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Abstract
statisticalvariabilityof the secondaryatmosphericpropagationeffects
communicationscannotbe ignoredat frequenciesof 20 GEz or higher,

particularlyif the propagationmarginallocationis such that link availabilityfalls
below99°/6. The secondaryeffectsconsideredin this paperare gaseousabsorption,
cloud absorption, and troposphericscintillation;rain attenuation is the primary
effect. Techniquesand exampleresultsare presentedfor estimationof the overall
combined impact of the atmosphere on satellite communications reliability.
Statisticalmethodsare employedthroughoutand the most widely acceptedmodels
for the individual effects are used whereverpossible. The degree of correlation
betweenthe effectsis addressedand someboundson the expectedvariabilityin the
combinedeffectsstatisticsare derivedfi=omthe expectedvariabilityin correlation.
Exampleestimatesare presentedof combinedeffects statistics in the Washington
D.C.areaat 20 GHzand 5° elevationangle. The statisticsof watervapor are shown
to be sufilcientfor estimationof the statisticsof gaseousabsorptionat 20 GHz A
computer model based on monthly surface weather is described and tested.
Significantimprovementin predictionof absorptionextremesis demonstratedwith
the use of pathweatherdata insteadof surfacedata.

I. Introduction
Traditionally,the allocationof power marginfor propagationeffects m a satellite
communicationslinkbudgetrequiresa statisticaldistributionof rainattenuationbasedon
climaticregiontogetherwith a fixed estimateof gaseousabsmptionderivedfromthe
meantemperatureandhumidityattheground.Theabsqtion levelis subtractediiom the
linkbudget,andthe statisticsof linkreliabilityaremappeddirectlyfromthe statisticsof
rainattenuation. In the IQ band(30 G= u@& / 20 GHz downlink)and above,
however,fluctuationsoverthecourseof theyearmgaseousabsorptioncloudabsorption
andtroposphericscintillationproducestrongfiidesthat often may occur simultaneously.
Srncerainattenuationis also higherat Ka ban~ the impactof these secondaryeffects
(whererainattenuationremainstheprimaryeffbct)dependson the levelof totalavailable
propagationmarginandthecomespondingexpectedlinkavailability.

Thehighlevelsaf linkavailability(99.5%orhigher)achievableat lowerfkquenciesare
veryexpensiveto maintainatK bandmIi@ ofthestrongrainattenuation.Hence,lower
availabilitylevels(99Y0andless)areoiienaccepte&correspondingto lowrainrates(ofien
3 mmk andless),wherethe secondaryeffectsbecomemorepronouncedrelativeto the
rainattenuation.Such systemsarerefined to as low fade marginor low availability
systems. Forthese systaq the statisticalvariabilityof the secondaryeffectsShouldbe
combinedwiththe statisticsof rainattenuationm a way thatincorporatesthe expected
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correlations,m order to produce legitimateand usefid estimatesof the expectedlink
availability.Similarassertionsaremadem [1-3]. In additio~ significantwork hasbeen
producedbytheHelsinkiUniversityof Technologyonmanyaspectsof thistopic [4-7J

Figure1 presentsan exampleof therela~e fides producedby the“threerelativelyslow-
Ming effbct~tides whichcould attimesproducea totalattenuationequalto the sumof
therndividualfide lwels. Scintillationis relativelyquick-Ming andshouldbe considered
separately(see SectionIV). Thescenariousedfor allciiknilationsinthispaperis 20 GE@
5° elevationangle,andthe WaAingtonD.C. areaclimate. The 5° elevationanglewas
selectedasitproducesespeciallystrongcontributionsfrom alleffects,andis probablythe
lowerlimitfor usefidcommunications(5° is beingconsideredfor extendingcoverageof
fixed and mobile satellitesystems). In Figure 1, the absmptionby gas and clouds is
calculatedusinga humidmmwrtim scenariowithmoderate-heavyclouds. The surface
watervapordensityof 20 g/m3isusedtogetherwitha Slobrnheightprofile[8] thatresults
m anintegratedwatervapordensityof 4 ~ avaluethatis exceededm WaA.ingtonD.C
aboutIOOAof thetime[5]. The cloud extendsfrom 1 km abovegroundto 2 km above
groun~withatiorm liquidwaterconcentrationof 1.0 g/m3,givinga totalliquidwater
contentof 1.0kg/m2. In statisticspublishedby Salona et al. [5], thislevelis exceeded
approximately5Y0 of thetimenearWashingtonD.C.; it alsocorrespondsto thetotalliquid
waterm Slobrn’sCase8 cloudmodel [9], theIi@test of thethree‘HeavyClouds’. The
rainattenuationplottedis exceeded2Y0 of the year (98Y0availability)accordingto the
Cranemodel[10] for climateregionD2 @orntrainrate= 1.5mmhr).

Figure2 shows a comparisonof the combinedgaseous and cloud absmptionfor the
scenariodescribedabovewithradiometermeasurementsm Blackdmrg,[11] andWallops
Ma@ [12] Virgin@ both at 20.6 G~ andwithcalculationsatLaGuardiaAkport,NY
[9] at 18 GHz based on radiosondemeasurements.This is an imprecisestatistical
comparisonbecause,amongotherreaso~ theVirginiameasurementswerefor 1-2month
periods;neverthele~theroughagreemmt obsewedis encouraging.

Themoddingapproachdescribedhereconsiderseacheffectindividually,usingaccepted
modelswhereavailable.Eacheffbcthasa diffiientmechanismof signalloss:rainproduces
Me scattaingof the wave, cloud waterdropletsproduce absorptio~watervapor and
oWgen moleculesundergotransitionsthat absorbenergy,and turbulencereiiacts and
diiiiactsthe wave to producescintillation.me dMbrentmechanismsrequireindividual
modelsto ensurethatdependenceon ileqmwy, elevationangle,andweatherparameters
is correctfor eacheffect.

Thecombinationof theseindividualstatisticsrequirestheMl jorntdistriiutio~for which
SufEcientinfon.nationis not available.However,by describingthe expectedstatisticsof
eacheffectby seasonor monthinsteadof by year,we capturesomeof the natureof the
correlationbetween effbcts. For example,weather-dependentmodels for gaseous
absmptionandtroposphericscintillationwillboth exhibitstrongereffbctsm summerand
weakereffbctsmwinter.
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The ahort-termcorrelationsmustalsobe considered.A cumulativedistributionfimction
(c@ is developedfor eacheffe~ andtheindividualstatisticsarecombinedaccordingto
assumptionsof eitherpdect statisticalcorrelation(p = 1.0) or no statisticalcorrelation
(statisticalindependence,p = 0.0). Two randomvariables(RV’S) which are perfectly
comlated will experienceextrememaximasimultaneously,andthe samewill be trueof
extrememhima. Accordingly,the cdf of the RV representingthe combinedprocesscan
be calculatedsimplyby addingequiprobablevaluesof the two constituentcdf’s. For
example,if the levelsof gaseousabsmptionandcloud absmptionnot exceeded90Y0of
the summerare 6.8 dB and 1.2 dB, respectively,thenunderthe assumptionof perfiect
correlationthelevelof conibinedabsmptionnot exceeded90Y0of thesummeris 6.8 dB +
1.2dB, or 8.0 dB.

The sumof two independentRV’S is obtainedby convolvingthetwo probabilitydensity
iimctions(@f’s) to obtainthepdfof thecombinedprocess,or by convolvingone cdfwith
onepdfto obtainthecdfof thecombrnedprocess.

We will desaibe two modelingapproachesm thispaper:summerstatistic%for which
exampleresultsof combinedeffects models will be presented;and month-by-month
statistics.Thelatterapproachcanalsobe usedto produceseasonalandannualstatistics;
we porntoutmthefollowingsectionssomeof thecomponentsof suchanapproach.The
following sectionsconsidereach effect individuallym ten.nsof a monthlymode~ a
summertimemode~andpre” “hmmaryapproachesfor combiningwithothereffects. PMOD
(PropagationMODel), the soflxvarepropagationanalysistool developedby Stanfiord
Telecoq willincmporatethemodelsdiscussedmthispaper

II. GaseousAbso@ion
Watervapor ando~gen arethetwo gassesthatcontributesignificantattenuationm the
microwaveregion [13]. In the IQ ban& oxygen abscqtion is typicallyan order of
magnitude(m dB) smallerthanwatervapor absorptionand the fluctuationsm water
vaporabsorptiondominatethegaseousabsqtion statisticsm thisband. In additio~the
variationm watervapor absorptiondependsprincipallyon the total watervapor m the
path. Theselasttwo porntsaredemonstratedinFigure3.

Figure3 depictsthepredictorsof gaseous(bothwatervaporando~gen) absmption.The
sampleporntswere calculatedby integratingtheLiebemodelfor speciiicabsorption[13]
overradiosondeprofilesof temperature,pressure,andhumiditytakendwingthe summer
of 1994 (June throughmid-Septeniber)m the Wa&ingtonD.C. area. Temperature
(Figure3a) is a poor predictor;surfkcehumidity(Figure3b) is fkirlygood butflawe&as
willbe “ihscuswdbelow;but integratedwatervapor (Figure3c) is an exceknt predictor.
The correlationbetweenintegratedwatervapor and absorptionalonehas
beenihownby SalonenetaL[4] to be evenbetter. (Thenon-zeroy-rnterceptm Figure3C
representsthe o~gen absqtion.) Thus,we may reducethe heightprofiles of three
parametersto theintegratedvalueof a singleparameter,watervapor,andincurV- little
errorm the calculationof absorption. Moreover,note also the linearityof the relation
betweenintegratedwatervapor and gaseousabsorption. This allowsthe statisticsof
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integratedwatervaporto be mappeddirectlyto statisticsof gaseousabsorptio~which
greatlysimplifiescomputercalculationsof absmptionstatistics.

Thischaracteristichasled to a preliminarycomputermodel(rncludedm PMOD) which
ementslong-termswfhce weatherdata. The programstores,’for eachmontlqtheimpl

meansuriice temperatureand a tabulatedcdf of the surticehumidity. ‘he user may
SPW@thedesirednon-exceedanceprobability(analogousto availability)~d theprogram
takesthe correspondinglevelof surhcewatervapor,themeanswfice temperature,and
thestandardsurhcepressure,andintegratestheLiebespecificabsorptionmodeloverthe
resultantheightproiiles. Thisapproachwas testedby comparingwiththe accumulated
statisticsresultingfrom integrationsof the Liebemodeloverthe Slobrnprofilesat each
hourlymeasuredsetof surfiicetemperature/pressure/humidityover 10years andthe cdfs
weremverygood agreement(seeFigure4).

.

Themode~however,is not complete,becauseswfiicewatervapor does not adequately
charactaizethewatervapor overtheradiopath(for systemswithhighelevationangles,
however, the emor may be small). See Figure 5, which presentsa cdf of gaseous
absorptionbased on integratedwatervapor, and a secondcdf based on suri%cewater
vapor densityandthe Slobrnaverageheightproiiles. Thisfigurederivesfrom the same
data shownm Figure 1. The averageprofles produce accurateestimatesof the mean
absmption,butmissmanyof thehighervaluesof absorptio~whicharemostimportantto
link design. ‘I%e datarepresentedby the solid line will be used as the summertime
absmptionstatisticsm combinedeffectsmodelingmthefoJlowingsections.

Ihfiture worlq we will derivefromradiosondedatathelong-termstatisticsof integrated
watervaporbymont@whichwillprovidefor animprovedmapprngto monthlyabsorption
statistics.An alternativesourceof thisinfionnationis availablem Salonenet al. [5], based
on analysisof globalECMWF(EuropeanCenterfor MediumRangeWeatherForecasts)
data.

III. CloudAbso@ion
Absorptionby cloudsis the mostHkult to modelstatisticallyat the cumnt time. The
relevantcloudparameteris thetotalJiquidwatercontent,whichis requiredm theformof
a c& prefaably by monthor season. The importanceof cloud absmptionis enhanced

- becauseit occursm conjunctionwithallothereffectsconsideredhere. Rainoccursm the
presenceof clouds. Troposphericscintillationis producedby turbulence,whichis often
associatedwith clouds(observationsof the connectionbetweenscintillationand clouds
were reportedby Cox et al. [14], amongothers). Finally,gaseousabsorptionincreases
withhumidity,whichis also associatedwithincreasedwatercontentm the cloud (higher
absolutehumiditymakesmore watervapor availablefor condensationrntocloud liquid
water).

Salonenet aL [15] have developeda model for cloud liquidwater contentthatuses
measuredverticalweatherproiilesto estimatetheexistence,extent,anddensityof clouds.
Theyhave also publishedextasive statisticsfor Europeandthe globe on cloud liquid
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water[5]. Thesestatisticsarebasedon one fhll year of dataand are not brokenrnto
seasonor month. In our estimatesof summerstatisticswe have applieda scaled(m
frequencyandelevationangle)versionof thefrill-yearcloudabsorptionstatisticsreported
for Finland(whichunder-estimatesthesummerabsorptionstatistics).Theresultscompare
wellwithSlobrn’smodelsof typicalcloudtypes[9]. Figure6 illu~ates the combination
of gasandcloudabsorptionrntoatotalabscqtion amountusingtwo reasonableextremes:
totalcorrelationandtotalindependence(negativeconflationis not expectedso it is not
rncluded). The two estimatesof combinedabsorptiondiilkrby up to 2 dB at high
percentages.Salonenet aL[7] havecomparedresultsbasedon thesetwo extremeswith
the true combinedstatisticsm Europeand found betterresultswith the equiprobable
assumptionm most of northernEurope, and better resultswith the independent
assumptionmMediterraneanclimates.

In orderto createmonthlyand seasonalstatistics,we planto applythe Salonencloud
detectionandliquidwaterestimationmodelto localradiosondedata.

IV. Scintillation
Troposphericscintillationis producedby turbulencem htid air, accordingly,both
humidityandturbulencearenecessaryfor strongscintillation.The model developedby
Karasawaet aL[16] usestwo levelsofstatisticstodescribethesedependencies.Thefirst
is a short-term(validover 10-60rein)Gaussiandistributionof the fade leve~fl(x), with
zero meananda wuiablestandarddeviation(scintillationrntensity)describedstatistically
by thesecondtier. The secondtieris a Gammadistribution,f~c), appliedto month-long
periods. A iimctionis givenfor mapprngmeantemperatureandhumidityfor the month
rntothe meanof the Gammadistributionof rntensity,c.. The cdf of the fide level is
computedby:

P(x < x) = fj~(zl@j@kxi.

—

(1)

One approachto combiningscintillationandabsorptionis to independence
of the mon~ with the averagelevelsfor each monthrelatedthroughthe

mutualdependenceon temperatureandhumidity.Inthiscase,a convolutionof&de level
statisticsgives the combrnedstatistics. Howwer, there is reasonto expect greater
correlationand higher scintillationrntensityduxingparticularlyhumid afternoons,for
example. In fict, the conflation existsover anytimeperio~ it merelydecreasesas the
periodshortens.Thishasbeenobserv~ andthecorrelationhasbeenquantiiiedbyVogel
et aL[17] over a rangeof timeperiods downto 43% correlationover onehourperiods.
Therefore, an upper bound to the combined statisticswould be an equiprobable
relationshipbetween gaseous absmptionand scintillationrntensity. Note that the
appropriaterelationshipis not betweenabsorptionand scintillationfide leveL During
scintiIlatiouthesignallevelrapidlyfluctuatesabouta muchmoreilowly fluctuatingm-
so ill valuesof theshort-termscintdla-tiondistriiutio~positiveandnegative,occurduring
periodsof extremescintillation
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The cdf of the combrnedeffectm thiscaseis obtainedby integratingover the Karasawa
relationm Eq. (1) withthemotivation thatthemeanof fl is not zero,butratheris equal
to thelevelof absorptionequiprobablewiththestandarddeviation(rntensity)of theShort-
termstatistics.The equiprobablemapprngis thusbetweenthe cdfof absorptionandthe
cdfof scintillationrntensity,thelatterdescribedbytheGammadistribution.

Figure 7 shows the expected summerstatisticswith rain effects excluded. The
equiprobable(worst-case)combinationof gasandcloudsis presentedwithoutscintillation
for comparisq and combinedwith scintillationaccording to the independentand
correlatedassumptions.Themeanscintillationrntensityoverthe summeris takenas 0.8
dB.

v. Rain
TheCranerainmodel [10] appliedto theD2 climateregionis combinedwith secondary
effectsm two waysm Figure8. Inthefirst,themeangaseousabsorptionis addedto the
rainattenuationdistribution.Thisis a typicalpropagationanalysis,but is appliedhere
usingthesummermeangaseousabsorptionratherthanthe annual.The secondmethodis
anindependentcombinationof the rainstatisticswiththe worst-casenon-rainstatistics.
The non-raincurve, also shown m the figure, assumescorrelationbetween gaseous
absorpti~ cloud absorpti~ and troposphericscintillationrntensity. The gaseous
absorptionandscintillationdata,diwussed above,arebasedon summerweather,whilethe
cloud andrainstatisticsare annualpredictions. For thisparticularscenarioand set of
assumptio~ the curves representinga basic mean abswption and a Ml combined
statisticsapproachconverge somewhereslightlyabove 99Y0availability,where rain
attenuationassertsitsdominanceovertheothereffects. Thisestimateof combinedeffects
statisticsis ratheroptimistI“c,however,becauserainattenuationis assumedindependentof
othereffects. By comelatingrainwiththe othereffects(cloud absoxptio~m particular,is
correlated),predictedavailabilitywilldegrade.

A monthlymodelfor rainstatisticsmtheWashingtonareaispossiblethroughtherainrate
statisticsreportedby Goldhir~ and Gebo[18] over 8 yearsat 10 sites. This will be
incorporatedm*e work

VI. Conclusions
The seasonaldependenceof all of thepropagationeffects&cussed here:gas andcloud
absmptio~ scintillatiq and rain attezmatio~is wny strong for most climates and
generallyall effbctsare enhancedm the summer(for the northernhemisphere). ‘The
correlationbetweeneffbctsis variable,but boundsmaybe produced on the combined
effbctsthroughboundson the likelycorrelation. Thiswork only beginsto addressthe
possiile comelations.Thecombinedeffbctsestimatespresated here,by buildingup from
gaseousabsorptionto gas andclou~ etc., emphasizedthenon-rainpropagationeffbcts,
whichhave not been consideredstatisticallym the past. However, since rainis often
dominanL estimates&ould alsobe madestartingfromthe rainstatisticsand comelating
variouseffbcts with rain. Usefid informationfor this effort would rncludeweather
statistics(humidityandcloudwatercontmt)conditionedontheexistenceandpossiblythe
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rntensityof rain. Futurework includesdevelopingmonthlyconditionalstatisticsof
integratedwatervaporandcloudliquidwater,investigatingcloudmodelingiiu-ther,and
comparingACTSbeaconandradiometerdatawithmodelsuthiing ACTSweatherdata.
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