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ABSTRACT

The experimentalset-upwedealwith is receptiononboardsatellitesun Low Earth
Orbits (LEOs)of radio signalstransmittedfrom satellites.Plasmapropagationeffects
allow to derivethesatellite to satelliteelectroncontent.The researchprospectsof this
quantitycan bedivided into two branches:investigationof the ionosphereby making
useof the occultationsituationandinvestigationof te plasmaspbere.Wc concentrate
on te occultationbranchanddiscussevaluationpossibiitiesandtheirprospectsfor te
future. Classicalinversionof thesatelliteto satelliteelectroncontentwhichis observed
whentite perigeeof tite radiolink (ray) sinks from tite orbital heightof te receiversa-
tellite to te groundor whenit risesfrom groundoccultationgives horizontallyavera-
gedheightprofilesof electrondensity.Assessmentstudieshavebeencarriedout to de-
monstratetheusefulnessandtheshortcomingsof inversionresults.Additional dataor
information abouthorizontalgradientsof theelectrondensityin the ionosphereoffers
severalpossibilitiesto improvetite results.Wediscuss«ModelAssistedInversion»and
«TomographicReconstruction».

Key words: LEO, Electroncontent,Occultation,Model AsgistedInversion,To-
mographicReconstruction.

1. INTRODUCTION

The electroncontentis tite line integralof electrondensitybetweentwo
pointsin aplasma.Variousradio wavepropagationeffectsgive good(first or-
der) approximationsto electroncontentfor a straight line drawn betweena
transmitterandareceiver(see.e.g.,Leitinger (1998c)for amorerecenthisto-
rical overview).Of relevancefor presenttimeterrestrialapplicationsin the io-
nospitereandtite plasmaspheitis tite plasmainfluenceon signalpitaseandpul-
se travel time. Both rely on the strong dispersionof a plasmawhich can be
expressedthrough the frequencydependenceof the refractive index, ti. If
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everywheref » f thenthe approximationti 1 —(1/2) (f/f )2 = 1 — (1/2)
A N~ ¡ fi is sufficiettly accuratefor assessmentof botheffects. is the elec-
tron (number)density; the constantA = 80.6 m3 52 if N~ is given in nY3, f in
Hz. We usethe plasmaeffects on the signals of Global Navigatiori Satellite
Systems(GNSS presentlythe US systemGPSandthe RussiansystemOLO-
NASS) for examples.

lf two carrier signais with different frequenciesf~ and ‘2 are transmitted
phasecoberently (or can be reconstructedfrom spreadspectrumtransmis-
sions)they canbe derivedfrom a commonreferencefrequency,f, as = ~ 1$
‘2 q ~r’ p andq being integernumbers.Theplasmainfluenceun signalpha-
se is proportionalto the phasedifference‘y qc

1/p — ~o2/qif we usethe desig-
nations and ~2 for the receivedsignal phases.In a sloppyterminology‘y is
often called «differential Doppler» (it is the «time integrateddiffercnce in
Dopplershifts»). Sinceit is not possibleto measureabsolutepbasesandabso-
lute phasedifferences it is necessarytu add an «initial phasevalue» ~ to
gain c¶~ = y + ~. thequantitywhich is proportionallo electroncontent(«cali-
bration»or «phaseambiguity» problem,Leitingeret al., (1975)).

A coherentpulse modulationon two carrier signais enablesto measure
theplasmainfluenceon pulsetraveltime (often cailed«pulsedelay»or «group
delay»).In principle, thiseffect is directlyobservableon GPSandGLONASS
signalsif therelativepulsedelaysof transmitterandreceiverare known.The-
reremainsanuncertaintyin equipmentdelaysandsincethe cffects are very
small actualmeasurementscanhe stronglyinfluencedby antennaeffects,like
receptionof disturbing signalswhich havetravelled over (slightly) different
propagationpaths(«multipathproblem»).

P

1

C

Figure 1. OccultationConfigur-ation1. C: centerof Eanh,O: groundoccultationpoint (perigeeof theray
which buchestheground),P: rayperigee,L1: positionof Leo I,L5: positino oILEO2.
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Rereexistlong andextensiveexperienceswith satelliteto groundelectron
contentin generalandmostof the problemsinitíally encounteredwhenswit-
ching from othersourcesto GNSShavenow beensolved(see,e.g.,Leitinger
(1997, 1998c)).

With bothradiobeacon(transmitter)andreceiveronboardsatelliteswehave
the possibility to derivesatelliteto satelliteelectroncontent.Thereare several
differentgeometricaleonfigurations.Excludingsatelliteswith bighly eccentric
orbits it makessenseto distinguishsatellitesby titeir orbital heights.For sakeof
simplicity let ng distinguishonly betweensatellitesin Low EarthOrbits (LEOs),
satellitesof theGlobalNavigationSystemtype (GNSS)andgeostationarysate-
llites (GEOs)andIet us assumetitat tite LEO heightsare below about2000km.

Wediscussbriefly the following configurationswhichhavealreadyfound
applicationsor applieationplans.

C(1): TransmittersandreceiversareonboardLEOs(Fig. 1),
C(2): transmittersonboardGNSS satellites, receiversonboardLEOs

(Fig. 2),
C(3): transmittersonboardGEOs,receiversonboardLEOs.

With configurationC(1) we candistinguishtwo very usefulcases.

C(la): Transmittersatellite and receiversatellite follow eacitotiter and
titeir distanceremainscomparativelysmall,

C

Figure2. OccultationConfiguration2. C: centerof Earth,O: groundoccultationpoint(perigeeof the
ray which touchesthegroursd),P: ray perigee,L: positionof LEO, U: point on ray in theLEO height,

U: point on ray in plasrnaspberefootheight.
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to GNSS

j
¡ C

Figure3. «Plasmasphere~>Configurarion.C: centerof Earth,L
1.L2 I..~: I.EOpositions.

C(lb): thetwo satellitesare in the sameorbital planebut orbit in opposite
directionswhich leadsto two closeencountersof thesatellitesperperiod.

With configurationsC(2) andC123) we candistinguishbetweenoccultation
scenarios(Hg. 3) and~<plasmasphericelectroncontcnt>~scenarios(Fig. 2). In
the one casetite satellite to satellite rays haveperigees(points closestto tbe
centerof tite Earth)with heightsbetweenthe LEO orbit andthe surfaceof tite
Earthandcrosstite ionospherebelow the LEO orbit, in thelatter casethe rays
crossthe uppermostionosphere(the ionosphereaboyethe LEO orbit) andthe
plasmaspitere.

2. OCCULTATION SCENARIOS

Tite ideal occultationscenariowould be providedby configuration(CO))
with nearlyidenticalorbital heightsof transmitterandreceiverLEO. In tliis
casethe raysfrom the transmitterto tite receivercrossonly the ionosphere
below tite LEO height and«calibration»would be easyto gain becausean
occultationwould startwith satellite encounterandnegligibly small satelli-
te to satelliteelectroncontent if encounteris closeenoughor if the orbits are
well ¡tuve 1000km. There is only faint hopethat tite LEO - LEO encuunter
configurationwill find an applicationin the future. Its realizationcould be

L
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usedto gain simultaneouslyin-situ data from magneticallyconjugatere-
gions.

Tite occultationof GNSSsignalsreceivedonboardLEO satellitesleadsto
containinationof the observedelectroncontentswith contributionsfrom the re-
gionsbetweenthe LEO height audtite GNSSheight(uppennostionosphereand
plasmasphere).4 = 4 + + 4 (4: Ionosphericcontributionfrom belowte LEO
height [L — L* in Fig. 2], I~: contributionfrom theuppermostionosphere[Leo
height to 2000 1cm], 4: plasmaspliericcontribution [2000 to 20000 km, the
height of GNSS]) (seealso Hg. 4).

With tite LEO heightsin consideration(around8001cm) the uppermostio-
nosphereposesmore severeinterpretationproblemstitan the plasmaspheric
contamination.

A GNSS receiveronboardaLEO satellitewith an orbit inclination betwe-
enabout500 and1400 providesaround1100usefuloccultationsperdaybased
on anoperationalsystemof 48 ONSS satellites(24 GPSplus24 GLONASS).
Restrictionto settingoccultationsandto GPS still leavesnear300eventsper
day.Of course,not alí aresuitablefor ionosphericinversion.A goodcriterion
canbe derivedfrom tite groundprojectionof the rayperigeesor from tite ti-
rationof tite (ionospheric)occultationevent.We definethe latterto bethe tran-
sit time from tite higitestpossibleperigee(equalto tite iteigitt of tite LEO sate-
llite) to the ground-grazingoccultation(setting occultation) or from
ground-grazingoccultationto thehighestpossibleperigee(rising occultation).
Typicai «guod»occultationeventdurationsrangefrom about5 to 9minutesfor
aLEO heightof 800km.

Tite lengtit of tite groundprojectionof tite rayperigeetrajectoryduringan
occultationevent(termed«smearinglength»)canvary from a few kilometersto
thousandsof kilonieters.(Theoretically,te lower limit is 0, but in practicethis
caseis not realistic.)Porinversionpurposesamaximumsmearinglengthof 550
1cm (or 50) is certainly acceptable.With LEO inclinations between500 aud
1400, abouta qoarterof tite ONSS occultationshavesmearinglengths=
(Leitinger, (1997),H0eget al., (1995)).

21. Direct inversion

Direct inversion of occultation datagives horizontally averagedheigbt
profiles of electrondensity(Hajj et al., (1994), Hafl andRomans,(1998),Sa-
kowski, (1999),Kursinskiet al., (1996),Leitingeret al., (1997b),Leitingerand
Kirchengast,(1997b),Riuset al., (1998),andothers).

From amathematical/numericalpoint of view with a straight line raygeo-
metrytite inversionof occultationdatais astraightforwardaudnumericallysta-
ble process.Onegainsa triangulardesignmatrix andte equationsystemis
solvedby successiveeliminationstartingwitit tite electrondensityfor tite hig-
hestpixel (sphericalshell).Well below tite F2 regionpeakerror accumulation
can lead to meaninglessresults.Under nighttime conditionswe should not
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Figure4. Upperpanel:sTEC (multipliedby 100)of thcplasmaspherefromthe GNS satelliteto 2000
kw (dashedline), sTEC(multiplied by 10)of thenpperionospbcricpartoftheoccultaíionbetweenal-
titudesof 800 kw and 20001cm (dottedfine), sTECof theionospherebelow 800kw (dashed-dottedfine)
andtbetotal sTEc fron~0N5 satelliteto LEO satellite(solid une).Lower panel:heighl profolegained

fi-otto inversion(dashedune)anddireclly froni NeUoG-plas(solid line).
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expectto gainmeaningfulresultsbelowabout2001cm. Pordaytimeconditions
we havea guodchanceto gain resultsdowntu 100 1cm if electrondensitiesin
tite E-F transitionregionarehigh enougitanOif tite influenceof horizontalgra-
dientsis weakenough(Leitingeret al., (1997b),H0eget al., (1995)).

Thereare severalpossibilitiesfor discretizationof the inversionprublem.To
tite knowledgeof tite authorstwu havebeenapptiedfor GNSS - LEO occulta-
tions: (1) approximatiunof the heightprufile of electrondensityby astepcurve
(constantelectrondensityin eachpixel [shell]), (2) appruximationof te height
profile by apolygon(linearheightdependenceof electrondensityin eachpixel).

lf in the regionof rite occultationelectrondensitydependson heightonly
we canreconstructtite height profile tu ahigh degreeof accuracyandare li-
mited only by discretizationerrors.«Weak»horizontalgradientsof electron
densitycanbe tolerated.

Formally, the inversionresultsare «valid» evenlii tite presenceof «strong»
horizontal gradientsandwe gain inversionprofiles with adistinct maximum.
However,theproblemis te geuphysicalinterpretationof tite results.

Pora systematicinvesrigadonlet usassumea reconstrucrionplaneperpendi-
culartu rite surfaceof te Earthun which rite satellitetu satelliteraysareprujected.
Weassumetitattusplanecuntainsthegrounduccultationpoint. Furthennorewe
assumethat te projecrionsof te satellitetu satelliteraysareparalleltu eachoter
andtitar wecanneglecttite «smearing»in latitudeandlongitudeof the rayperi-
gees(assumption,thatall rayperigeeprojectionshavete latitudeaudlongitudeuf
thegroundoccultationpuint). By interpolationwe constructsTECvaluesfor ray
projectionswitich are equidistantin heigitt of tite ray perigees.Titen electron
densityalungtite rayscanbeconsideredtu dependun iteight /i audun ahorizon-
tal angularcuordinatew (N = N (h,

4ij). 11 yis countedfrum tite groundoccul-
tationpuintal! ray (projection)perigeesitave p= O . Tite inifluenceof tite ~‘-de-
pendenceof electrondensityun sThCcancelsout u Ni- is anantimetricfuncrionof

y’, namelyNi- (h, qi~ = Ni- (h, — y’) . Cunsequently,the w dependenceuf Ni- hasno
influence un inversionresultsandinversion gives a guod approximationto the
iteigitt profile of electrundensityoverChegmundocculrationpoint. (11measuring
errorscanbeneglectedte differencesbetweeninversiunprofile andtraeprofile
aboyete Ni- maximumandespeciallyjust below tite LEO orbit stemfrom data
discretizatiunaudfrom inversioninitializationonly.) 11, itowever,tite cunditionN

(Ji, y’) = N (Ji, —y’) is not fulfilled we migbt havetite inrerpretarionproblems
mentionedaboyeand(geo)physicallyimpossiblenegativevaluesof electronden-
sity might appearin te lowerpanof te profile.

Becauseof colocatiunproblemsit is notpossibleto comparein detail oc-
cultation inversionresultswith iteight profiles from utiter experiments,e.g.,
from IncoiterentScatter.Thereforeit is necessarytu investigatetite relatiunbet-
weena suitableheigittprofile uf electrondensityNc (Ji) wit te occultationin-
versionprofile N. (Ji) (index e for «comparison»,mdcx ¡ for «inversion»)by
meansof extensivemudelcalculations(modelbasedassessmentstudies)(Irlo-
citeggerandLeitinger(1999), (2000)).
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We havecarriedout sucit studiesun the basisof the threedimensionaljo-
nosphere-plasmaspheremudel NeUoG-plas (for a descriptiun of the model
seeLeitingerandKircitengast,(1997a),Leitingeret al., (1998a,b, 1999a)).For
Nc (Ji) wetouk tite «mid pointprofile» overthe groundoccultationpoint. Pro-
file comparisonneedsstrict guidelinesandderivatiunuf descriptiveparameters
from tite profiles. Direct comparisonof N

1 againstNc makesno sense.
We haveadoptedte following fuur parameters.

1. The iteigitt of tite absulutemaximumuf electrundensityh0<.
2. The valueof tite absolutemaximumof electrondensityN0.

3. A profile scaleheight aroundJi = h,~i- + 250 1cm andlite slab thickness
representativefor tite topside.

4. A weigitted,averaged,relativedeviationfor tite bottomsideN. (Ji) cum-
paredwith Nc (Ji).

We havecalculatedN. (Ji) andNc (Ji) frumNeUoG-plasfor everymunthof
tite yearin two hoursUT intervals andfor twu leveis uf solaractivity (HSA:

= 200units,LSA: = 80 units) for abuut250occulrationscenarios.Tite
scenaríosweredistributedoverfour latitude zones,«itigit latitudes»,«middle
latitudes»,«low latitudes»and~<equatoriallatitudes»Tite mainpurposeof tite
simularíunscarriedoutwitit NeUoG-plaswastu investigatetite dependenceof
tite quality uf tite inversiunson time (local timeandseason),un geugrapitielo-
catiun of tite eventandun environmentalconditions(i.e., solaractivity, geo-
metryuf Iheoccultationscenario).Criteria weredevelopedtu assesstite quality
un a statisticalbasis.Tite cumparisonof inversionprofiles andmidpointprufi-
les gayetite fullowing results:

Dependenceun local timeandun season:

1. Inversionof occultationdatais obviouslyagood tuol tu find tite height
of tite F layerpeak.Only lesstitan 10%fur eacittime interval missedtite
criterionof a iteigitt deviationof less then±30 km.

2. Tite sitapesof tite topsideinversionprofiles are veryguodduring daytime
butat nighttimetitey aremoreuften<dncorrect»fur severa!timeintervals.

3. Tite comparisonof tite bottomsideprofiles givesthe largestdifferences
with seasonandlocal time: In winter andduring nighttimemore titan
60% of te casesfailed tite quality criterion but less titan5% ir summer
aroundnoon.

4. For uneof tite most importantproperriesof an electrondensityprofile,
namelytite peakelectrondensity(or tite absolutevaluesof tite electron
densitiesin general),problemsuccur. First tite inversionresultsdiffer
very often frum te valuesof tite midpointprofile. Secondlytitere are no
clear«time structures»,meaníngthatno simpletimedependenceof tite
quality of tite resultscan be puintedout (seeFig. 5).

Portite investigationof tite influenceof tite geograpitic/geumagneticloca-
tion uf an occultatiuntite seenariosweresplit in two main gruups: in middle
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Figure5. Profile coniparisonstatistics.Comparisonof peakelectrondensityof theinversionprofile,
(N). with thatof dic protileaboyedicgroundoccultationpoiní, (N,$i-. Data fromalí 248 occultationsce-
nadosinvestigatedunderhigh solaractivity conditions = 200).Cuntoerlinesfor thepercentageof
inversionprofiles which faileddic criterion I(N)~ — (N,,\I ¡ (N,,)i- <0.15in aLT vs. monthsof theyear

systeni.Dark shades:«bad»results,light shades:«good»results.

andhigit geograpitic(geumagnetic)latitudesanO 10w andequatorialgeomag-
netie latitudes.Titis division led tu te outcome,titat foralmostalí comparison
parametersmiddleandhighlatirudelocatiunsof tite occultationeventsgive bet-
ter resultstitanluw latitudelucations.Only tite resultsin peakelectrondensity
arenutuf distinctly differentquality fur middle andluw latitudes.

Commentsun peakdensityresults:

a) Even in tite casesof «baO quality» (strong deviationof (Nm) from
(N ) we find NeUoG-plaspeakdensityvaluesidentical tu (N,$

1 in tite geo-
gr&~phic areaof te occultationevent(seebelow andcompareFigures6 tu 8).

b) In view of tite largespatialandtemporalvariability of ¡Vm oven«baO»
inversionresultscanbe extremelyvaluablein regionswitereweitave no otiter
datasuurces.ConvertingAT~ into ¡2 Iayercritical frequencyfoF2 reducestite
relativedeviationbetween(foF2). and(fOF2) tu abouthalfte relativedevia-
tion betweenthepeakdensitíes.

J FMAMJ JA S OND J
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Figure 6. Comparisonof height profiles of electrondensityaud ScenarioMap. Low solar activity
conditions.Continunusune:profite aboyedic groundaccultationpoint; dottedune:profite fromdirect
Inversion;brokenline: model assistedinversion(a adjustedto match(N)~ to (NQ. Map: contourlines
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Figure 7. Comparisonof height profoles of electrondensityasid SeenarioMap. Low solar activity
conditions.Continuouslisie: profole aboyeOsegroundoccultationpoint; dottedUne: profolefrom direct
inversion;brokenline: model assistedinversion(aadjustedto match(N) to (N$). Map:contourUnes
forN,,, fn>m NeUoG-plasin unitsof 10” m

4. Traceoh-ayperigees(thick lisie) asidselectionof ray pro-
jectiotos (linesbetweesicrosses).Thegroundoccultationpoint is on thedashedcontourline, ubetl,ick
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2.2. Model assisted inversion

Onetype of useof sateilite tu satelliteelectruncontentis dataassimilatiun
into mudels.Titis involvedprocesshasnotmuchin commonwith classicalin-
version.

TIxere might be a simpler way tu use sorne model infonnatiun in inversion
problems.

If we itaveenoughadditionalinformarionabouítite stateof tite ionosphere
duringanoccultationeventwe cancunstructcomplicatedmudelsfur tite elec-
trundensitydistributiunin tite occultation region. Usually titis is not tite case
and we have tu be cuntent wit ratiter simple modeis for, e.g., relative maximal
electrondensityas a (luw resolution)function of y’, Ni- 1 N =f (y’). (If we baO
adetailed3D model of tite actualelectrundensitydistribution we would not
need to invert occultation data.)

We propusetu input sucitmudel informationby replacingtite geumetrical
designmatrix witicit consistsuf tite lengthsof tite raysectiunsin eacitshell, by
amatrix whicit consistsuf weightedlengths.

Original equationsystem(errorvectoromirted):

sÑe=L~k..síh...}s#=2Pds.S~ =0(1>])

S: Oesignmatriz;Ñ: vectoruf electrundensities(discretizedheigittprofile);L
vectoruf sTECvalues; jis tite column mdcx (indicating tite «sitelís»),j te line
mdcx (indicatingtite «rays»,titehighestray has]= 1, tite groundoccuitation
ray hasj = n). Witit tite perigeesuf tite rays,p. anOte iteigitt shellborders,

2 2

= + i (A,-) (for sitelísuf equalthickness)wehaves~ = + — p~.

Introductiun of tite horizontal cuordinatey’ aud uf a symmetricweígitt
functiong( y’) = g(—y’) leadsustutite mudified(weighted)designmatrix S and
we get

* e ~= ) S z2Jg(y)ds, S5 0(i>.,

(s~=p
1tany’andds=%/cos

2y’)Oy’).
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Condition for tite weigitts g (y’) is that tite total lengthbetweentite LEO pu-
sitions L andL* (seeFig. 2) remainsconstant(S’,~i- =

y y

E s¿ = ~sq ur J’< g(y’) ds=
¡=1

Tu demonstratetite metitod we use the simplestpossibleweight functiuns
witit an upenparametera

(a) g(y’) — 1 + aig [it (Ni-,,)1 «(Ni-,)0],

1 1
(b) g(y’) = l+agi

2 § [if(N~), » (N«t].

g
0 being tite normalizatiunfactorwiticit ensuresthat Si-,0, = Si-,. Furtitermore,we

itave assumedtite bareminimumof additional infonnatiuntu setavalue fur a,
namelyknowledgeuf (N«,),.a> O is adaptedin sucha way titat tite modelas-
sistedinversiun profile getsan (N«), (N,)~. Tite most importantapplication
regiunfor model assistedinversiunis the vicinity of tite dip equatoror of a
crestof tite equaturialanomaly.If tite grounduccultationpuint isneartite unU-
hemor soutiterncrestwe expecta direct inversion result with (Ni-,,)1 « (Ni-,),.
andfunn (a) is neededfor a compensatingweight function (Fig. 6). On tite ut-
heritaud, if thegroundoccultationpoint is neartite dip equatorwe expecta di-
rectinversion resultwith (N~)~» (N) anO furm (b) is neededfor the weigbt
function. (Hg. 8).

Forapplicationof uur model assistedinversionwepropusetu follow astra-
tegy in steps:

1. Establishthe approximateyí-dependenceuf peakelectrundensitybelow
tite grounduccuitationrayby meansof nuwcasting(instantaneousmap-
ping) of ionosondedataor from a suitablyadaptedionosphericmodel.

2. Apply Oirectinversiontu tite observedsTECvalues.
3. Comparetite resulting(N,,,)~ with (Ni-,,),. from step(1) andmakean «ini-

tial guess»for a.
4. Apply mudel assistedinversion.
5. lfnecessaryrepeatsteps(3) and(4) in an iterativealgorithm.

Of coursemodel assistedinversion is notrestrictedtu additional informa-
tiun un N,,, (or un foF2). It wurks equallywell with anyotiter typeof singlepa-
raineterdescriptiunfor tite stateof the F2 layer, e.g.,with verticalelectroncon-
tent, witit «equivalentslab thickness»,with electrondensity in a fixed height
nearh
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3. PLASMASPHERIC ELECTRON CONTENT

Tite cunfigurationC(3) pruvidesrays from LEO locationstu ONSS loca-
tiofis aboyetite LEO orbit. Iheserayscrosstite uppemiostionosphereanOmost
of te plasmaspitere.If te LEO orbit is not tou low unegainsvery valuablein-
furmationun plasmasphericelectroncontentsanO— by meansuf model assisted
evaluation— un tite electrondensitydistributionin tite plasmaspitere.Underfa-
vorableconditiunsprojectionsof te rayscould evenleadtu tomugraphicre-
constructionprocedures.

Presentlyour knuwledgeun actualplasmaspiterieelectrondensityOistri-
butiunsis very scarceindeedandthereis evena lackof dataon plasmaspheric
electroncuntentfor conditiunsof mediumtu higit solaractivity.

4. COMBINATION WITH DATA FROM OTRER SOURCES

4.1. Dataseenariosfor tomography

Herewe give only a brief descúption.More Oetailswit grapitic displays
arefuundin Leitinger, (1996),H0eget al., (1995)anOLeitingeretal., (1997a),

Fourdifferent scenariosfor ionospheretomography/imaginghavebeende-
finedanOinvestigated.The followingordercanbeconsideredtu behierarchical,

Seenario 1 is a combinariun of occultation with gruund reception of dual-
frequencybeaconsignalstransmitredfrum tite LEO satellite.A (truly) polar-or-
biting satelliteat a heigitt around1100 1cm wuuld pruvidethreetu four useful
passesperday (passeswith a nxaximumgroundelevation> 659. More useful
passeswuuld existat itigher latitudes,but beyonda latitudeof ±700 tite oc-
cultatiun properties are not suitable fur tomographic reconstruction. (Tite in-
clinatiun of tite GPSsatellites is 550, and tite inclination of te OLONASSsa-
tellites is 650.) Wit both GPSaud GLONASSreceptiun un the LEOsatellite,
at least une «guod» setting occultation can be fuund fur each useful pass.

Scenario 2 is a combination of occultation with gruund based electrun
content data gained by meansof prupagationeffectsun te radio beacon signals
transmitredfrom otiter LEOs. Presenrly tite remaining active satellites of tite
furmerNNSS (U.S. Navy NavigationSatelliteSystem)canbeusedbutotiter
beacuosare plannedfor thefuture With a slight degradatiunof requirements
(culocation)uneGNSSreceivingsatellile would pruvide twu settingocculta-
dunsperOayuseful for datacombinationwitit groundobservatiuns.Witbin a 30
minutes time interval tite colucatiun of occultation rays (GNSS tu LEOrays)
anONNSS tu gruundrays is comparabletu tite situationfuund for groundtu-
mugraphy:In tite centralparttite uccultatiunraysare iii tite spaceoccupiedby
rite NNSStu groundrays.NINSS signaisnow providetite maindatasourcefor
«ionospherictumograpity»[for an overview seeLeitinger, (1996, 1999),anO
the original work referencedtiterein].
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Scenario3 is acombinationof uccultationwith GNSSreceptionby ground
receivers.Tite GNSS satellitesmakea very slow «scan»only. If we do nut
allow time intervals longer than 30 minutesdirect tumugraphicrecunstruc-
tiun uf combined«space»and«ground»observationsuf ONSS signalswould
be feasibleonly with avery densenetworkof receivingstations.In 30 minutes
a GNSSsatellite muyesabout 150 in its urbit, whicit gives a gruundray bund-
le witit a width uf about200. Densereceiverspacing(about50km)would in-
vert the geomerryusedfrom NNSS: a scarcityof transmitterpositionsbutasnf-
ficiently largenumberuf receiverlocatiuns.Model-assistedimaging, itowever,
needsreceiverswitit a spacingof severalitundredkilometersunly. In sumere-
giunsuf tite world (for example,in westemEurope),sucha networkof recei-
víng statiunsexistsalreadynow. Tite horizontaldistribution of verticalelectrun
content (from tite groundtu tite height of tite GNSS satellite) can be gained
with sufficientaccuracyandresolution by meansof mudel-assistednuwcasuing
methuds.Calibration is nutneccssary:Sinceelectruncuntenttu the heigitt of
20,000km is cuntaminatedby tite contribution uf tite plasmaspitere,an unk-
nown additiveconstantitas tu be assumed.Tite (relative)verticalelectroncon-
tent is attributabletu a 400-kmtracecurrespundingrougitly tu tite centerray uf
the GNSS-tu-LEOoccultatiun,the occultatiunprovidingverticalprofile intér-
matíon.Botit infurmatiunsuurcescan be mergedfor tite reconstructionof atwu
—or titree— dimensionalelectron densitydistributions (the «imaging»re-
sults).

Scenario4 is acumbinationuf occultationwitit near-verticalTEC recons-
tmcted frum datagainedfrum various otiter suurces(navigatiun instruments
like DORIS (Dopplerorbitograpityanoradiopusitioningintegratedby satellite),
ionusondeprofiles, andupdatedempiricalmudels).Titis option hastu be used
in regiunswith insufficientOensityof gruundreceivernetworksfor scenarios1
titruugit 3 (uver tite uceansandpresently,overwide areasin Africa andAsia,
tuo). Tite (semi-)empiricalvertical—TECmap is combinedwith tite occultatiun
informatiunun the verticalprufiles tu yield «imaging»results.Typically, tite
horizontalresolutionof this approachwill not be bettertitan tite ionusphereoc-
cultation resolution(not beluw 500 1cm over the oceans).

4.2. Example for an occultation inversion

We show une examplefor tite inversiun of «differential Doppler»dala
gainedfrom tite GPS signalreceptionby GPS/MET(seeWareet al., (1996)>.
Tite instrumentwas onboardMicroLab 1 (nearly circular urbir in a heigitt
around7501cm; inclination about700).We itave selecteda «guod»occultation
in midíatitudesun October22, 1995,0735 UT (occultation95/195/0063in tite
líst uf tite GPS/METdatacenterat UCAR, Boulder),whicit is illustratedin Fig.
9. Tite setringuf tite ray perigeethrougit tite iunuspheretuokabout6 minutes
(frum tite heigitt of MicroLab 1 tu the gruund).
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023 occu(tcflon 95 295 0063, ground projection of royo oná perigee

32

.0<

Figure9. Map with groundprojectiosiof ube ray perigee¡br uheselectedexasiipueof GPSto LEO oc-
cultation (heavyune)asidof occultationrays(light unes,truncatedatmapborders)andof dicionosp-
herictracefor an N?NSS pass(heavyUne).GPS811-02is ti thenorthwest(subtrackpositionat endof
occultationevent:51750N,266.96~E), asidMicroLab lis ti thesouthwest(suhtrackpositional codof
occultationevesit:12.05’N, 36.00~E). TheNNSSreceivisigstationsareito thewestof themapborder

(Gibilsi,anna:38.0’N, 13.40 E).

Tite «ionuspiteric»OPS/METdataexistin intervalsof 10 s. Titis resolution
is marginally sufficient for inversion.Artificial resolutiunenitancemenrwas
gainedby meansof titird-order interpulation.In this way the numberof data
were increasedby a factorof 6. Tite data were extrapolatedfrum tite start
beigitt to tite iteight of tite MicroLab satellite.Titen linear interpolation was
usedtu gainpitasedataequidistantin iteigitt (100 intervalsfrom tite peakperi-
geeheigitt of 738.81cmtu tite ground).Hg. 10 (top) illustratestite P1-P2pitase
differencedataof tite examplecase.

The «pulygun»inversiontecitniquedescribedaboyewas usedtu gainte
iturizuntally averagedheigitt profile uf electrondensity.An initial oscillationuf
tite solutionOampsoutquickly (iteigitt rangeaboye700 1cm in Hg. 10,bottom
panel).Tite fluctuationsin theiteigitt range450-700kmreflect fluctuationsin
rite Pl-P2pitasedatawiticit are probablyinstrumental.tu tite exampleof Fig.
10 te resultsareusefulduwntu a heigitt of SO km. It is interestingtu notetat
anE layerappearsdespitetite resolutiunlimitatiun uf tite OPS/METdata.
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025 occuPtotion95/295/0063, 21—22

Abe~ inversion of 025 occuftation dato

20

0.8

FigurelO. Heightprofilesof PI-P2phasedifferencefor (he exampleGPS/METocculbation(top)and
for the inversionresults(bottont.Thehigherinversionvaluesweregainedwithout anycormetionbr io-
nízationaboye bbcLEO orbit. For thelowerone, 90%of theelectroncontenb(PI-P2diffcrencevalue)
for ube top ray was subtractedbeforeinversion.Thc resolutionof thePl-P2data wasarbitlcially en-
hancedby a factorof 6 usingthird-orderinterpolation.
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Pig. 10 (bottum)showstwo electronde.nsityprofiles. Tite onewith ubebigiter
valueswasgaineddirectly fromtite Pl -1>2 pitasedifferenceasgivenin tite reievant
UCAR leve! 1 data.A correctionCoy ionizationaboyetite MicroLabheightwas ap-
plied ter titeprofile with te lowertopsidevalues:Beforeinversionafixed value
wassubtractedfroin alt datafo titis case.Fortitis constantwechose90% of tite
PI—P2 valueat rite MicruLab height. Thereis no doubrthat te con-ectionimpruves
te profile aL greater iteigitts. The conectiun has nearly no effect un tite profile be-
luw 350 lun anO<loes not influence tite ¡“7 and tite Elayer peaks in tite result.

4.3. ExampleVer a tomographic reconstruction

Tite following example(see4.2) usestite combinationof occultationdata
frorn GPS/Met (OPS occultation 95/295/0063)with electroncontentdatafroin
tite ground reception of NNSSsignais fronx titree receiving srations (Cubil-
manna/Sicily,ltaly, L’Aquila, Italy and Oraz, Austria). Since tite N?NSSrecei-
ving sxationsspana latítudeof only 9 degreesniudel assistedconstructionof ar-
tificial slantTECfrom observedvertical eleetroncontenrwasintroduicedfui’ 6
addítionalgruundlocatic>ns.

Tite selectedcaseis far froin ideal. Culucatiunin spaceis nut goed(Fig. 9,

te tracesof te occultariunrays interseeltite traceof tite «ionuspitcricpoints»
on tite raysfrom tite greundstatiunstu tite NNSS sateltiteatanglesaround450
(small angleswould be besO.Tite (11>5 811-02occultationwasobservedby
(3PSIMetat07:35 UT, tite NNSSpasswasobservedbetween10:15anO 10:29
¡IT. Titegeugraphic/geometricsituationwasnut geodenoughfur apure«Sce-
nario 2» case(seeaboye) theu-eforesornemodel assistancewas necessary.
More for conveniencetitan as a consequeneeof tite geometricsituationtite
1 90Emeridianwitich is closetu rite subiuruospiterictracefor tite NNSS satelli-
te wasadoptedaste recunstructionplane.

Tite procedure lot tomographic reconstruction can be describedas follows.

1. llorizontally averagediteightprofile. Tite inversiun technique described
in Leitingeret al., (1997a,b) wasusedto converttite can-ierpitasedli-
ference(PI—P2)datafroro tite oceultationobservationinto heigití pro-
files of electrondensity. Tite electrondensitíesare«horizontal»averages
frum rite orbil point of tite LEO sateilitetu tite poiní on tite LEO tu
CNSSray in tite heigbtof rite LEO satellite.A modifiedelectrondensity
profile was prepared in tite following way: renxoval of artifacts in tite up-
permostpananOof tite E layertraceby low passfiltering, cut uff at 50
kw, exponentialcontinuationaboye700 km.

2. GroanObaseddata:ObservedsIamelectroncontent.SIamelectroncon-
tent was usedftom 3 sratiuns,namely Gibilmanna,Sicily <38.00N,
14.00E),L’Aquila, Italy (42.30N, 13.40Ej>. anOGraz,Austria (47.10N,
15.508).Theinitial pitasevalues(integraduncunstants)weredetermina!
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by tite «two stationsmetitod»(Leitingeret al., 1975)for Gibilmannaand
L’Aquila. A Ieastsquaresfit was usedtu attachthe values fur Graz tu
tite combinedGibilmannaandL’Aquila values.Since tite usualas-
sumptionof fixed meanionuspitericheighth~ = 400 km gayecompara-
tively strungdifferencesbetweentheresultsin sumelatitude ranges,and
sincetite uccultationinversion gayea low F layerpeakheight of Ji =

230 km, alatitude dependencewasintruducedfor Ji = Ji (~) . Tite lati-
tude dependencefor Ji,, of the NeUoG-plasmodel ionospherewasap-
proximaredby Ji,, = 250— (25/6)3 + (5/60) ~, 6 beingtite latitudedif-
ferencetu tite central latirudeof 480 (Ji in 1cm). (Ji of NeUoG-plasis
identical tu Ji0, of tite CCIR maps (now sometimescalled tite ITU-R
maps);mudel inputparameters:montit Octuber,time 08 ¡IT, longitude
i5

0E, solaractivity R12 = 25). Finally, ~~(‘$= /20 (~) + A wasadopted
anda valueof 50 1cm for A. A latitude dependenceuf Ji needsan itera-
tive evaluatiunprocesstu gain verticalelectroncontenrfrom slantelec-
trun content.

3. Model assistance:Slantelectroncuntentfor «artificial stations».Exten-
sive model calculationsitave shuwn titat tomograpitic reconstmctions
needraystu gruund lucatiunsneartite endsuf tite recunstructionspace.
Using tite Ji = Ji (~) dependencedescribedaboyeanda linearextrapo-
lation uf veiiicarTEC br tite regiunSouthof 290N anONortit of 540N,
slantelectruncontentwascunstructedfor 6 artificial stationsby prujec-
tion in Ji~ (vert. TEC= (slantTEC) cus y,x being tite zenithangleof tite
rayinh=Ji +A).

Tite tomograpityresultswere gainedwith tite «parameterfitting metitod»
(Leitingeretal., (1997aanOb) witich appearstu be mostsuitablefor marginal
colucationandsparsedata.

TruncatedSingularValueDecompusitiun(5V])) wasappliedtu find titeco-
efficients of polynomialsin tite horizontalcuordinate.The polynumialsare
multiplied witit height prufiles derivedfrum tite inversionresultsby infla-
tion/deflation(«scaling»)andheigitt shift as describedin Leitinger et al.,
(1 997b). For uur exampleunly 11 uf 24 singular values were kept. Accur-
dingly, tite resulting twu dimensionalelectrondensitydistributionsare realistic
in tite middle of tite (very large) spanuf tite horizontalcuordinateunly, namely
forabout±12degreesfrum tite center.Heigitt prufiles from tite tumograpiticre-
cunstructiunare fuund in Fig. 11.

5. REMARKS ON OPERATIONAL ASPECTS

Sincein tite nearfuture titere will be GNSSreceiversonbuardmanysate-
hiteswe itave tu preparefor extensiveuseof tite infurmation.Tite ionuspheric
researcitcommunity will needtu can-y uut mure assessmentandcomparison
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studiestu be able tu incurpuratethe «novel»datainto existingdatabases.We
itave tu preparefor «iunospiteric»dataretrieval,compression,storageanddis-
tributiun systems.We havetu preserveionuspitericpitysicsandexperiencewith
ionuspitericstructuresandphenomenautherwisetitere is an immediatedanger
that ionuspiteric«products»of doubtful quality will befabricatedby powerful
industryrelatedgroupswitit the purpusetu munopulizetite «usermarket».
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