalcausesfor differencesin 000-
6 andAE-Cmeasurementsof H4aisoapply to He4. The 1RI-90 profile divergesradically from the data
above600km. Below800km, the Koehnlein profile liesbetweenthe 000-6and AE-C averages. This
behavior is not understood,since the Koehnlein profile is for low solar activity. Above600 km, the
Koehnlein profile agreeswell with theboththe AE-C and000-6data.
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Fig. 2. Comparisonof satellitedatafromAE-C and000-6with Johnson,IRI, andKoehnleinmodelsfor
He~.SamesymbolsasFig. 1.

&~Density

Figure 3 comparesthe N4 densitiesfrom the satellites and the models. They agreewell, exceptfor the
Koehnlein model.The Koehnlein model isconsistently lower than the AE-C dataandfalls off faster than
the dataat the highestaltitudes, although it has the sameslopeasthe 000-6data above400km. The
differences betweenthe 000 andAE measurementssuggesta solaractivity variation, with the N4
density increasing with increasing activity. This behavior is opposite that of the lighter ionsin this
altitude range. TheJohnsonprofile agreeswell with the 000-6and AE-C averages.

Q4 Densj~y

Figure 4 comparesthe
0F densitiesfrom thesatellites andthemodels. The000-6andAE-C
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Fig. 3. Comparisonof satellite datafrom AE-C and000-6with JohnsonandKoehnlein modelsfor N~.
SamesymbolsasFig. 1.
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Fig. 4. Comparison of satellitedatafrom AE-C and000-6with Johnson,IRI, Koehnleinempirical
modelsandUSU theoreticalmodel (square)for 0~.SamesymbolsasFig. 1.
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measurementrevealasmall solaractivity effectsimilar to thatof N4, with the densityincreasingwith
increasingsolar activity. The Johnsonprofile is consistentlylower thanthesatellitedataby abouta
factorof 4. The IRI-90 modelagreesratherwell with the000-6data,andis higherthantheAE-C data
exceptataltitudesbelowtheF2 peak. TheKoehnleinmodel falls aboutafactorof 4 below theAE-C
data,buttheproffle hasnearlythesameshape.Theshapeof theUSU modelisalsosimilar,butit falls
belowthedatabecausethemodelcorrespondstodip latitudeof 55°ratherthan20-40degreesfor theother
profiles. If thebehaviorof themi modelas afunctionof dip latitude is usedtoscaletheTJSUmodel to
300dip latitude,thentheUSU modellies within theerrorbarsof theAE-C data.

1~i~”~Density

Figure5comparestheN
2

4densitiesfrom thesatellitesandthemodels.TheAE-Cand000-6dataagree
at400 km.but theerrorbarson the000-6averagesareso largethattheincreasein N2+ above400km
cannotbetrusted. Theremaybesomeincreasein Nj~with increasingsolaractivity, butprobablynot
enoughtoproducetheobserveddifferencein theaveragesof AE-Cand000-6. TheAE-C dataappearto
beconsistentwith theJohnsonprofile at250km. TheKoehnleinmodelalsoagreeswith theAE-C data
between250km and400km,butexhibitsalowerpeakdensitythaneithertheAE-C dataor the Johnson
profile.
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~jQ~Density

Figure6 comparestheN0+ satellitemeasurementsandthemodels. 000-6dataaretoo sparseto place
muchcredencein thedifferencesevidentabove400km. TheJohnsonprofile isconsistentwith theAE-C
dataat225 km wheretheyoverlap. TheLRI-90 modelagreeswith theAE-Cdataabove250km. Below
this altitude,IRJ-90exhibitsabite-out atabout190 km anda densityincreaseatlow altitudewhichis
inconsistentwith theJohnsonandtheUSU profiles. TheKoehnleinmodelexhibitsalowerpeakdensity
atabout150km thanthe otherprofiles,but is consistentwith theAE-C dataabove200 km. TheUSU
modelagreeswith theJohnsonprofilebelowthe peakheightandagreeswith the AE-C dataandIRI-90.
above200km. The IRI-90 model indicateslittle latitudevariation of theNO4 densityabove200km.
thereforetheUSUmodelat55°dip latitudeshouldagreewith thedataandIRI modelat30°dip latitude,
which it does. The two layerstructureof the IRI-90 modelat 30°dip latitude disappearsat550 dip
latitude.
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Fig. 6. Comparisonof satellite datafrom AE-C and000-6with modelsfor N0~.Samesymbolsas
Fig. 4.

Q~Density

Figure7 comparesthe02~densitiesfrom thesatellitesandthe models. The AE-Cand000-6densities
agreeverywell up to about400km, whereafew outlierpointscausetheAE-C averageto divergefrom
thegeneraltrend. TheJohnsonproffle matchestheAE-C trendwheretheyoverlapbetween150 and210
km. The IRI-90 profile is slightly higher than AE-C ataltitudesabove250km, andis lower thanthe
Johnsonprofile atlower altitudes. The Koehnleinprofile agreeswith theAE-C dataabove250km and
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exhibitsa two layer structureat lower altitudes as doestheIRI-90 profile. The USUprofile is consistent

with theAE-C dataabovetheFpeak.
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Fig. 7. Comparisonof satellitedatafrom AE-C and000-6with models for 0
2t Same symbols as

Fig. 4.

CONCLUSIONS

The 7 ions IP, He
4, N4,0~,Nj~, NO4, andO2~measuredby AE-C during solar minimum and by

000-6during a ratherweaksolarmaximumhave beendisplayed as altitudeplots andcomparedwith
earlyaltitudeprofiles of Johnson, with the IRI-90 andKoehnlein empiricalmodels, andwith the USU
theoreticalmodel. The satellite data indicatethat the Johnson profiles are reasonablerepresentationsof
the ion density, differing at the most by about a factor of 3. The Johnson profiles aresystematically
higher than the AE and000 satellite measurements for He+ andN4 andarelower for 0+. The
Koehnlein modelat low solaractivity shouldagreewith theAE-C data,however, it sometimesagrees
betterwith the 000 measurements,and it is systematicallylower for N+ and0+. If the Koehnlein
modelwereavailablein computerform, additionalcomparisonswith theAE-C and000-6datacouldbe
mademorereadily. TheIRI-90 modeldoesnot agreewell with thesatellitedatafor H4 andHe4,andits
valuesfor(Y~areaboutafactorof 2 higherthantheAE-C averages.ForNO+ and02~above250km,
the1RI-90 ishigherthanthesatellitedata. TheUSU model,whencorrectedfor thelatitudedifferences,
agreeswithin afactor of 2 with the AE-C data. A bettercomparison with the USU modelwill be
possiblein thefuturewhenthatmodelisavailableatlowerlatitudes.

We determinedthevariationof ion compositionwith solaractivity. H4 andHe4decreasewith increasing
with solar activity, whereasN4, 0+ increase. Since the OGO dataexistonly above390 km, the
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variation of the molecular ions, N2
4, NO4, O2~,cannot be determined from this data base. More low

altitudedataareneededathighersolaractivity levels.

Thesecomparisonsof theAE-C and000-6 ion composition measurementswith the most widely used
empiricalandtheoreticalmodels have revealedanumber of shortcomings in ourunderstandingof some of
thefundamentalaspectsof ionosphere behavior, particularly the variationsin ion compositionwith solar
activity. They demonstrate the needfor further verification andupgradingof the models using existing
spacecraftdata,andtheneedfor additional in situ measurementsfrom deep diving satellites,particularly
nearsolarmaximum.
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