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1 Introduction

Atmospherigoro ling with the GermanCHAMP (CHAIllenging Minisatellite Payload,Reigber et al.
[2005]) satellitewasactivatedon Februaryll,2001[Wickert et al., 2001b]. The experimentbrought
signi cant progresgHajj et al., 2004;Kuo et al., 2004;Wickert et al., 2004c]for theinnovative GPS
(GlobalPositioningSystemyadio occultation(RO) techniquen relationto the pioneering
GPS/MET(GPS/METEorology)mission[e.g.Ware et al., 1996;Kursinski et al., 1996,1997;Rocken
et al., 1997]. Themeasurementsom CHAMP wereandarepreconditionfor variousapplicationsn
atmospheric/ionospherresearchje.g. Jakowski et al., 2002;Ratnam et al., 2004;Wickert et al.,
2004b;Wang et al., 2004;Kuo et al., 2005], weatherforecasfe.g. Healy et al., 2005]andclimate
changedetectione.g.Schmidt et al., 2004;Foelsche et al., 2005]. Thedataarealsousedto prepare
processingystemsandanalysiscentergor upcomingRO missionsas,e.g.,COSMIC
(ConstellatiorObservingSystemfor Meteorology lonospherendClimate,Rocken et al. [2000];
Kuo et al. [2004]) or MetOp (MeteorologyOperationalloiselet et al. [2000]; Larsen et al. [2005]).
This studydealswith comparison®f CHAMP measurementlobally distributedvertical pro les
of atmosphericefractvity andtemperature)vith datafrom the globalradiosond€RS) network.
Severalaspectareinvesticatedas,e.g.,thedependencef the comparisonresultsonthe
geographicategion (i.e.,onthetype of theusedradiosondepndon the maximumdistanced and
maximumtime differenceAt betweenCHAMP andcorrespondindRS measurements.

2 The global radiosonde network

Theglobalradiosondenetwork (seeFig. 2.1)is thebackboneof the operationatlataprovision for
globalweatherforecastsanda key datasourcefor climatologicalinvestigations|e.g. Soden and
Lanzante, 1995;Seidel et al., 2001].

Radiosondeprovide databetweerthe Earth's surfaceand» 30 km altitudewith averagevertical
resolutionof about50 m. Undergoodweatherconditionsaltitudesup to 40 km canbereachedFor
theaccurag of theRSdata(e.g.,for VaisalaRS-80)themanufctureqVaisala, 1991]give
(laboratoryconditions):pressuré).5 hPa, temperaturd®.2 K andrelatve humidity 2%. However,
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Radiosonde stations (updated 11/1996-2/2000)
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Figure 2.1 Geographicatlistribution of globalradiosondestationg(total 852) coloredby
radiosondaypes.Thepercentaggivenin thelegendis the percentagef stationsusedby eachtype
of radiosonddfrom Kuo et al. [2005]).

dueto radiationin uence duringthe ight, actualaccuraciesnaydiffer from thesevalues.Because
of errorsin thedeterminatiorof the pressurat higheraltitudesandresultingincorrectassignmenof
themeasurement® thealtitudetherecanbetemperaturerrorsof » 1 K above 10 km, andup to

» 4 K at30km [Ware et al., 1996].

Thehumidity measuremerdf RSis ageneraproblem.Particularlyatlow temperatureargeerrors
(15%andmore,Dzingel and Leiterer [1995]) areobsenedandsomeauthorge.g.Elliot and Gaffen,
1991]arein generaldoubtaboutthereliability (exceptin the Tropics)of humidity measurements
from RSabove 500hPa (5-6 km altitude). A majorproblemof the humidity sensorss icing, when
thesondeies throughcloudsattemperaturebelow thefreezingpoint of water Improvementsof
the RS humidity measurement@rerecentlyachiered by usingappropriatecalibrationschemesnd
twin humidity sensoicon gurations|Leiterer et al., 1997].

Datafrom the globalradiosondenetwork, asprovidedfor the Global Telecommunicatiofsystem
(GTS)of theWorld MeteorologicalOrganization(WMO), areusedfor the comparisorwith the
CHAMP measurementd.-hey wereprovidedvia the stratosphericesearctyroupatthe Freie
UniversitatBerlin. The WMO code(stationidenti er) wasusedto distinguishbetweerdifferent
typesof radiosonde§Deutscher Wetterdienst, 1996]. In arecentstudyfrom Kuo et al. [2005] it was
foundthatthe quality of the RS soundingsover differentgeographicaareasexhibit signi cant
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variations.This wasdemonstratetdy comparisorwith GPSRO datafrom CHAMP. Accordingto
this studyVaisala(Australia,Europe)andShangha{China)radiosondeshov bestagreemenivith
GPSRO, largestdifferencesaareobsenedfor IM-MK3 (India).

3 CHAMP radio occultation data

Analysisresults(version005)from the operationalCHAMP occultationprocessingt GFZ areused
for this study Detailsof theanalysisandprocessingystemaswell asrecentvalidationresultsare
givenby, e.g.,Wickert et al. [2004c]; Beyerle et al. [2005]; Schmidt et al. [2005]; Wickert et al.
[2005a,b].

CHAMP dataareanalyzedusingthe standardioubledifferencemethodto eliminatesatelliteclock
errors[Wickert et al., 2001a].Atmospheridoendinganglesarederivedfrom thetime deriative of
the excessphaseafterappropriateltering. Theionosphericorrectionis performedby linear
combinationof theL1 andL2 bendinganglepro les [Vorob’ev and Krasil’nikova, 1994]. The
bendinganglesareoptimizedusingthe MSIS-90Eatmospherienodel[Hedin, 1991]applyingthe
approactby Sokolovskiy and Hunt [1996]. To correctfor the effect of lower tropospherenultipath
belon 15 km the Full Spectrumnversion(FSI) techniqgueawave opticsbasedanalysismethod,is
applied[Jensen et al., 2003].

Verticalpro les of atmosphericefractvity arederivedfrom theionosphereorrectecbendingangle
pro les by Abel inversion.For dry air, thedensitypro les areobtainedirom therelationship
betweerdensityandrefractvity. Pressur@andtemperaturg“dry temperature”areobtainedirom
the hydrostaticequationandthe equationof statefor anidealgas. Thetemperaturés initialized
usingeCMWF data(EuropearCentrefor Medium-RangaVeatherForecastsat 43 km. More
detailsontheretrieval aregivenby Wickert et al. [2004c]. Basicsof the GPSradiooccultation
techniqueandthederivationof atmospheriparameteraredescribede.g.,by Kursinski et al. [1997]
or Hajj et al. [2002]. Therefractvity anddry temperaturgro les (Dataproduct: CH-AI-3-ATM)
areprovidedvia the CHAMP datacenterat GFZ (http://isdc.gfz-potsdam.de/champ). An overvien
of all availableoccultationdataandanalysisresultsis givenin Tah 3.1.

Data Explanation

CH-AI-1-HR Occultationmeasurementsom 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* Calibratedatmospheriexcessphasefor eachoccultationevent
CH-AI-3-ATM | Verticalatmospherigro le (refractvity anddry temperature)
CH-AI-3-WVP* | Watervaporpro le

CH-AI-3-TCR | Relatve TEC data

CH-AI-3-IVP Electrondensitypro les

CH-OG-3-RSO | RapidScienceOrbit dataof CHAMP andthe GPSsatellites

Table 3.1 Overview of availableGPSoccultationdataandanalysisresultsatthe CHAMP data
center(ISDC) of GFZ Potsdanmhttp://isdc.gfz-potsdam.de/champ. *The atmospheri@xcessphase
andwatervapordataarenotroutinelymadeavailableby the datacenter Both typesof analysis
resultsareprovidedondemand.TCR andIVP productsaregeneratedy 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 databetweerMay 15,2001andSeptembe6, 2004areusedfor thecomparisonsl162,461
verticalpro les of refractvity anddry temperaturéDataproductCH-AI-3-ATM, Version005,see
Chap.3) areavailableatthe GFZ datacenter(http://isdc.gfz-potsdam.de/champ) for this period.
Temperatureandrefractvities arecomparedatthe 19 mainpressurdevels| of theRSdata les:
1000,900,800,700,600,500,400,300,200,100,90, 80, 70,60, 50,40, 30,20,and10 hPa. The
refractvity from the RS datawascalculatedaccordingto Eqn.4.1[Smith and Weintraub, 1953]with
p atmospheri@ressurandp,, watervaporpartialpressuren hPaandtemperaturd in K. The
saturatiorpressurever wateris usedto calculatep,, from therelatve humidity, whichis givenin
theRSdata les, accordingo thede nition in meteorologicatchoolbookge.g.,Kraus, 2001].

$+373£ 105$W2 4.1)

N =776
Themeantemperatureleviation ateachpressurdevel AT () andits standardleviation ¥s 1 (1) was
calculatedaccordingo Eqns.4.2and4.3. M (1) denotegshe numberof datapointsat eachpressure
level. Theindex i indicatestheindividual pairsof coincidencingCHAMP andRSdata.Tp (cHawm p)
is thedry temperaturegdervedfrom the CHAMP data(seeChap.3).

M (1)

i=1

M (1)
%N(I)J i 12: (Tocrampy(i 1) i Trs(is 1)) (4.3)

Themeanrelative refractvity deviationateachpressurdevel AN (1) andits standardieviation
¥an (1) wascalculatedaccordingto Eqns.4.4and4.5.

M(I)NCHAMP (i;1)i Nrs(i; 1),
=t Nrs(i; 1) '

(4.4)

1 " U Nchau p(i; 1) i Ngs(i; 1) ?

3 — .

Yar () \IM i1 .; ( Nrs(i; 1) ) ' (45
The CHAMP data(version005), providedvia the GFZ datacenter arequality checled. The
maximumdeviation of therefractvity valuesin relationto ECMWF is 10 %. To eliminatethe
disadantageous uence of outliersin the RS datato the comparisonssimilar criteriaareapplied.
Datapairsareexcluded,which exhibit morethan20 K deviation (temperatureand10 % deviation
(refractvity), respectrely.
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4.2 Comparison results
4.2.1 CHAMP vs. RS over Europe

TheEuropearregion (WMO stationcode< 20000;Vaisalaradiosondesyvasusedto investicatethe
in uence of the maximumtime differenceAt andmaximumradialdistanced betweenCHAMP and
RS measuremerdn the comparisomresults.At wasvariedbetweenl and3 h, d betweenl00Oand
300km.

Theresultsof thecomparisonsireshovn in Figs. 4.1-4.9. The combination®f At andd andthe
correspondingiumberof CHAMP/RScoincidencesresummarizedn Tah 4.1. Thistablealso
shawvs the biasesandstandardieviationsof therefractvity atthe 100hPa pressurdevel (in the
verticalregion of highestaccurag of GPSRO data,see e.g.,Kursinski et al. [1997]).

Theresultingrefractvity biasis practicallyindependenof theusedcombinationof d andAt. The
standarddeviationis lowestfor d = 100 km with » 0.5%andincreaseso » 0.7%for d = 300 km.
Thereforethe variationof d is moresigni cant to the comparisorresults ratherthenvariationof At.
BecausehebiasbetweenrCHAMP andRS measuremenis practicallynotin uencedby thevarious
combinationf d andAt, acombinationof d = 300 km and At = 3 h waschoserfor the
subsequenvestigationsto getmorestatisticalcon denceby usingmoreextensve datasets.

Beforethe comparisomresultsarediscussedn moredetail,it is noted,thattherefractvity, derived
from the GPSoccultationmeasurementss the moreindependentariableratherthanthe
temperatureTherefractvity canberetrievedwithout "background”j.e., additionalmeteorological
information,e.g.,from ECMWEF. Additional assumptionsnustbe madeto derive thetemperature
(seeChap.3). It is alsonoted,thatdry temperature3, from CHAMP (seeChap.3) arecompared
with the"wet" temperaturd from theradiosondes.

In generaFig. 4.1-4.9look quitesimilar. Therefractvity (middle panel)shavs nearlyno bias
betweerabout600hPa (» 4 km) and30 hPa (» 24 km). Above the 30 hPalevel a positive biasup to
0.5(e.g.,Fig. 4.5)- 0.8% (e.g.,Fig. 4.3)at 10 hPa of the CHAMP refractvitiesin relationto theRS
datais obsenred. Thisrefractvity biasis combinedwith a cold biasof the CHAMP temperatures
relationto theRSdataupto 2 (e.g.,Fig. 4.5)- 2.5K (e.g.,Fig. 4.3)at 10 hPa.

d [km] | At [h] | Coincidences AN (100 hPa)[%)] | ¥an (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

Table 4.1 Numberof coincidence®etweenrCHAMP RO measuremenandradio soundingsover
Europe(May 2001-Septembe2004)andcorrespondingefractvity biasandRMS of CHAMP vs.
RSat100hPa. At is themaximumtime differenceandd the maximumradial distancebetweerthe
correspondingCHAMP andRSpro les.
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Figure 4.1 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity
(middle) pro les with correspondingRS data(CHAMP-RS)over Europefor May 2001-September
2004(At = 1 h;d = 100 km). Theright panelshavs the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).
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Figure 4.2 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgrS data(CHAMP-RS)over Europefor May 2001-October
2004(At = 2 h;d = 100 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

Therefractvity comparisonn thelower tropospherés dominatedoy the appearancef a negative
refractvity biasof the CHAMP measurementis relationto theRSdata.Thisis aknown feature
from several CHAMP validationstudiege.g., Wickert, 2002;Marquardt et al., 2003;Kuo et al.,
2004;Wickert et al., 2004a].1t is discussedn moredetailby Ao et al. [2003]; Beyerle et al.
[2003a,b, 2005]. Cause®f the biasare,besidemulti-pathpropagtion,alsosignaltrackingerrorsof
the GPSrecever aboardCHAMP andcritical refraction,a physicallimitation of the RO technique.
Furtherprogressn reducingthe biasis expectedby the applicationof adwvancedsignaltracking
methodqOpenLoop techniquesee e.g.,[Sokolovskiy, 2001]or [Beyerle et al., 2005])and
improvedsignalstrengthdueto the useof moreadwancedoccultationantennacon guration
(foreseene.g.,for COSMICor MetOp).

Thelower troposphereefractvity biasis arti cially enhancedhere whenusingthe pressureas
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Figure 4.3 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity
(middle) pro les with correspondingRS data(CHAMP-RS)over Europefor May 2001-September
2004(At = 3 h;d = 100 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).
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Figure 4.4 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgRSdata(CHAMP-RS)over Europefor May 2001-September
2004(At = 1 h;d = 200 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

altitudecoordinate Sincethe pressures retrieved by integratingthe air density(which s direct
proportionatto therefractvity in caseof dry air) asmaller asthereal,pressures calculatedn the
presencef "lessthanreal” refractvity (i.e.,theneggative bias). Consequentlyherefractvity
deviationsareassignedo higherthantherealaltitudes whena negative biasexist. Then,alarger
biasastherealoneis assignedo this height. Thisis thereasorfor thelargerrefractvity biasin the
RS comparisongpressurasaltitudecoordinatecomparedo the Figs.4.17-4.22 wherethe
CHAMP datawerecomparedvith meteorologicahnalyzesat geometricahltitudes.

A cold biasof the CHAMP dry temperaturén relationto the RS datais obviousin Figs.4.1-4.9.If
watervaporis presentthedry air assumptiorior the derivationof thetemperaturg¢seeChap.3) is
notvalid. It canbeconcludedrom Eqn.4.1thattemperaturédry temperature)lervedassuming
dry air assumptiormustbe colderthantherealtemperaturén the presence®f watervaporasit can
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Figure 4.5 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity
(middle) pro les with correspondingRS data(CHAMP-RS)over Europefor May 2001-September
2004(At = 2 h;d = 200 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).
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Figure 4.6. Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity
(middle)pro les with correspondindgRS data(CHAMP-RS)over Europefor May 2001-September
2004(At = 3 h; d = 200 km). Theright panelshovs the numberof comparediataperaltitude
(solid line: temperatureglashedine: refractvity).

beobsenedin Figs.4.1-4.9.Thedeviation betweerbothvaluesis ameasurdor the watervapor
partialpressure.

Theonsetof this dry temperatureold biasstartsto beremarkablebelov » 9 km, i.e. the vertical
region whenwatervaporis moreandmorepresenin theatmosphereln contrastherefractvity is
nearlybias-freen relationto the RS datadown to 4-5km. This provesthefact(assuminghatthe
RSrefractvity measuremens accuraten thataltituderegion) thattherefractvity from GPSRO
canbeusedfor precisemonitoringof theatmospheristatewithin thataltitudeinterval, evenin the
presencef watervapor Also RSdatacanbeincorrectat thesealtitudes|e.g.,Leiterer et al., 1997].

Theright panelsof theFigs.4.1-4.9shav the correspondingiumberof comparedataperaltitude.
This numberns decreasingvith height,re ecting thefact,thatmostradiosondeslo notreachthe
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Figure 4.7. Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity
(middle) pro les with correspondingRS data(CHAMP-RS)over Europefor May 2001-September
2004(At = 1 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

10
e
[a
=

2 100
S
7]
]
L
a

1000

-4-20 2 4 =2 0
AT [K] AN [%]

Figure 4.8 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity

(middle)pro les with correspondindgRSdata(CHAMP-RS)over Europefor May 2001-September

2004(At = 2 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

10 hPalevel. In thelower tropospheréhe situationis different. Herethe numberof GPSRO data,
availableperheight,is decreasingvith decreasingltitude. Thisis relatedto the known refractiity
bias,whichis discusse@bove. Oneconsequencef, e.g.,thetrackingproblemsjs, thata signi cant
percentagef thepro les doesnotreachthe lowestpartof thetropospherdgexcluding of lower
tropospherelataby the quality controlparameterderivedfrom the FSli retrieval [Jensen et al.,
2003]).

Thenumberof comparedemperaturelatais largerthanthatof the correspondingefractvities,
because¢hewatervaporvalueswhich areneededo calculatetherefractivity valueswereabsenin
theradiosondelata.Below the heightof the onsetof the negative GPSRO refractvity bias,thereare
slightly morerefractvity data.This canbe explainedby the applicationof the quality criterion,
which eliminatesoutliers(20K deviation). In the presencef muchwatervapor(lower troposphere),

www.dmi.dk/dmi/sr04-09 page 12 of 27



Danish Meteorological Institute
Gl Scientifi c Report 04-09

10
o)
o
=

L 100
=)
o
0
L
a

1000

-4-20 2 4 =2 0 2 0
AT [K] AN [%]

Figure 4.9 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractvity

(middle) pro les with correspondingRS data(CHAMP-RS)over Europefor May 2001-September

2004(At = 3 h; d = 300 km). Theright panelshavs the numberof comparediataperaltitude
(solid line: temperatureglashedine: refractvity).

thedry temperaturérom CHAMP maydeviatefrom the RStemperatureby thesevalues(see
discussiorabore). The percentagef thesepro les increasesvith decreasingltitude. Thisis
re ectedin Figs.4.1-4.9.

4.2.2 CHAMP vs. RS over other regions

Subset®f CHAMP dataweregeneratedo investigatethein uence of differentradiosondeypes
(accordingo variousgeographicategions)to the comparisorresults.The Europearregion
(predominantiseof VaisalaRS)wasalreadystudiedin moredetailin Sec.4.2.1.Here,the
geographicategionsAustralia(WMO code94120-94998)China(50000-60000)the countriesof
theformer Soviet Union (SU, 20000-40000)Ilndia (41500-44000)Japan(47400-48000andU.S.
(70000-75000@reinvesticated.Over theseregionsthe RStypesVaisala,ShanghaiMars/MRZ,
IM-MK3, MeiseiandVIZ/Vaisalaareusedfor the RS measurementseeFig. 2.1). Theresultsof
thecomparisonsireshovn in Figs.4.10-4.15a combinationof d = 300 km andAt = 3 h wasused.
FortheU.S.regionit is dif cult toidentify thetypeof theusedRSif only the WMO codeis usedfor
identi cation. For the WMO code70000-7500@herearepredominantlytwo typesof RS:VIZ and
Vaisala.Neverthelessfor eachof the otherregionsexist only onepredominantlyusedRStype.

To verify, thatthe expecteddifferencesn the comparisonsvith the RS over thevariousgeographical
regionsarenot dueto differentmeteorologicatonditions the samedatasetswerealsocompared
with ECMWF (seeChap.4.2.3).

Tah 4.2 overviews the datasetsfor the RSandECMWIF comparisongor differentgeographical
regions. It is noted,thatthe numberof the CHAMP datacomparedvith ECMWF canbelower as
for thosewith RS.In quitefrequentcasesnorethanoneRS meetsthe CHAMP sounding gspecially
if thereis a high areadensityof RS stationsn theinvestigatedgeographicategion, as,e.g.,at
Europe Chinaor U.S..

A problemof the RS datais theirincompletecoverageof thealtituderangeup to 30 km dueto
balloonor sensomproblems E.g.,it is oftenobseredthathumidity datafor higheraltitudesarenot
available(seealsoTah 4.3). However thesedataarerequiredto calculatetherefractvity from the
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RSdata(seeEqn.4.1). Consequentlyhe numberof comparisongor therefractvity N and
temperaturd canbedifferent. Thisis illustratedin theright panelsof Figs. 4.10-4.15wherethe
numberof comparediatavs. altitudeis plottedfor therefractvity andtemperaturerespectiely. It
is noted,thatthe useddatasetsof temperatur@ndrefractvity may shaow slightly differentstatistical
behaior while comparingwith the RS data(the numberof refractvity andtemperaturelatais not
thesame seetheright panelsof Figs. 4.10-4.15).This mayleadto slightdiscrepanciesyhenthe
resultsof therefractvity andtemperatureomparisorof eachof the Figs. 4.10-4.15areexamined
for consisteng.

Theverticalcoveragewith humidity datawasworsefor IndiaandJapanseeTah 4.4). For that
reasortherelatve humidity wassetfor thesetwo datasetsto 0 above altitudesequivalentto the
300hPalevel. Thetemperaturattheseheightsis belov » 40°C, on rst orderthe humidity thencan
be ngglecteddueto the exponentiallydecreasingvatervaporsaturatiorpressurevith altitude.

All datasetsshav the characteristidower troposphereefractivity biasof the CHAMP data,which
wasdiscussedn detailalreadyin Sec.4.2.1.Thecomparisorof thedry temperaturérom CHAMP
with theRStemperaturdeadsto a cold biasof the CHAMP in relationto the RS datawhenwater
vaporis presenin theatmosphereThe magnitudeof this biasis a measurdor the watervapor
contentitself. This biascanbeeliminated,f additionaldataareincludedto theretrieval to solve for
theambiguityof dry andwettermto therefractvity in Eqn.4.1. Severalmethodsarein useto derve
temperaturandwatervaporpro les in thelower troposphereOnemayassumehe "background"
temperaturée.g.,ECMWF) asthetruth andcalculatewatervaporpro les usingiterative [e.g.,
Gorbunov and Sokolovskiy, 1993]or direct[e.g.,Heise et al., 2005] methods.Temperatureand
watervaporalsocanbe estimatedapplying1Dvar techniquegakinginto accountheerror

Region No.vs.RS | No. vs. ECMWF
Australia 813 756
China 2344 1186
Europe 5153 2946
FormerSuU 3093 2556
India 552 401
Japan 586 331

U.S. 5694 4372

Table 4.2 Numberof pro les for theRSandECMWF comparison®ver differentgeographical
regions(At = 3 h; d = 300 km).

Region Prof. | 100hPa[%] | 100hPayvp[%] | 20hPa[%] | 10 hPay 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
uU.S. 5694 97.17 95.99 72.84 71.39

www.dmi.dk/dmi/sr04-09

Table 4.3 Dataavailability for RSpro les atthe 100and10 hPa pressurdevelsdependingpnthe
investicgatedgeographicategion (At = 3 h; d = 300 km in relationto CHAMP soundings).
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Figure 4.10 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindRS data(CHAMP-RS)over Australiafor May 2001-September
2004(At = 3 h;d = 300 km). Theright panelshovs the numberof comparedataperaltitude

(solid line: temperatureglashedine: refractvity).
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Figure4.11 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgRSdata(CHAMP-RS)over Chinafor May 2001-September
2004(At = 3 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

characteristicef measuremerdndthe backgroundiatae.g.,Healy and Eyre, 2000]. A problemof
the 1Dvar techniquess non-satishctorily knowledgeof precisemeasuremerandbackground
(meteorologicahnalyzeskrrors.For thatreasorthe wet-dryambiguitywasnot solvedfor. The
focusof this studyarealtitudesabore 5-8 km, wherethewatervaporin uence is small.

Bestagreemenof CHAMP andRS datais obsenedover Australia(Vaisala,Fig. 4.10),Europe
(VaisalaFig. 4.9),JapanMeisei,Fig. 4.14)andthe U.S. (VIZ/VaisalaFig. 4.15). Therefractvity
of CHAMP is nearlybiasfreein relationto the RS dataabove » 500hPaupto 10 hPafor these
regions. Standardieviationslessthan1% at 100 hPaand» 1.5%at 10 hPaareobsened (seeTabs.
4.4and4.5). Herebythe comparisoroverthe U.S. shavs nearlyperfectagreemenge.g.,0.03%at
100hPa) for a setof nearly6000pro les; aremarkablaesult.It is notedthatthe CHAMP dataare
of highestaccurag in this verticalregion[e.g.,Kursinski et al., 1997]. Smallbiasesareobsenedfor
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Figure4.12 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgRS data(CHAMP-RS)over the countriesof theformer SU for
May 2001-Septembez004 (At = 3 h; d = 300 km). Theright panelshavs the numberof
comparediataperaltitude(solid line: temperatureglashedine: refractvity).
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Figure 4.13 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgRS data(CHAMP-RS)over India for May 2001-September
2004(At = 3 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

Europe(0.13%),Australia(0.35%)andJapanwatervaporwassetto 0 abose 300hPa; 0.22%).The
majordifferenceof the U.S. datasetin relationto the otherswith goodagreemenis the nearly
completevertical coveragewith watervapordata.The,in part,lack of themover the otherregionsis
anindicationof problemsn thewatervapormeasurementsf the RS at thesealtitudes which may
causehe smallrefractvity biasedn relationto the CHAMP data.Whenbiasesareobseredat
100hPa(e.g.,Australiaor Europe)they arepositve,i.e. CHAMP refractvities areslightly larger
thanthe RSdata.A reasorfor this canbeanunderestimationf therealwatervaporvaluesby the
RSdata(Vaisalafor EuropeandAustralia).

For China(ShanghasondeFig. 4.11)andtheformerSU (Mars/MRZ,Fig. 4.12)lessperfect
agreemenis found. Themaindifferenceto the above discussedegionsis theappearancef alarge
biasat higheraltitudes(-3.58%formerSU, -5.60%Chinaat 10 hPa) which is connectedvith higher

www.dmi.dk/dmi/sr04-09 page 16 of 27



Danish Meteorological Institute
Gl Scientifi c Report 04-09

10
=)
a
= R
O 100 frd-Yerbends
> L
[7)]
n
o
a
10000 L 1 e g : ! :
-4 -2 0 2 4 -4 -2 0 2 4 0 300 600
AT [K] AN [%] Data

Figure 4.14 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondindgRS data(CHAMP-RS)over Japarfor May 2001-September
2004(At = 3 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).
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Figure 4.15 Comparisor(BiasandRMS) of CHAMP dry temperaturéleft panel)andrefractiity
(middle)pro les with correspondingRSdata(CHAMP-RS)overthe U.S.for May 2001-September
2004(At = 3 h;d = 300 km). Theright panelshons the numberof comparedataperaltitude
(solid line: temperatureglashedine: refractvity).

standardieviations(4.55%former SU, 6.09%Chinaat 10 hPa) comparedo the above discussed
regionswith goodagreementProblemsn theRSmeasuremeni{Mars/MRZandShanghaiprevery
likely thereasorfor thesedeviations. Inaccurateadiationcorrection[Luers and Eskridge, 1998]or
asystematierrorin the pressuraleterminatiorof the RS arepossiblereasongor theseproblems.

It is noted thatthe GPSRO dataat» 10 hPa canbein uencedby residualerrorsdueto imperfect
lonosphericorrectionapplyingthe bendinganglecorrectionby Vorob’ev and Krasil’nikova [1994].
Raytracingsimulationsusingsphericasymmetricrefractvity distributionsby Wickert [2002]
indicatethattheseerrorscanbeontheorderof » 1 K (» 0.3%refractvity equivalent)for daytime
duringmaximumof solaractvity (SolarMax,worstcase).CHAMP measurementsuring2001and
2002wererecordedunderSolarMaxconditions.However the magnitudeof the obsereddifferences
betweerthe CHAMP andRSdatais largerthanthis value. Thereforethedeviationsat 10 hPa are
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Region No.(N) | No.(T) | AN[%] | ¥an[%] | AT[K] | ¥a7[K]
Australia 112 797 0.35 1.02 -0.35 2.64
China 507 2219 0.16 0.85 -0.45 | 252
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

Table 4.4 Comparisorof CHAMP refractvity anddry temperaturelatawith RSat 100hPa over
differentgeographicategions(At = 3 h; d = 300 km). n.a.indicatesnot availablehumidity dataat
all. The humidity thenwassetto 0. abose 300hPato comparehe numberof therefractivity data(in
braclets)with CHAMP. For detailsseetext.

Region No.(N) | No.(T) | ANJ[%] | ¥an[%] | ATIK] | ¥aT[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
FormerSuU 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

Table 4.5: Comparisorof CHAMP refractvity anddry temperatur@atawith RSat 10 hPa over
differentgeographicategions(At = 3 h; d = 300 km). n.a.indicatesnot availablehumidity dataat
all. The humidity thenwassetto 0. abose 300hPato comparehe numberof therefractvity data(in
braclets)with CHAMP. For detailsseetext.

probablycausedy incorrectRS measurements.

ThelM-MK3 RS,usedfor soundingover India, shavs worstresultscomparedo the other
geographicategions.Betweern500and150 hPatheseresultsarestill satisactorily (nearlyno
refractvity biasin relationto CHAMP, 2 % standardieviation), but above 150hPalargebiaseqe.g.,
» 2.5%at 70 hPaor-3.82%at 10 hPa) areobsenred,connectedvith large standardleviationsof » 3
and7.48%,respectiely (seeTabs.4.4,4.5andFig. 4.13). Thisindicatesseriousproblemsof the
usedsensorgor theIM-MK3 sondeat altitudesabose 150 hPa.

Thediscussiorof the comparisomresultsis focusedo therefractvity, becauset is theindependent
obsenable,whichis dervedfrom GPSoccultationmeasurementd.o derive temperatur@andwater
vaporpro les additionalassumptionand/oradditionalmeteorologicatiataarenecessarysee
discussiorabove). However Figs. 4.10-4.22indicate thatthe dry temperatureglerivedfrom the
CHAMP RO datacanbeusedabore » 300hPain goodapproximatiorasthe absoluteéemperature
upto 10 hPa.

Tabs.4.4and4.5 summarizeéhe comparisorresultsat the pressurdevels 100and10 hPa,
respectrely. As alreadydiscusse@bove andascanbeseenn Figs. 4.10-4.15hecomparison
resultsfor differentgeographicategionsarenearlyequvalentfor someof them,but canbe
signi cantly different,dependingnthetype of theusedradiosonde.
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Figure4.16 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle)pro les with correspondingcCMWF data(CHAMP-ECMWF)over Europefor May
2001-Septembe2004 (At = 3 h; d = 300 km; 2946pro les).

\

35

30|

N
w

20|

Altitude [km]

_

3 -5 0 5 0 400 800
AN [%] AT [K] Data points

Figure4.17. Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle)pro les with correspondingcCMWF data(CHAMP-ECMWF)over Australiafor May
2001-Septembe2004 (At = 3 h; d = 300 km; 756 pro les).
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Figure4.18 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle)pro les with correspondingcCMWF data(CHAMP-ECMWF) over Chinafor May
2001-Septembe2004 (At = 3 h;d = 300 km; 1186pro les).

4.2.3 CHAMP vs. ECMWF

The CHAMP pro les for thecomparisorwith the RSdata(At=3 h; d=300km), arealsocompared
with meteorologicalnalyzegprovidedby ECMWE Thisis doneto ensurehatthe obsened
differencesn thecomparisonsvith the RSdata(Figs. 4.10-4.15)renot causedy different
meteorologicatonditionsover theinvestigatedregions.
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Figure 4.19 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle)pro les with correspondingcCMWF data(CHAMP-ECMWF)over the countriesof the
former Soviet Union for May 2001-Septembe2004(At = 3 h; d = 300 km; 2556pro les).
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Figure 4.20 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle)pro les with correspondingcCMWF data(CHAMP-ECMWF) over Indiafor May
2001-Septembez004 (At = 3 h; d = 300 km; 401 pro les).

35

30|

N
w

Altitude [km]

20| -
0 /( /
0 200 400

AN [%] AT [K] Doto points

I
W
o
W

{
(o))
o
w

Figure 4.21 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle) pro les with correspondingcCMWF data(CHAMP-ECMWF)over Japarfor May
2001-Septembe2004 (At = 3 h; d = 300 km; 331pro les).

Linearinterpolationin time is performedbetweerthe 6 h analyzeselds. Refractvity dataaretaken
from the grid point nearesto the occultation(0:5° @ 0:5°resolutionin latitude/longitudegaussian
grid). Themaximumdistanceo this grid pointis then» 20-25km (Equatormregion). The
comparisons performedat the 60 ECMWF modellevelsrangingfrom the groundsurfaceup to

0.1 hPa (about60 km altitude). Verticalspacingof the modelgrid pointsincrease$rom about200m

www.dmi.dk/dmi/sr04-09 page 20 of 27



ki Danish Meteorological Institute
Gl Scientifi c Report 04-09

35

30|

N
w

20|

Altitude [km]

/

0 y _/ : : : :
-3 [¢] 3 -5 [¢] 5 0 2500 5000
AN [%] AT [K] Dato points

Figure 4.22 Comparisor(BiasandRMS) of CHAMP refractvity (left panel)anddry temperature
(middle) pro les with correspondingcCMWF data(CHAMP-ECMWF)overtheU.S.for May
2001-Septembe2004 (At = 3 h;d = 300 km; 4372pro les).

at1 km altitudeto about700m at 10 km. Therefractvity from theanalysisdatawascalculated
accordingo Egn.4.1. Themodeldatathenareinterpolatedo the 200 m verticalaltitudegrid of the
CHAMP occultationdata. Theformulasfor the calculationof meanandstandardieviation of
temperatur@andrefractvity areequvalentto Eqns.4.2-4.5.

In contrasto theradiosondeomparisongSec.4.2.1)the CHAMP dataarecomparedvith the
analyzesatgeometricahltitudes,.e. the geopotentiaheights givenfor eachE CMWF pressure
level, arecorvertedto geometricaheights.A secondmajor, differencein relationto the RS
comparisonss theuseof dry temperaturesotonly for the CHAMP data.For thatpurposethe
ECMWEFtemperaturesereconvertedto ECMWEF dry temperaturessingthe humidity datafrom
theanalyzesandthe Smith-Weintraubformula (Eqn. 4.1). Sincehumidity dataareavailablefor each
ECMWEF altitudelevel, therefractvity alwayscanbe calculatecandcomparedvith CHAMP data.
Consequentlyhetemperatur@andrefractvity comparisongFigs. 4.16-4.22)arebasednthesame
datapairs,in contrasto the RS comparisongFig. 4.10-4.15).The numberof comparedefractvity
andtemperatur@latavs. altitudeis indicatedin theright panelof the Figs.4.16-4.22.

Only CHAMP pro les with coincidencingRS datawerecomparedvith ECMWE, but for each
subsetAustralia,China,Europe India, Japangcountriesof theformer SU andU.S.). The numberof
comparedro les, is lower thanfor the RS comparisonge.g.,2946vs. 5153for Europe)since
severalcoincidencesvith RSmeasurementsiay exist for oneandthe sameCHAMP occultation.

Theresultsof thecomparisonsareshavn in Figs.4.16-4.22 Tah 4.6 and4.7 summarizeheresults
at10and30km, respectrely. As expectedtheresultsarevery similar. Thisindicatesthat
differencespbsenedin thecomparisonsvith the RS dataover differentgeographicategions(Figs.
4.10-4.15)really canbeattributedto thedifferenttypesof RS.However slightly differencesare
obseredin thecomparisonsvith ECMWFE

At rst thegenerafeaturesof Figs.4.16-4.22arediscussedBoth, refractvity anddry temperature
agreevery well between» 5 and30 km. Below » 5 km a similar negative refractiity biasof the
CHAMP measurements relationto theanalyzess obseredasin the RScomparisongsee
discussionn Sec.4.2.1and4.2.2).Thebiasis largestfor Australia,India, andJaparwith about
1.5%nearthe Earth's surface.Slightly lessvaluesareobseredfor otherregions,e.g.,theformerSuU
with » 1%. Thealtituderange wherethis biasappearsyarieswith the geographicategion. It is

» 5 km for IndiaandChinaandless,upto 2.5km, for the otherregions. Thisis in goodagreement
with thefact,thatthe biasis mostpronouncedn wetregions.More detailson the characteristicand
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reason®f this refractvity biasaregivenby Ao et al. [2003]; Beyerle et al. [2003a,b, 2005].

Thereis nearlyno biasbetweerthe CHAMP measurementndtheanalyzesipto 30 km. Best
agreemenis obseredfor Australia(Fig. 4.17). The comparisorover India (Fig. 4.20) shavs worst
results(upto » -0.6%bias)atthesealtitudes.A detaileddiscussiorof the deviationsis beyondthe
scopeof the studyhere.Biasescanbe causedy the RO aswell astheanalyzesAbove 30 km there
is atendeny for a positive biasof the CHAMP datain relationto ECMWF up to » 0.4%at 35 km
for China(Fig. 4.18). The standardieviationsfall within the0.7-1.5%range.

Thebehaior of thedry temperatureleviationscorrespondsvith thoseof therefractvity. For the
lower troposphera positive biasof the CHAMP dry temperaturén relationto ECMWF is obsered,
which correlateswvith the negative refractvity biasdescribedabore. Above 30 km a slight negative
bias(upto » 1 K for Chinaor Australia,Figs.4.18and4.17)of the CHAMP datain relationto the
analyzesanbeobsenred. Between» 5 and30 km thedry temperatureomparisonsevealnearlyno
biasbetweerCHAMP andECMWFE

Eventhoughthe agreemenof the CHAMP datawith ECMWF is nearlyexcellent,slight differences
areobsered,asdiscussedbove. Tabs.4.6 and4.7 give asummaryof biasesandstandard
deviationsbetweerthe RO andanalyzesiataat 10 and30 km.

At 10 km (within thealtituderegion of the highestaccurag of the CHAMP data[Kursinski et al.,
1997])for all investicatedregionsa slight positive biasof the CHAMP datain relationto ECMWF
(0.07-0.17/) is obseredto bevery similar for all regions. The standardieviation is lessfor
Australia,EuropeandU.S.. At theseregionsVaisalaRS (at U.S.togethemwith V1Z) dataof high
quality areusedasbackbondor the ECMWF dataassimilatiorandprobablyleadto betterquality of

Region Number| AN[%] | ¥an[%] | ATIK] | ¥a7[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

Table 4.6. Comparisorof CHAMP refractvity anddry temperaturelataat 10 km with ECMWF
(At = 3 h;d = 300 km).

Region Number| AN[%] | ¥an[%] | ATIK] | ¥aT[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

Table 4.7. Comparisorof CHAMP refractvity anddry temperaturelataat 30 km with ECMWF
(At = 3 h;d = 300 km).
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theanalyzesThedry temperatur@f CHAMP exhibit a slight cold biasin relationto theanalyses
(-0.05..-0.5%K). Onepossibleexplanationfor this couldbethe betterverticalresolutionof the
tropopausdy the CHAMP datain relationto ECMWE This leadsleadto a cold biasin relationto
theanalyzesas rst discussedby Rocken et al. [1997]for comparison®f GPS/METoccultation
measurementsith meteorologicabnalyzesrom NCEP (NationalCenterdor Environmental
Prediction).

ThebiaseshetweenrCHAMP andECMWEF dataat 30 km exhibit morevariability andrangesrom
-0.14(formerSU) to 0.64%(India), the standardieviation from 0.96 (U.S.)to 1.23%(formerSU).
Thedry temperaturdiasrangedrom -0.76to 0.19K, the standardleviation from 2.05to 2.59K
(seeTah 4.7).

To discussandinterpretthe comparisomresultsat thesealtitudesmoredetailedinvesticgationsare
neededyhich arebeyondthe scopeof this study At thesealtitudesthe accurag of theanalyzess
lessaccuratecomparedo lower altitudes but alsothe error potentialof the GPSmeasuremenis
higheras,e.g.,at 10 km [Kursinski et al., 1997].

5 Summary and conclusions

GPSradiooccultationmeasurementsom the GermanCHAMP satellitebetweer?001and2004
werecomparedvith radiosondelataandmeteorologicalnalyzesrom ECMWE A setof 162,461
verticalrefractvity anddry temperaturgro les from CHAMP wasusedfor this study

For occultationsover Europe(Vaisalaradiosondesthe maximumdistanced andmaximumtime
differenceAt betweerRSandRO measuremenwvasvariedfrom 100to 300km and1to 3 h,
respectrely. It wasshavn thattheresultingbiasis practicallyindependendf the usedcombination
of d andAt. In contrasthe standardieviation is lowestfor d = 100 km with » 0:5% andincreases
to» 0:7% for d = 300 km. Thevariationof d is moresigni cant to thecomparisorresultsrather
thenvariationof At. ThebiasbetweerCHAMP andRS measurements practicallynotin uenced
by the variouscombinationf d and At. For thatreasoracombinationAt = 3 h andd = 300 km
wasusedfor the subsequernitvestigationsto getmorestatisticalcon denceby usingmoreextensve
datasetsfor thecomparisons.

CHAMP andRSdatawerecomparecver differentgeographicategions(Australia,China,Europe,
countriesof theformer SU, India, JapanandU.S.),wheredifferenttypesof radiosondesgrein use.
Theresultsof thesenvestigationsshowv similarities,but alsosigni cant differencesgdependingn
the RStype usedfor theaccordingcomparisonThe,in partconsiderablelack of relatve humidity
datain the highertroposphereandat altitudesabove, indicatesseriousproblemsn the watervapor
measurementsf theradiosondes.

Bestagreemenwith CHAMP betweerb00and10 hPalevel is obseredover Australia,Europe,
JaparandU.S. (Vaisala,VIZ, Meisei)with nearlyno biasandstandardieviationslessthan1% at
100hPaand» 1.5%at 10 hPa. Nearly perfectis theagreemensdver U.S. (VIZ/Vaisala)atthese
altitudese.g.,at 100hPa a biasof 0.03%is obsered. Theslightly higherbiasover Australia(e.qg.,
0.35%at 100hPa) or Europe(e.g.,0.13%at 100hPa) is probablyrelatedto incorrectwatervapor
measurementsf theRS.

Lessperfectagreemenis obseredfor China(ShanghaRS)andthe countriesof theformerSU
(Mars/MRZRS).Up to pressurdevelsof » 40 hPathe comparisomresultsarecomparable¢o those
of, e.g.,Europeor U.S.,howvever at upperaltitudeslarge biasesareobsenred (-3.58%former SU,
-5.60%Chinaat 10 hPa) which areconnectedvith higherstandardieviations(4.55%former SU,
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6.09%Chinaat 10 hPa). This is relatedto possibleproblemsn theradiationcorrectionand/or
signi cant imperfectpressuraneasurementst thesealtitudesfor Mars/MRZandShanghaRS,
respectrely.

Thecomparisorof the CHAMP datawith theIndianIM-MK3 radiosondeshavs worstresultsof the
study Above 150hPasigni cant largerbiasesandstandardleviationscomparedo otherregionsare
obsened,indicatingseriousproblemsof the IM-MK3 radiosondeatthesealtitudes.

In generakttheupperaltitudes(e.g.,at 10 hPa), alsofor theregionswith betteragreemenbetween
RSandCHAMP RO, theaccordancéetweerthe differentregionsis slightly worseandthe
deviationsshaw differentbehaior (e.g.,biasfor U.S.-0.51%,for Europe+0.65%).Thisis also
relatedto the RS data,ratherthenthe CHAMP measurementgut mustbeinvestigatedin more
detailwithin future studies.

Thediscussiorof thecomparisorresultsis focusedo therefractvity, becausét is theindependent
obsenrable,whichis dervedfrom GPSoccultationmeasurements\dditional assumptionand/or
additionalmeteorologicatlataarenecessaryo derive temperatur@andwatervaporpro les.
However it wasshawn, thatthedry temperatureglervedfrom the CHAMP RO datacanbeused
above » 300hPain goodapproximatiorasthe absolutg“wet*) temperatureip to 10 hPa.

Thesubsetof CHAMP measurementsver the differentgeographicategionswerealsocompared
with ECMWEF to verify the RSresults.Thedeviations,foundin thesecomparisonsarevery similar
for every investicatedregion. This indicateshatthe obseneddifferencesn theradiosonde
comparisonsrecausedy thevarioustypesof theusedRS andnot by differentmeteorological
conditionsover theinvestigatedregions.

This studyis aninitial investigationof severalaspectsvhencomparingRS datawith CHAMP
occultationslt is plannedo extendthis kind of studiesandto investigatein moredetail,e.g.,the
deviations,obseredathigheraltitudese.g.,at» 10 hPa.

In generait canbeconcludedhatGPSradiooccultationdatafrom CHAMP areavaluablesourceto
revealweaknessesf radiosondaneasurements.
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