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Note:This reporthasalsobeenpublishedasGFZScienti�c technicalreport04/19,December2004

1 Introduction
Atmosphericpro�ling with theGermanCHAMP (CHAllengingMinisatellitePayload,Reigber et al.
[2005])satellitewasactivatedonFebruary11,2001[Wickert et al., 2001b].Theexperimentbrought
signi�cant progress[Hajj et al., 2004;Kuo et al., 2004;Wickert et al., 2004c]for theinnovativeGPS
(GlobalPositioningSystem)radiooccultation(RO) techniquein relationto thepioneering
GPS/MET(GPS/METeorology)mission[e.g.Ware et al., 1996;Kursinski et al., 1996,1997;Rocken
et al., 1997].Themeasurementsfrom CHAMP wereandarepreconditionfor variousapplicationsin
atmospheric/ionosphericresearch[e.g.Jakowski et al., 2002;Ratnam et al., 2004;Wickert et al.,
2004b;Wang et al., 2004;Kuo et al., 2005],weatherforecast[e.g.Healy et al., 2005]andclimate
changedetection[e.g.Schmidt et al., 2004;Foelsche et al., 2005].Thedataarealsousedto prepare
processingsystemsandanalysiscentersfor upcomingRO missions,as,e.g.,COSMIC
(ConstellationObservingSystemfor Meteorology, IonosphereandClimate,Rocken et al. [2000];
Kuo et al. [2004])or MetOp(MeteorologyOperational,Loiselet et al. [2000];Larsen et al. [2005]).
Thisstudydealswith comparisonsof CHAMP measurements(globallydistributedverticalpro�les
of atmosphericrefractivity andtemperature)with datafrom theglobalradiosonde(RS)network.
Severalaspectsareinvestigatedas,e.g.,thedependenceof thecomparisonresultson the
geographicalregion (i.e.,on thetypeof theusedradiosonde)andon themaximumdistanced and
maximumtimedifference∆t betweenCHAMP andcorrespondingRSmeasurements.

2 The global radiosonde network
Theglobalradiosondenetwork (seeFig. 2.1) is thebackboneof theoperationaldataprovision for
globalweatherforecastsandakey datasourcefor climatologicalinvestigations[e.g.Soden and
Lanzante, 1995;Seidel et al., 2001].

RadiosondesprovidedatabetweentheEarth's surfaceand» 30km altitudewith averagevertical
resolutionof about50m. Undergoodweatherconditionsaltitudesup to 40km canbereached.For
theaccuracy of theRSdata(e.g.,for VaisalaRS-80)themanufactures[Vaisala, 1991]give
(laboratoryconditions):pressure0.5hPa, temperature0.2K andrelativehumidity2%. However,
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Figure2.1: Geographicaldistributionof globalradiosondestations(total852)coloredby
radiosondetypes.Thepercentagegivenin thelegendis thepercentageof stationsusedby eachtype
of radiosonde(from Kuo et al. [2005]).

dueto radiationin�uence duringthe�ight, actualaccuraciesmaydiffer from thesevalues.Because
of errorsin thedeterminationof thepressureathigheraltitudesandresultingincorrectassignmentof
themeasurementsto thealtitudetherecanbetemperatureerrorsof » 1 K above10km, andup to
» 4 K at30km [Ware et al., 1996].

Thehumiditymeasurementof RSis ageneralproblem.Particularlyat low temperatureslargeerrors
(15%andmore,Dzingel and Leiterer [1995])areobservedandsomeauthors[e.g.Elliot and Gaffen,
1991]arein generaldoubtaboutthereliability (exceptin theTropics)of humiditymeasurements
from RSabove500hPa(5-6km altitude).A majorproblemof thehumiditysensorsis icing, when
thesonde�ies throughcloudsat temperaturesbelow thefreezingpointof water. Improvementsof
theRShumiditymeasurementsarerecentlyachievedby usingappropriatecalibrationschemesand
twin humiditysensorcon�gurations[Leiterer et al., 1997].

Datafrom theglobalradiosondenetwork, asprovidedfor theGlobalTelecommunicationSystem
(GTS)of theWorld MeteorologicalOrganization(WMO), areusedfor thecomparisonwith the
CHAMP measurements.They wereprovidedvia thestratosphericresearchgroupat theFreie
UniversitätBerlin. TheWMO code(stationidenti�er) wasusedto distinguishbetweendifferent
typesof radiosondes[Deutscher Wetterdienst, 1996]. In a recentstudyfrom Kuo et al. [2005] it was
foundthatthequalityof theRSsoundingsoverdifferentgeographicalareasexhibit signi�cant

www.dmi.dk/dmi/sr04-09 page 5 of 27



Danish Meteorological Institute
Scientific Report 04-09

variations.Thiswasdemonstratedby comparisonwith GPSRO datafrom CHAMP. Accordingto
thisstudyVaisala(Australia,Europe)andShanghai(China)radiosondesshow bestagreementwith
GPSRO, largestdifferencesareobservedfor IM-MK3 (India).

3 CHAMP radio occultation data
Analysisresults(version005)from theoperationalCHAMP occultationprocessingatGFZareused
for thisstudy. Detailsof theanalysisandprocessingsystemaswell asrecentvalidationresultsare
givenby, e.g.,Wickert et al. [2004c];Beyerle et al. [2005];Schmidt et al. [2005];Wickert et al.
[2005a,b].

CHAMP dataareanalyzedusingthestandarddoubledifferencemethodto eliminatesatelliteclock
errors[Wickert et al., 2001a].Atmosphericbendinganglesarederivedfrom thetimederivativeof
theexcessphaseafterappropriate�ltering. Theionosphericcorrectionis performedby linear
combinationof theL1 andL2 bendinganglepro�les [Vorob’ev and Krasil’nikova, 1994].The
bendinganglesareoptimizedusingtheMSIS-90Eatmosphericmodel[Hedin, 1991]applyingthe
approachby Sokolovskiy and Hunt [1996]. To correctfor theeffectof lower tropospheremultipath
below 15km theFull SpectrumInversion(FSI) technique,awaveopticsbasedanalysismethod,is
applied[Jensen et al., 2003].

Verticalpro�les of atmosphericrefractivity arederivedfrom theionospherecorrectedbendingangle
pro�les by Abel inversion.For dry air, thedensitypro�les areobtainedfrom therelationship
betweendensityandrefractivity. Pressureandtemperature(“dry temperature”)areobtainedfrom
thehydrostaticequationandtheequationof statefor anidealgas.Thetemperatureis initialized
usingECMWFdata(EuropeanCentrefor Medium-RangeWeatherForecasts)at43km. More
detailson theretrieval aregivenby Wickert et al. [2004c].Basicsof theGPSradiooccultation
techniqueandthederivationof atmosphericparametersaredescribed,e.g.,by Kursinski et al. [1997]
or Hajj et al. [2002]. Therefractivity anddry temperaturepro�les (Dataproduct:CH-AI-3-ATM)
areprovidedvia theCHAMP datacenteratGFZ(http://isdc.gfz-potsdam.de/champ). An overview
of all availableoccultationdataandanalysisresultsis givenin Tab. 3.1.

Data Explanation
CH-AI-1-HR Occultationmeasurementsfrom CHAMP (L1 & L2; 50Hz)
CH-AI-1-FID Fiducialnetwork data(P1,P2,L1, L2; 1Hz)
CH-AI-2-TAB List of daily occultationevents
CH-AI-2-PD* Calibratedatmosphericexcessphasefor eachoccultationevent
CH-AI-3-ATM Verticalatmosphericpro�le (refractivity anddry temperature)
CH-AI-3-WVP* Watervaporpro�le
CH-AI-3-TCR RelativeTECdata
CH-AI-3-IVP Electrondensitypro�les
CH-OG-3-RSO RapidScienceOrbit dataof CHAMP andtheGPSsatellites

Table3.1: Overview of availableGPSoccultationdataandanalysisresultsat theCHAMP data
center(ISDC)of GFZPotsdamhttp://isdc.gfz-potsdam.de/champ. *The atmosphericexcessphase
andwatervapordataarenot routinelymadeavailableby thedatacenter. Both typesof analysis
resultsareprovidedondemand.TCRandIVP productsaregeneratedby DLR Neustrelitz[see,e.g.,
Jakowski et al., 2002].
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4 Comparison with radiosondes
4.1 Data sets and how to compare
CHAMP databetweenMay 15,2001andSeptember6, 2004areusedfor thecomparisons.162,461
verticalpro�les of refractivity anddry temperature(DataproductCH-AI-3-ATM, Version005,see
Chap.3) areavailableat theGFZdatacenter(http://isdc.gfz-potsdam.de/champ) for thisperiod.
Temperaturesandrefractivitiesarecomparedat the19mainpressurelevelsl of theRSdata�les:
1000,900,800,700,600,500,400,300,200,100,90,80,70,60,50,40,30,20,and10hPa. The
refractivity from theRSdatawascalculatedaccordingto Eqn.4.1[Smith and Weintraub, 1953]with
p atmosphericpressureandpw watervaporpartialpressurein hPaandtemperatureT in K. The
saturationpressureoverwateris usedto calculatepw from therelativehumidity, which is givenin
theRSdata�les, accordingto thede�nition in meteorologicalschoolbooks[e.g.,Kraus, 2001].

N = 77:6
p
T

+ 3:73 £ 105 pw

T2
: (4.1)

Themeantemperaturedeviationateachpressurelevel ∆T(l) andits standarddeviation¾∆T (l) was
calculatedaccordingto Eqns.4.2and4.3.M (l) denotesthenumberof datapointsateachpressure
level. Theindex i indicatestheindividualpairsof coincidencingCHAMP andRSdata.TD (CH AM P )

is thedry temperature,derivedfrom theCHAMP data(seeChap.3).

∆T(l) =
M (l)
∑

i=1

TD (CH AM P )(i; l) ¡ TRS(i; l): (4.2)

¾∆T (l) =

√

√

√

√

√

1

M (l) ¡ 1

M (l)
∑

i=1

(TD (CH AM P )(i; l) ¡ TRS(i; l))2: (4.3)

Themeanrelative refractivity deviationateachpressurelevel ∆N (l) andits standarddeviation
¾∆N (l) wascalculatedaccordingto Eqns.4.4and4.5.

∆N (l) =
M (l)
∑

i=1

NCH AM P (i; l) ¡ NRS(i; l)
NRS(i; l)

: (4.4)

¾∆T (l) =

√

√

√

√

√

1

M (l) ¡ 1

M (l)
∑

i=1

(

NCH AM P (i; l) ¡ NRS(i; l)
NRS(i; l)

)2

: (4.5)

TheCHAMP data(version005),providedvia theGFZdatacenter, arequalitychecked.The
maximumdeviationof therefractivity valuesin relationto ECMWFis 10%. To eliminatethe
disadvantageousin�uence of outliersin theRSdatato thecomparisons,similar criteriaareapplied.
Datapairsareexcluded,whichexhibit morethan20K deviation (temperature)and10% deviation
(refractivity), respectively.
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4.2 Comparison results
4.2.1 CHAMP vs. RS over Europe

TheEuropeanregion (WMO stationcode< 20000;Vaisalaradiosondes)wasusedto investigatethe
in�uence of themaximumtimedifference∆t andmaximumradialdistanced betweenCHAMP and
RSmeasurementon thecomparisonresults.∆t wasvariedbetween1 and3 h, d between100and
300km.

Theresultsof thecomparisonsareshown in Figs.4.1-4.9.Thecombinationsof ∆t andd andthe
correspondingnumberof CHAMP/RScoincidencesaresummarizedin Tab. 4.1.This tablealso
shows thebiasesandstandarddeviationsof therefractivity at the100hPapressurelevel (in the
verticalregionof highestaccuracy of GPSRO data,see,e.g.,Kursinski et al. [1997]).

Theresultingrefractivity biasis practicallyindependentof theusedcombinationof d and∆t. The
standarddeviation is lowestfor d = 100 km with » 0.5%andincreasesto » 0.7%for d = 300 km.
Thereforethevariationof d is moresigni�cant to thecomparisonresults,ratherthenvariationof ∆t.
BecausethebiasbetweenCHAMP andRSmeasurementsis practicallynot in�uencedby thevarious
combinationsof d and∆t, a combinationof d = 300 km and∆t = 3 h waschosenfor the
subsequentinvestigationsto getmorestatisticalcon�denceby usingmoreextensivedatasets.

Beforethecomparisonresultsarediscussedin moredetail,it is noted,thattherefractivity, derived
from theGPSoccultationmeasurements,is themoreindependentvariableratherthanthe
temperature.Therefractivity canberetrievedwithout "background",i.e.,additionalmeteorological
information,e.g.,from ECMWF. Additionalassumptionsmustbemadeto derive thetemperature
(seeChap.3). It is alsonoted,thatdry temperaturesTD from CHAMP (seeChap.3) arecompared
with the"wet" temperatureT from theradiosondes.

In generalFig. 4.1-4.9look quitesimilar. Therefractivity (middlepanel)showsnearlynobias
betweenabout600hPa (» 4 km) and30hPa (» 24km). Above the30hPa level apositivebiasup to
0.5(e.g.,Fig. 4.5)- 0.8% (e.g.,Fig. 4.3)at10hPaof theCHAMP refractivities in relationto theRS
datais observed.This refractivity biasis combinedwith acoldbiasof theCHAMP temperaturesin
relationto theRSdataup to 2 (e.g.,Fig. 4.5)- 2.5K (e.g.,Fig. 4.3)at10hPa.

d [km] ∆t [h] Coincidences ∆N (100 hPa)[%] ¾∆N (100 hPa)[%]
100 1 212 0.14 0.57
100 2 386 0.11 0.54
100 3 585 0.10 0.52
200 1 787 0.10 0.66
200 2 1536 0.12 0.66
200 3 2362 0.12 0.67
300 1 1627 0.11 0.70
300 2 3367 0.12 0.73
300 3 5153 0.14 0.74

Table4.1: Numberof coincidencesbetweenCHAMP RO measurementsandradiosoundingsover
Europe(May 2001-September2004)andcorrespondingrefractivity biasandRMSof CHAMP vs.
RSat100hPa. ∆t is themaximumtimedifferenceandd themaximumradialdistancebetweenthe
correspondingCHAMP andRSpro�les.
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Figure4.1: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 1 h; d = 100 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.2: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-October
2004(∆t = 2 h; d = 100 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Therefractivity comparisonin thelower troposphereis dominatedby theappearanceof anegative
refractivity biasof theCHAMP measurementsin relationto theRSdata.This is aknown feature
from severalCHAMP validationstudies[e.g.,Wickert, 2002;Marquardt et al., 2003;Kuo et al.,
2004;Wickert et al., 2004a].It is discussedin moredetailby Ao et al. [2003];Beyerle et al.
[2003a,b, 2005].Causesof thebiasare,besidemulti-pathpropagation,alsosignaltrackingerrorsof
theGPSreceiveraboardCHAMP andcritical refraction,aphysicallimitation of theRO technique.
Furtherprogressin reducingthebiasis expectedby theapplicationof advancedsignaltracking
methods(OpenLoop technique,see,e.g.,[Sokolovskiy, 2001]or [Beyerle et al., 2005])and
improvedsignalstrengthdueto theuseof moreadvancedoccultationantennacon�guration
(foreseen,e.g.,for COSMICor MetOp).

Thelower troposphererefractivity biasis arti�cially enhancedhere,whenusingthepressureas
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Figure4.3: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 3 h; d = 100 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.4: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 1 h; d = 200 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

altitudecoordinate.Sincethepressureis retrievedby integratingtheair density(which is direct
proportionalto therefractivity in caseof dry air) asmaller, asthereal,pressureis calculatedin the
presenceof "lessthanreal" refractivity (i.e., thenegativebias).Consequentlytherefractivity
deviationsareassignedto higherthantherealaltitudes,whenanegativebiasexist. Then,a larger
biasastherealoneis assignedto thisheight.This is thereasonfor thelargerrefractivity biasin the
RScomparisons(pressureasaltitudecoordinate)comparedto theFigs.4.17-4.22,wherethe
CHAMP datawerecomparedwith meteorologicalanalyzesatgeometricalaltitudes.

A coldbiasof theCHAMP dry temperaturein relationto theRSdatais obviousin Figs.4.1-4.9.If
watervaporis present,thedry air assumptionfor thederivationof thetemperature(seeChap.3) is
not valid. It canbeconcludedfrom Eqn.4.1thattemperature(dry temperature),derivedassuming
dry air assumptionmustbecolderthantherealtemperaturein thepresenceof watervaporasit can
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Figure4.5: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 2 h; d = 200 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.6: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 3 h; d = 200 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

beobservedin Figs.4.1-4.9.Thedeviationbetweenbothvaluesis ameasurefor thewatervapor
partialpressure.

Theonsetof thisdry temperaturecoldbiasstartsto beremarkablebelow » 9 km, i.e. thevertical
regionwhenwatervaporis moreandmorepresentin theatmosphere.In contrasttherefractivity is
nearlybias-freein relationto theRSdatadown to 4-5km. Thisprovesthefact(assumingthatthe
RSrefractivity measurementis accuratein thataltituderegion) thattherefractivity from GPSRO
canbeusedfor precisemonitoringof theatmosphericstatewithin thataltitudeinterval, evenin the
presenceof watervapor. Also RSdatacanbeincorrectat thesealtitudes[e.g.,Leiterer et al., 1997].

Theright panelsof theFigs.4.1-4.9show thecorrespondingnumberof compareddataperaltitude.
Thisnumberis decreasingwith height,re�ecting thefact,thatmostradiosondesdonot reachthe
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Figure4.7: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 1 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.8: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 2 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

10hPa level. In thelower tropospherethesituationis different.Herethenumberof GPSRO data,
availableperheight,is decreasingwith decreasingaltitude.This is relatedto theknown refractivity
bias,which is discussedabove. Oneconsequenceof, e.g.,thetrackingproblems,is, thatasigni�cant
percentageof thepro�les doesnot reachthelowestpartof thetroposphere(excludingof lower
tropospheredataby thequalitycontrolparameter, derivedfrom theFSI retrieval [Jensen et al.,
2003]).

Thenumberof comparedtemperaturedatais largerthanthatof thecorrespondingrefractivities,
becausethewatervaporvalues,whichareneededto calculatetherefractivity values,wereabsentin
theradiosondedata.Below theheightof theonsetof thenegativeGPSRO refractivity bias,thereare
slightly morerefractivity data.Thiscanbeexplainedby theapplicationof thequalitycriterion,
whicheliminatesoutliers(20K deviation). In thepresenceof muchwatervapor(lower troposphere),
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Figure4.9: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overEuropefor May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

thedry temperaturefrom CHAMP maydeviatefrom theRStemperaturesby thesevalues(see
discussionabove). Thepercentageof thesepro�les increaseswith decreasingaltitude.This is
re�ectedin Figs.4.1-4.9.

4.2.2 CHAMP vs. RS over other regions

Subsetsof CHAMP dataweregeneratedto investigatethein�uence of differentradiosondetypes
(accordingto variousgeographicalregions)to thecomparisonresults.TheEuropeanregion
(predominantuseof VaisalaRS)wasalreadystudiedin moredetail in Sec.4.2.1.Here,the
geographicalregionsAustralia(WMO code94120-94998),China(50000-60000),thecountriesof
theformerSoviet Union (SU,20000-40000),India (41500-44000),Japan(47400-48000)andU.S.
(70000-75000)areinvestigated.Over theseregionstheRStypesVaisala,Shanghai,Mars/MRZ,
IM-MK3, MeiseiandVIZ/Vaisalaareusedfor theRSmeasurements(seeFig. 2.1).Theresultsof
thecomparisonsareshown in Figs.4.10-4.15;acombinationof d = 300 km and∆t = 3 h wasused.
For theU.S.region it is dif�cult to identify thetypeof theusedRSif only theWMO codeis usedfor
identi�cation. For theWMO code70000-75000therearepredominantlytwo typesof RS:VIZ and
Vaisala.Nevertheless,for eachof theotherregionsexist only onepredominantlyusedRStype.

To verify, thattheexpecteddifferencesin thecomparisonswith theRSover thevariousgeographical
regionsarenotdueto differentmeteorologicalconditions,thesamedatasetswerealsocompared
with ECMWF(seeChap.4.2.3).

Tab. 4.2overviews thedatasetsfor theRSandECMWFcomparisonsfor differentgeographical
regions.It is noted,thatthenumberof theCHAMP datacomparedwith ECMWFcanbeloweras
for thosewith RS.In quitefrequentcasesmorethanoneRSmeetstheCHAMP sounding,especially
if thereis ahighareadensityof RSstationsin theinvestigatedgeographicalregion,as,e.g.,at
Europe,Chinaor U.S..

A problemof theRSdatais their incompletecoverageof thealtituderangeup to 30km dueto
balloonor sensorproblems.E.g.,it is oftenobservedthathumiditydatafor higheraltitudesarenot
available(seealsoTab. 4.3).However thesedataarerequiredto calculatetherefractivity from the
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RSdata(seeEqn.4.1).Consequentlythenumberof comparisonsfor therefractivity N and
temperatureT canbedifferent.This is illustratedin theright panelsof Figs.4.10-4.15,wherethe
numberof compareddatavs. altitudeis plottedfor therefractivity andtemperature,respectively. It
is noted,thattheuseddatasetsof temperatureandrefractivity mayshow slightly differentstatistical
behavior while comparingwith theRSdata(thenumberof refractivity andtemperaturedatais not
thesame;seetheright panelsof Figs.4.10-4.15).Thismayleadto slightdiscrepancies,whenthe
resultsof therefractivity andtemperaturecomparisonof eachof theFigs.4.10-4.15areexamined
for consistency.

Theverticalcoveragewith humiditydatawasworsefor IndiaandJapan(seeTab. 4.4).For that
reasontherelativehumiditywassetfor thesetwo datasetsto 0 abovealtitudesequivalentto the
300hPa level. Thetemperatureat theseheightsis below » 40◦C, on �rst orderthehumidity thencan
beneglecteddueto theexponentiallydecreasingwatervaporsaturationpressurewith altitude.

All datasetsshow thecharacteristiclower troposphererefractivity biasof theCHAMP data,which
wasdiscussedin detailalreadyin Sec.4.2.1.Thecomparisonof thedry temperaturefrom CHAMP
with theRStemperatureleadsto acoldbiasof theCHAMP in relationto theRSdatawhenwater
vaporis presentin theatmosphere.Themagnitudeof thisbiasis ameasurefor thewatervapor
contentitself. Thisbiascanbeeliminated,if additionaldataareincludedto theretrieval to solve for
theambiguityof dry andwet termto therefractivity in Eqn.4.1.Severalmethodsarein useto derive
temperatureandwatervaporpro�les in thelower troposphere.Onemayassumethe"background"
temperature(e.g.,ECMWF)asthetruthandcalculatewatervaporpro�les usingiterative [e.g.,
Gorbunov and Sokolovskiy, 1993]or direct[e.g.,Heise et al., 2005]methods.Temperatureand
watervaporalsocanbeestimatedapplying1Dvar techniquestakinginto accounttheerror

Region No. vs. RS No. vs. ECMWF
Australia 813 756
China 2344 1186
Europe 5153 2946
FormerSU 3093 2556
India 552 401
Japan 586 331
U.S. 5694 4372

Table4.2: Numberof pro�les for theRSandECMWFcomparisonsoverdifferentgeographical
regions(∆t = 3 h; d = 300 km).

Region Prof. 100hPa[%] 100hPaW V P [%] 10hPa[%] 10hPaW V P [%]
Australia 813 98.03 13.78 18.45 16.48
China 2344 94.99 21.70 14.76 2.61
Europe 5153 97.88 56.59 34.06 15.97
FormerSU 3093 87.50 74.58 10.78 8.41
India 552 56.52 0.18 0.36 0.00
Japan 586 100.00 0.00 65.01 0.00
U.S. 5694 97.17 95.99 72.84 71.39

Table4.3: Dataavailability for RSpro�les at the100and10hPapressurelevelsdependingon the
investigatedgeographicalregion (∆t = 3 h; d = 300 km in relationto CHAMP soundings).
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Figure4.10: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overAustraliafor May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.11: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overChinafor May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

characteristicsof measurementandthebackgrounddata[e.g.,Healy and Eyre, 2000].A problemof
the1Dvar techniquesis non-satisfactorily knowledgeof precisemeasurementandbackground
(meteorologicalanalyzes)errors.For thatreasonthewet-dryambiguitywasnotsolvedfor. The
focusof thisstudyarealtitudesabove5-8km, wherethewatervaporin�uence is small.

Bestagreementof CHAMP andRSdatais observedoverAustralia(Vaisala,Fig. 4.10),Europe
(Vaisala,Fig. 4.9),Japan(Meisei,Fig. 4.14)andtheU.S.(VIZ/Vaisala,Fig. 4.15).Therefractivity
of CHAMP is nearlybiasfreein relationto theRSdataabove» 500hPaup to 10hPa for these
regions.Standarddeviationslessthan1%at100hPaand» 1.5%at10hPaareobserved(seeTabs.
4.4and4.5).Herebythecomparisonover theU.S.showsnearlyperfectagreement(e.g.,0.03%at
100hPa) for asetof nearly6000pro�les; a remarkableresult.It is notedthattheCHAMP dataare
of highestaccuracy in thisverticalregion [e.g.,Kursinski et al., 1997].Smallbiasesareobservedfor
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Figure4.12: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)over thecountriesof theformerSUfor
May 2001-September2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof
compareddataperaltitude(solid line: temperature;dashedline: refractivity).

Figure4.13: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)over India for May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Europe(0.13%),Australia(0.35%)andJapan(watervaporwassetto 0 above300hPa;0.22%).The
majordifferenceof theU.S.datasetin relationto theotherswith goodagreementis thenearly
completeverticalcoveragewith watervapordata.The,in part,lackof themover theotherregionsis
anindicationof problemsin thewatervapormeasurementsof theRSat thesealtitudes,whichmay
causethesmallrefractivity biasesin relationto theCHAMP data.Whenbiasesareobservedat
100hPa (e.g.,Australiaor Europe)they arepositive, i.e. CHAMP refractivitiesareslightly larger
thantheRSdata.A reasonfor thiscanbeanunderestimationof therealwatervaporvaluesby the
RSdata(Vaisalafor EuropeandAustralia).

For China(Shanghaisonde,Fig. 4.11)andtheformerSU(Mars/MRZ,Fig. 4.12)lessperfect
agreementis found.Themaindifferenceto theabovediscussedregionsis theappearanceof a large
biasathigheraltitudes(-3.58%formerSU,-5.60%Chinaat10hPa)which is connectedwith higher
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Figure4.14: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)overJapanfor May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

Figure4.15: Comparison(BiasandRMS)of CHAMP dry temperature(left panel)andrefractivity
(middle)pro�les with correspondingRSdata(CHAMP-RS)over theU.S.for May 2001-September
2004(∆t = 3 h; d = 300 km). Theright panelshows thenumberof compareddataperaltitude
(solid line: temperature;dashedline: refractivity).

standarddeviations(4.55%formerSU,6.09%Chinaat10hPa)comparedto theabovediscussed
regionswith goodagreement.Problemsin theRSmeasurements(Mars/MRZandShanghai)arevery
likely thereasonfor thesedeviations.Inaccurateradiationcorrection[Luers and Eskridge, 1998]or
asystematicerrorin thepressuredeterminationof theRSarepossiblereasonsfor theseproblems.

It is noted,thattheGPSRO dataat» 10hPacanbein�uencedby residualerrorsdueto imperfect
ionosphericcorrectionapplyingthebendinganglecorrectionby Vorob’ev and Krasil’nikova [1994].
Raytracingsimulationsusingsphericalsymmetricrefractivity distributionsby Wickert [2002]
indicatethattheseerrorscanbeon theorderof » 1 K (» 0.3%refractivity equivalent)for daytime
duringmaximumof solaractivity (SolarMax,worstcase).CHAMP measurementsduring2001and
2002wererecordedunderSolarMaxconditions.However themagnitudeof theobserveddifferences
betweentheCHAMP andRSdatais largerthanthisvalue.Thereforethedeviationsat10hPaare
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Region No. (N) No. (T) ∆N [%] ¾∆N [%] ∆T[K] ¾∆T [K]
Australia 112 797 0.35 1.02 -0.35 2.64
China 507 2219 0.16 0.85 -0.45 2.52
Europe 2916 5044 0.13 0.73 -0.27 1.69
FormerSU 2297 2695 0.07 0.74 -0.72 1.84
India 1(312) 312 -0.94(0.79) n.a.(2.09) -1.63 4.09
Japan n.a.(586) 586 n.a.(0.22) n.a.(1.32) -0.40 2.71
U.S. 5466 5533 0.03 0.88 -0.14 1.87

Table4.4: Comparisonof CHAMP refractivity anddry temperaturedatawith RSat100hPaover
differentgeographicalregions(∆t = 3 h; d = 300 km). n.a.indicatesnotavailablehumiditydataat
all. Thehumidity thenwassetto 0. above300hPa to comparethenumberof therefractivity data(in
brackets)with CHAMP. For detailsseetext.

Region No. (N) No. (T) ∆N [%] ¾∆N [%] ∆T[K] ¾∆T [K]
Australia 134 150 0.44 1.66 -2.05 3.63
China 61 345 -5.60 6.09 2.33 4.96
Europe 823 1755 0.65 1.53 -2.04 3.46
FormerSU 259 332 -3.58 4.55 -1.37 3.49
India n.a.(2) 2 n.a.(-3.82) n.a.(7.48) 8.95 17.5
Japan n.a.(381) 381 n.a.(0.75) n.a.(1.38) -1.67 3.13
U.S. 4065 4148 -0.51 1.87 -1.00 3.00

Table4.5: Comparisonof CHAMP refractivity anddry temperaturedatawith RSat10hPaover
differentgeographicalregions(∆t = 3 h; d = 300 km). n.a.indicatesnotavailablehumiditydataat
all. Thehumidity thenwassetto 0. above300hPa to comparethenumberof therefractivity data(in
brackets)with CHAMP. For detailsseetext.

probablycausedby incorrectRSmeasurements.

TheIM-MK3 RS,usedfor soundingover India,showsworstresultscomparedto theother
geographicalregions.Between500and150hPa theseresultsarestill satisfactorily (nearlyno
refractivity biasin relationto CHAMP, 2 % standarddeviation),but above150hPa largebiases(e.g.,
» 2.5%at70hPaor -3.82%at10hPa)areobserved,connectedwith largestandarddeviationsof » 3
and7.48%,respectively (seeTabs.4.4,4.5andFig. 4.13).This indicatesseriousproblemsof the
usedsensorsfor theIM-MK3 sondeataltitudesabove150hPa.

Thediscussionof thecomparisonresultsis focusedto therefractivity, becauseit is theindependent
observable,which is derivedfrom GPSoccultationmeasurements.To derive temperatureandwater
vaporpro�les additionalassumptionsand/oradditionalmeteorologicaldataarenecessary(see
discussionabove). HoweverFigs.4.10-4.22indicate,thatthedry temperature,derivedfrom the
CHAMP RO datacanbeusedabove» 300hPa in goodapproximationastheabsolutetemperature
up to 10hPa.

Tabs.4.4and4.5summarizethecomparisonresultsat thepressurelevels100and10hPa,
respectively. As alreadydiscussedaboveandascanbeseenin Figs.4.10-4.15thecomparison
resultsfor differentgeographicalregionsarenearlyequivalentfor someof them,but canbe
signi�cantly different,dependingon thetypeof theusedradiosonde.
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Figure4.16: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)overEuropefor May
2001-September2004(∆t = 3 h; d = 300 km; 2946pro�les).

Figure4.17: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)overAustraliafor May
2001-September2004(∆t = 3 h; d = 300 km; 756pro�les).

Figure4.18: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)overChinafor May
2001-September2004(∆t = 3 h; d = 300 km; 1186pro�les).

4.2.3 CHAMP vs. ECMWF

TheCHAMP pro�les for thecomparisonwith theRSdata(∆t=3 h; d=300km), arealsocompared
with meteorologicalanalyzesprovidedby ECMWF. This is doneto ensurethattheobserved
differencesin thecomparisonswith theRSdata(Figs.4.10-4.15)arenotcausedby different
meteorologicalconditionsover theinvestigatedregions.
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Figure4.19: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)over thecountriesof the
formerSoviet Union for May 2001-September2004(∆t = 3 h; d = 300 km; 2556pro�les).

Figure4.20: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)over India for May
2001-September2004(∆t = 3 h; d = 300 km; 401pro�les).

Figure4.21: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)overJapanfor May
2001-September2004(∆t = 3 h; d = 300 km; 331pro�les).

Linearinterpolationin time is performedbetweenthe6 h analyzes�elds. Refractivity dataaretaken
from thegrid pointnearestto theoccultation(0:5◦ ¤ 0:5◦resolutionin latitude/longitude,gaussian
grid). Themaximumdistanceto thisgrid point is then» 20-25km (Equatorregion). The
comparisonis performedat the60ECMWFmodellevelsrangingfrom thegroundsurfaceup to
0.1hPa(about60km altitude).Verticalspacingof themodelgrid pointsincreasesfrom about200m
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Figure4.22: Comparison(BiasandRMS)of CHAMP refractivity (left panel)anddry temperature
(middle)pro�les with correspondingECMWFdata(CHAMP-ECMWF)over theU.S.for May
2001-September2004(∆t = 3 h; d = 300 km; 4372pro�les).

at1 km altitudeto about700m at10km. Therefractivity from theanalysisdatawascalculated
accordingto Eqn.4.1.Themodeldatathenareinterpolatedto the200m verticalaltitudegrid of the
CHAMP occultationdata.Theformulasfor thecalculationof meanandstandarddeviationof
temperatureandrefractivity areequivalentto Eqns.4.2-4.5.

In contrastto theradiosondecomparisons(Sec.4.2.1)theCHAMP dataarecomparedwith the
analyzesatgeometricalaltitudes,i.e. thegeopotentialheights,givenfor eachECMWFpressure
level, areconvertedto geometricalheights.A second,major, differencein relationto theRS
comparisonsis theuseof dry temperaturesnotonly for theCHAMP data.For thatpurposethe
ECMWFtemperatureswereconvertedto ECMWFdry temperaturesusingthehumiditydatafrom
theanalyzesandtheSmith-Weintraubformula(Eqn.4.1).Sincehumiditydataareavailablefor each
ECMWFaltitudelevel, therefractivity alwayscanbecalculatedandcomparedwith CHAMP data.
Consequentlythetemperatureandrefractivity comparisons(Figs.4.16-4.22)arebasedon thesame
datapairs,in contrastto theRScomparisons(Fig. 4.10-4.15).Thenumberof comparedrefractivity
andtemperaturedatavs. altitudeis indicatedin theright panelof theFigs.4.16-4.22.

Only CHAMP pro�les with coincidencingRSdatawerecomparedwith ECMWF, but for each
subset(Australia,China,Europe,India,Japan,countriesof theformerSUandU.S.).Thenumberof
comparedpro�les, is lower thanfor theRScomparisons(e.g.,2946vs. 5153for Europe)since
severalcoincidenceswith RSmeasurementsmayexist for oneandthesameCHAMP occultation.

Theresultsof thecomparisonsareshown in Figs.4.16-4.22.Tab. 4.6and4.7summarizetheresults
at10and30km, respectively. As expected,theresultsareverysimilar. This indicates,that
differences,observedin thecomparisonswith theRSdataoverdifferentgeographicalregions(Figs.
4.10-4.15),really canbeattributedto thedifferenttypesof RS.Howeverslightly differencesare
observedin thecomparisonswith ECMWF.

At �rst thegeneralfeaturesof Figs.4.16-4.22arediscussed.Both,refractivity anddry temperature
agreeverywell between» 5 and30km. Below » 5 km asimilarnegative refractivity biasof the
CHAMP measurementsin relationto theanalyzesis observedasin theRScomparisons(see
discussionin Sec.4.2.1and4.2.2).Thebiasis largestfor Australia,India,andJapanwith about
1.5%neartheEarth'ssurface.Slightly lessvaluesareobservedfor otherregions,e.g.,theformerSU
with » 1%. Thealtituderange,wherethisbiasappears,varieswith thegeographicalregion. It is
» 5 km for IndiaandChinaandless,up to 2.5km, for theotherregions.This is in goodagreement
with thefact,thatthebiasis mostpronouncedin wet regions.Moredetailson thecharacteristicsand
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reasonsof this refractivity biasaregivenby Ao et al. [2003];Beyerle et al. [2003a,b, 2005].

Thereis nearlynobiasbetweentheCHAMP measurementsandtheanalyzesup to 30km. Best
agreementis observedfor Australia(Fig. 4.17).Thecomparisonover India (Fig. 4.20)showsworst
results(up to » -0.6%bias)at thesealtitudes.A detaileddiscussionof thedeviationsis beyondthe
scopeof thestudyhere.Biasescanbecausedby theRO aswell astheanalyzes.Above30km there
is a tendency for apositivebiasof theCHAMP datain relationto ECMWFup to » 0.4%at35km
for China(Fig. 4.18).Thestandarddeviationsfall within the0.7-1.5%range.

Thebehavior of thedry temperaturedeviationscorrespondswith thoseof therefractivity. For the
lower troposphereapositivebiasof theCHAMP dry temperaturein relationto ECMWFis observed,
whichcorrelateswith thenegative refractivity biasdescribedabove. Above30km aslightnegative
bias(up to » 1 K for Chinaor Australia,Figs.4.18and4.17)of theCHAMP datain relationto the
analyzescanbeobserved.Between» 5 and30km thedry temperaturecomparisonsrevealnearlyno
biasbetweenCHAMP andECMWF.

Eventhoughtheagreementof theCHAMP datawith ECMWFis nearlyexcellent,slightdifferences
areobserved,asdiscussedabove. Tabs.4.6and4.7giveasummaryof biasesandstandard
deviationsbetweentheRO andanalyzesdataat10and30km.

At 10km (within thealtituderegionof thehighestaccuracy of theCHAMP data[Kursinski et al.,
1997])for all investigatedregionsaslightpositivebiasof theCHAMP datain relationto ECMWF
(0.07-0.17K) is observedto beverysimilar for all regions.Thestandarddeviation is lessfor
Australia,EuropeandU.S..At theseregionsVaisalaRS(atU.S.togetherwith VIZ) dataof high
qualityareusedasbackbonefor theECMWFdataassimilationandprobablyleadto betterqualityof

Region Number ∆N [%] ¾∆N [%] ∆T[K] ¾∆T [K]
Australia 756 0.14 0.68 -0.05 1.76
China 1186 0.10 0.85 -0.26 1.84
Europe 2946 0.11 0.75 -0.56 1.48
FormerSU 2556 0.07 0.80 -0.58 1.48
India 401 0.13 0.90 -0.02 1.81
Japan 331 0.17 0.90 -0.20 1.85
U.S. 4372 0.14 0.78 -0.59 1.55

Table4.6: Comparisonof CHAMP refractivity anddry temperaturedataat10km with ECMWF
(∆t = 3 h; d = 300 km).

Region Number ∆N [%] ¾∆N [%] ∆T[K] ¾∆T [K]
Australia 756 0.32 1.16 -0.46 2.10
China 1186 0.17 1.14 -0.06 2.42
Europe 2946 -0.07 1.09 -0.28 2.20
FormerSU 2556 -0.14 1.23 0.19 2.41
India 401 0.64 1.18 -0.59 2.24
Japan 331 0.38 1.16 -0.76 2.59
U.S. 4372 0.06 0.96 0.08 2.05

Table4.7: Comparisonof CHAMP refractivity anddry temperaturedataat30km with ECMWF
(∆t = 3 h; d = 300 km).
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theanalyzes.Thedry temperatureof CHAMP exhibit aslight coldbiasin relationto theanalyses
(-0.05..-0.59K). Onepossibleexplanationfor thiscouldbethebetterverticalresolutionof the
tropopauseby theCHAMP datain relationto ECMWF. This leadsleadto acoldbiasin relationto
theanalyzes,as�rst discussedby Rocken et al. [1997] for comparisonsof GPS/METoccultation
measurementswith meteorologicalanalyzesfrom NCEP(NationalCentersfor Environmental
Prediction).

ThebiasesbetweenCHAMP andECMWFdataat30km exhibit morevariability andrangesfrom
-0.14(formerSU) to 0.64%(India), thestandarddeviation from 0.96(U.S.)to 1.23%(formerSU).
Thedry temperaturebiasrangesfrom -0.76to 0.19K, thestandarddeviation from 2.05to 2.59K
(seeTab. 4.7).

To discussandinterpretthecomparisonresultsat thesealtitudesmoredetailedinvestigationsare
needed,whicharebeyondthescopeof thisstudy. At thesealtitudestheaccuracy of theanalyzesis
lessaccuratecomparedto loweraltitudes,but alsotheerrorpotentialof theGPSmeasurementsis
higheras,e.g.,at10km [Kursinski et al., 1997].

5 Summary and conclusions
GPSradiooccultationmeasurementsfrom theGermanCHAMP satellitebetween2001and2004
werecomparedwith radiosondedataandmeteorologicalanalyzesfrom ECMWF. A setof 162,461
verticalrefractivity anddry temperaturepro�les from CHAMP wasusedfor thisstudy.

For occultationsoverEurope(Vaisalaradiosondes)themaximumdistanced andmaximumtime
difference∆t betweenRSandRO measurementwasvariedfrom 100to 300km and1 to 3 h,
respectively. It wasshown thattheresultingbiasis practicallyindependentof theusedcombination
of d and∆t. In contrastthestandarddeviation is lowestfor d = 100 km with » 0:5% andincreases
to » 0:7% for d = 300 km. Thevariationof d is moresigni�cant to thecomparisonresults,rather
thenvariationof ∆t. ThebiasbetweenCHAMP andRSmeasurementsis practicallynot in�uenced
by thevariouscombinationsof d and∆t. For thatreasonacombination∆t = 3 h andd = 300 km
wasusedfor thesubsequentinvestigationsto getmorestatisticalcon�denceby usingmoreextensive
datasetsfor thecomparisons.

CHAMP andRSdatawerecomparedoverdifferentgeographicalregions(Australia,China,Europe,
countriesof theformerSU,India,Japan,andU.S.),wheredifferenttypesof radiosondesarein use.
Theresultsof theseinvestigationsshow similarities,but alsosigni�cant differences,dependingon
theRStypeusedfor theaccordingcomparison.The,in partconsiderable,lackof relativehumidity
datain thehighertroposphereandataltitudesabove, indicatesseriousproblemsin thewatervapor
measurementsof theradiosondes.

Bestagreementwith CHAMP between500and10hPa level is observedoverAustralia,Europe,
JapanandU.S.(Vaisala,VIZ, Meisei)with nearlynobiasandstandarddeviationslessthan1%at
100hPaand» 1.5%at10hPa. Nearlyperfectis theagreementoverU.S.(VIZ/Vaisala)at these
altitudes,e.g.,at100hPaabiasof 0.03%is observed.Theslightly higherbiasoverAustralia(e.g.,
0.35%at100hPa)or Europe(e.g.,0.13%at100hPa) is probablyrelatedto incorrectwatervapor
measurementsof theRS.

Lessperfectagreementis observedfor China(ShanghaiRS)andthecountriesof theformerSU
(Mars/MRZRS).Up to pressurelevelsof » 40hPa thecomparisonresultsarecomparableto those
of, e.g.,Europeor U.S.,howeveratupperaltitudeslargebiasesareobserved(-3.58%formerSU,
-5.60%Chinaat10hPa)whichareconnectedwith higherstandarddeviations(4.55%formerSU,
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6.09%Chinaat10hPa). This is relatedto possibleproblemsin theradiationcorrectionand/or
signi�cant imperfectpressuremeasurementsat thesealtitudesfor Mars/MRZandShanghaiRS,
respectively.

Thecomparisonof theCHAMP datawith theIndianIM-MK3 radiosondeshowsworstresultsof the
study. Above150hPasigni�cant largerbiasesandstandarddeviationscomparedto otherregionsare
observed,indicatingseriousproblemsof theIM-MK3 radiosondeat thesealtitudes.

In generalat theupperaltitudes(e.g.,at10hPa),alsofor theregionswith betteragreementbetween
RSandCHAMP RO, theaccordancebetweenthedifferentregionsis slightly worseandthe
deviationsshow differentbehavior (e.g.,biasfor U.S.-0.51%,for Europe+0.65%).This is also
relatedto theRSdata,ratherthentheCHAMP measurements,but mustbeinvestigatedin more
detailwithin futurestudies.

Thediscussionof thecomparisonresultsis focusedto therefractivity, becauseit is theindependent
observable,which is derivedfrom GPSoccultationmeasurements.Additionalassumptionsand/or
additionalmeteorologicaldataarenecessaryto derive temperatureandwatervaporpro�les.
However it wasshown, thatthedry temperature,derivedfrom theCHAMP RO datacanbeused
above» 300hPa in goodapproximationastheabsolute(“wet“) temperatureup to 10hPa.

Thesubsetsof CHAMP measurementsover thedifferentgeographicalregionswerealsocompared
with ECMWFto verify theRSresults.Thedeviations,foundin thesecomparisons,areverysimilar
for every investigatedregion. This indicatesthattheobserveddifferencesin theradiosonde
comparisonsarecausedby thevarioustypesof theusedRSandnotby differentmeteorological
conditionsover theinvestigatedregions.

Thisstudyis aninitial investigationof severalaspectswhencomparingRSdatawith CHAMP
occultations.It is plannedto extendthiskind of studiesandto investigatein moredetail,e.g.,the
deviations,observedathigheraltitudes,e.g.,at» 10hPa.

In generalit canbeconcludedthatGPSradiooccultationdatafrom CHAMP areavaluablesourceto
revealweaknessesof radiosondemeasurements.

Acknowledgements
Thisstudyis resultof theroutinework on theCHAMP dataandalsoresultof avisiting scientist
activity of theGRAS(GNSSReceiver for AtmosphereSounding)SAF(SatelliteApplication
Facility), which is hostedby theDanishMeteorologicalInstitute(DMI) atCopenhagenandfunded
by EUMETSAT. I thankGeorg Larsen,KentLauritsen,FransRubekandMartin Sørensenfor the
greathospitalityandtheuniquechanceto work for amonthtogetherwith them.Radiosondedata
weremadeavailableby theFreieUniversitätBerlin by KathrinSchöllhammer. Bill Kuoprovided
Fig. 2.1.ECMWFanalysisdatawereprovidedby theDeutscherWetterdienst.My instituteandProf.
ChristophReigber, thePrincipalInvestigatorof theCHAMP mission,supportedthestayatDMI.
Without thework of TorstenSchmidt,Georg Beyerle,StefanHeiseandothercolleaguesatGFZsuch
investigations,asperformedwithin thisstudy, wouldnothavebeenpossible.I thankall of them.

References

Ao, C. O.,T. K. Meehan,G. A. Hajj, A. J.Mannucci,andG. Beyerle,Lower-troposphererefractivity
biasin GPSoccultationretrievals,J. Geophys. Res., 108(D18),doi:10.1029/2002JD003,216,
2003.

www.dmi.dk/dmi/sr04-09 page 24 of 27



Danish Meteorological Institute
Scientific Report 04-09

Beyerle,G.,M. E. Gorbunov, andC. O. Ao, Simulationstudiesof GPSradiooccultation
measurements,Radio Sci., 38(5), doi:10.1029/2002RS002,800,2003a.

Beyerle,G., J.Wickert,T. Schmidt,andC. Reigber, Atmosphericsoundingby GNSSradio
occultation:An analysisof thenegative refractivity biasusingCHAMP observations,J. Geophys.
Res., p. doi:10.1029/2003JD003922,2003b.

Beyerle,G.,T. Schmidt,J.Wickert,S.Heise,andC. Reigber, An analysisof refractivity biases
detectedin GPSradiooccultationdata:Resultsfrom simulationstudies,aerologicalsoundings
andCHAMP satelliteobservations,J. Geophys. Res., subm.,2005.

DeutscherWetterdienst,VerzeichnisderMeldestellendessynoptischenDienstes,Stand09.01.1996,
(in German),Vorschriften und Betriebsunterlagen des DWD, Nr. 1, Offenbach, 1996.

Dzingel,M., andU. Leiterer, UntersuchungenüberGenauigkeit undKorrekturmöglichkeitenfür die
Feuchtesondierungmit demA-HumicapderSondeRS-80,Technical Report, Meteorologisches
Observatorium Lindenberg, 1995.

Elliot, W. P., andD. Gaffen,On theutility of radiosondehumidityarchivesfor climatechange
studies,Bull. Amer. Meteor. Soc., (72),1507–1520,1991.

Foelsche,U., G. Kirchengast,A. Gobiet,A. Steiner, A. Löscher, J.Wickert,andT. Schmidt,The
CHAMPCLIM project:An overview, in Earth Observation with CHAMP: Results from Three
Years in Orbit, editedby C. Reigber, P. Schwintzer, H. Lühr, andJ.Wickert,pp.615–620,
SpringerVerlag,2005.

Gorbunov, M. E., andS.Sokolovskiy, Remotesensingof refractivity from spacefor global
observationsof atmosphericparameters,Rep. 119, Max Planck-Inst. for Meteorol., Hamburg,
1993.

Hajj, G. A., E. R. Kursinski,L. J.Romans,W. I. Bertiger, andS.S.Leroy, A technicaldescriptionof
atmosphericsoundingby GPSoccultation,J. Atmos. Solar-Terr. Phys., 64(4), 451–469,2002.

Hajj, G. A., etal.,CHAMP andSAC-Catmosphericoccultationresultsandintercomparisons,J.
Geophys. Res., 109, doi:10.1029/2003JD003909,2004.

Healy, S.,andJ.Eyre,Retrieving temperature,watervaporandsurfacepressureinformationfrom
refractive-index pro�les derivedby radiooccultation:A simulationstudy, Quart. J. Roy. Meteorol.
Soc., 126, 1661–1683,2000.

Healy, S.,A. Jupp,andC. Marquardt,Forecastimpactexperimentswith CHAMP GPSradio
occultationmeasurements:Preliminaryresults,Geophys. Res. Lett., in print, 2005.

Hedin,A. E.,Extensionof theMSIS thermospheremodelinto themiddleandloweratmosphere,J.
Geophys. Res., 96, 1159–1172,1991.

Heise,S.,J.Wickert,G. Beyerle,T. Schmidt,andC. Reigber, Globalmonitoringof tropospheric
watervaporwith GPSradiooccultationaboardCHAMP, Adv. Space Res., subm.,2005.

Jakowski, N., A. Wehrenpfennig,S.Heise,C. Reigber, H. Lühr, L. Grunwaldt,andT. K. Meehan,
GPSradiooccultationmeasurementsof theionospherefrom CHAMP: Early results,Geophys.
Res. Lett., 29(10),doi:10.1029/2002RS002763,2002.

Jensen,A. S.,M. Lohmann,H.-H. Benzon,andA. Nielsen,Full spectruminversionof radio
occultationsignals,Radio Sci., 38(3), doi:10.1029/2002RS002763,2003.

www.dmi.dk/dmi/sr04-09 page 25 of 27



Danish Meteorological Institute
Scientific Report 04-09

Kraus,H., Die Atmosphäre der Erde: Eine Einführung in die Meteorologie (in German), Springer
Verlag,2001.

Kuo,Y.-H., T.-K. Wee,S.Sokolovskiy, C. Rocken,W. Schreiner, D. Hunt,andR. A. Anthes,
Inversionanderrorestimationof GPSradiooccultationdata,J. Meteorol. Soc. Jpn., 1B(82),
507–531,2004.

Kuo,Y.-H., W. S.Schreiner, J.Wang,D. L. Rossiter, andY. Zhang,Comparisonof GPSRadio
occultationsoundingswith radiosondes,Geophys. Res. Lett., subm.,2005.

Kursinski,E. R.,G. A. Hajj, J.T. Scho�eld,R. P. Lin�eld, andK. R. Hardy, ObservingEarth's
atmospherewith radiooccultationmeasurementsusingGlobalPositioningSystem,J. Geophys.
Res., 19(D19),23,429–23,465,1997.

Kursinski,E. R., etal., Initial resultsof radiooccultationobservationsof Earth'satmosphereusing
theGlobalPositioningSystem,Science, 271, 1107–1110,1996.

Larsen,G.,K. Lauritsen,F. Rubek,andM. Sørensen,Processingof CHAMP radiooccultationdata
usingGRASSAFsoftware,in Earth Observation with CHAMP: Results from Three Years in
Orbit, editedby C. Reigber, P. Schwintzer, H. Lühr, andJ.Wickert,pp.543–548,SpringerVerlag,
2005.

Leiterer, U., H. Dier, andT. Naebert,Improvementsin RadiosondeHumidity Pro�les usingRS
80/RS90Radiosondesof Vaisala,Beitr. Phys. Atmosph., 4(70),1997.

Loiselet,M., N. Stricker, Y. Menard,andJ.Luntama,GRAS¡ MetOpsGPSbasedatmospheric
sounder, ESA Bulletin, May, 102, 38–44,2000.

Luers,J.K., andR. E. Eskridge,Useof radiosondetemperaturedatain climatestudies,J. Climate,
11, 1002–1019,1998.

Marquardt,C.,K. Schöllhammer, G. Beyerle,T. Schmidt,J.Wickert,andC. Reigber, Validationand
dataqualityof CHAMP radiooccultationdata,in First CHAMP Mission Results for Gravity,
Magnetic and Atmospheric Studies, pp.384–396,SpringerVerlag,2003.

Ratnam,M. V., T. Tsuda,C. Jacobi,andY. Aoyama,Enhancementof gravity waveactivity observed
duringamajorsouthernhemispherestratosphericwarmingby CHAMP/GPSmeasurements,
Geophys. Res. Lett., 31(L16101),doi:10.1029/2004GL019789,2004.

Reigber, C.,P. Schwintzer, H. Lühr, andJ.Wickert (Eds.),Earth Observation with CHAMP: Results
from Three Years in Orbit, SpringerVerlag,2005.

Rocken,C.,Y.-H. Kuo,W. Schreiner, D. Hunt,S.Sokolovskiy, andC. McCormick,COSMIC
systemdescription,Terrestrial, Atmospheric and Oceanic Sciences, 11, 21–52,2000.

Rocken,C., etal.,Analysisandvalidationof GPS/METdatain theneutralatmosphere,J. Geophys.
Res., 102(D25),29,849–29,866,1997.

Schmidt,T., J.Wickert,G. Beyerle,andC. Reigber, Tropicaltropopauseparametersderivedfrom
GPSradiooccultationmeasurementswith CHAMP, J. Geophys. Res., 109(D13105),
doi:10.1029/2004JD004566,2004.

Schmidt,T., J.Wickert,G. Beyerle,R. König, R. Galas,andC. Reigber, TheCHAMP atmospheric
processingsystemfor Radiooccultationmeasurements,in Earth Observation with CHAMP:
Results from Three Years in Orbit, editedby C. Reigber, P. Schwintzer, H. Lühr, andJ.Wickert,
SpringerVerlag,2005.

www.dmi.dk/dmi/sr04-09 page 26 of 27



Danish Meteorological Institute
Scientific Report 04-09

Seidel,D. J.,R. J.Ross,J.K. Angell, andG. C. Reid,Climatologicalcharacteristicsof thetropical
tropopauseasrevealdby radiosondes,J. Geophys. Res., 106, 7857–7878,2001.

Smith,E., andS.Weintraub,Theconstantsin theequationfor atmosphericrefractive index at radio
frequencies,Proc. IEEE, 41, 1953.

Soden,B. J.,andJ.R. Lanzante,An asessmentof satelliteandradiosondeclimatologiesof
upper-tropopshericwatervapor, J. Climate, 9, 1235–1250,1995.

Sokolovskiy, S.V., Trackingtroposphericradiooccultationsignalsfrom low Earthorbit, Radio Sci.,
36(3), 483–498,2001.

Sokolovskiy, S.V., andD. C. Hunt,Statisticaloptimizationapproachfor GPS/METdatainversion,
URSI GPS/MET workshop, Union Radio Sci. Int., 1996.

Vaisala,Users guide ozone sonde OES, pp.VaisalaOy, Helsinki,1991.

Vorob'ev, V. V., andT. G. Krasil'nikova,Estimationof theaccuracy of therefractive index recovery
from Dopplershift measurementsat frequenciesusedin theNAVSTAR system,Phys. Atmos.
Ocean, 29, 602–609,1994.

Wang,D. Y., etal.,Cross-validationof MIPAS/ENVISAT andGPS-RO/CHAMPtemperature
pro�les, J. Geophys. Res., 109, doi:10.1029/2004JD004963,2004.

Ware,R., etal.,GPSsoundingof theatmospherefrom low Earthorbit: Preliminaryresults,Bull.
Am. Meteorol. Soc., 77(1), 19–40,1996.

Wickert,J.,TheCHAMP radiooccultationexperiment:Algorithms,Processingsystem,andFirst
results(in German),Scientific Technical Report 02/07, 2002.

Wickert,J.,R. Galas,G. Beyerle,R. König, andC. Reigber, GPSgroundstationdatafor CHAMP
radiooccultationmeasurements,Phys. Chem. Earth (A), 26, 2001a.

Wickert,J.,C. Ao, andW. Schreiner, GPSradiooccultationwith CHAMP: Comparisonand
evaluationof dataanalysisfrom GFZ,JPLandUCAR, EGU 1. General Assembly, Nice, France,
April 2004, abstractEGU04-A-02805,2004a.

Wickert,J.,A. Pavelyev, Y. A. Liou, T. Schmidt,C. Reigber, A. Pavelyev, K. Igarashi,and
S.Matyugov, Amplitudevariationsin theGPSsignalsasapossibleindicatorof theionospheric
structures,Geophys. Res. Lett., 31, l24801,doi:10.1029/2004GL020607,2004b.

Wickert,J.,T. Schmidt,G. Beyerle,R. König, C. Reigber, andN. Jakowski, Theradiooccultation
experimentaboardCHAMP: Operationaldataprocessingandvalidationof atmospheric
parameters,J. Meteorol. Soc. Jpn., 82(1B), 381–395,2004c.

Wickert,J.,G. Beyerle,R. König, S.Heise,L. Grunwaldt,G. Michalak,C. Reigber, andT. Schmidt,
GPSradiooccultationwith CHAMP andGRACE:A �rst look atanew andpromisingsatellite
con�gurationfor globalatmosphericsounding,Ann. Geophysicae, in print, 2005a.

Wickert,J.,T. Schmidt,G. Beyerle,G. Michalak,R. König, S.Heise,andC. Reigber, GPSradio
occultationwith CHAMP andGRACE:Recentresults,in Proc. OPAC-2 workshop, Graz
September 2004, editedby G. Kirchengast,U. Foelsche,andA. K. Steiner, SpringerVerlag,
2005b.

Wickert,J.,et al.,Atmospheresoundingby GPSradiooccultation:First resultsfrom CHAMP,
Geophys. Res. Lett., 28(17),3263–3266,2001b.

www.dmi.dk/dmi/sr04-09 page 27 of 27


