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Abstract

Application of the GPS derived water vapourinto Numerical WeatherPrediction(NWP)
modelsis one of the focusesof the COST Action 716. For this purposethe GPS data
covering Europehave beencollectedwithin the Near- Real Time (NRT) demonstratiorproject
and provided for ObservingSystemExperimentg OSE). For the experimentspresentedn this
manuscripthe operationaNWP systemof MeteoSwisss used.Thelimited areanonhydrostatic
alLpineModel (aLMo) of MeteoSwissaversmostof westernEurope hasa horizontalresolution
of 7 km, 45 layersin the vertical, andusea dataassimilationschemebasedon the Newtonian
relaxation(nudging)method. In total 17 daysanalysesandtwo 30 hoursdaily forecastshave
beencomputedwith 100 GPSsitesassimilatedor threeselectecperiodsin autumn2001,winter
andsummer2002.

The NRT dataquality hasbeencomparedwith the Post- Processediata. Agreementwithin 3

mm level Zenith Total Delay biasand8 mm standarddeviation wasfound, correspondingo an

IntegratedwWaterVapour(IWV) biasbelov 0.5kg/m?2. Mostof theNRT dataover aLMo domain
are available within prescribedl h 45 time window. In the nudgingprocesshe NRT dataare
successfullyusedby the modelto correctthe IWV deficienciegpresenin thereferenceanalysis;
strongerforcing with a shortertime scalecould be howvever recommendedComparingthe GPS
derived IWV with radiosondebserations,a dry radiosondéiashasbeenfound over northern
Italy.

The GPSIWV impacton aLMo is large in June2002, moderatdn SeptembeR001andminor

in January2002 ObservingSystemExperiment(OSE). JanuaryOSE is inconclusve due to

inconsistenuuseof the humidity correctionscheme.In JuneOSE a substantial WV impactis

seenup to the end of the forecast. Over Switzerlandthe dry biasin the referenceanalysishas

beensuccessfullycorrectedandthe 2m temperatureanddewn point have beenslightly improved
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over thewhole aLMo domain. The subjectve verificationof precipitationagainstradardatain

autumn2001andsummer2002givesmixedresults.In theforecastheimpactis limited to thefirst
six hoursandto strongprecipitationevents. A missingprecipitationpatternhasbeenrecovered
via GPSassimilationin June20 2002forecast. A negative impacton precipitationanalysison

June23 hasbeenobsered.

The future operationaluse of GPSwill dependon dataavailability; europeanGPS networks
belongmainly to thegeodeticcommunity A furtherincreaseof GPSnetwork densityin southern
Europeis welcome.The GPSderived gradientand SlantPath estimatesould possiblyimprove

efficiengy of IWV assimilatiornvia the nudgingtechnique.



1. Introduction

The last decadebroughtin operationalNumericalWeatherPrediction(NWP) a new generatiornof
nonhydrostatianeso- v scalemodels. They run with a horizontalresolutionbelov 10 km (mesh
size)andareaimedto betterresole storm- scalephenomenagomplex topographyandto provide
reliableshortrangeforecastupto 2 or 3 days.

For the needsof high resolutionNWP modelsa further extensionof the existing Meteorological
Observing Systemwill be necessaty In particular Bettems (2002) reported that additional
informationaboutlocal structuresn the humidity field will be needed.Somepromisingcandidates
arethe weatherradarand lidar networks. In the last decadet was expectedthat satellite- borne
instrumentdik e SpecialSensoMicrowave/Image(SSM/I)andAdvancedVicrowave SoundingJnit
(AMSU) would deliverwatervapourinformationwith thehightemporalndspatialresolutiomneeded
for the NWP models.However, the satelliteretrievals are oftenlimited to the oceanregionsandthe
footprint of about50 km is too coarsefor high - resolutionmesoscalenodels;dueto the frequeny
emplogyed the satellite instrumentsare also disturbedby rain. MODIS, the ModerateResolution
ImagingSpectroradiometehasa spatialresolutionof 1 km but a poortemporalresolution.e. daily
averagedwvatervapourproducts.Anothersourceof watervapourinformationarethe ground- based
networksof GlobalPositioningSystem(GPS)recevers,currentlyoperatedor geophysicapurposes.
With improvementsof the GPSaccurag, i.e. improved mappingfunctionsandantenngphasecentre
models(Haaseet al., 2002), it is possibleto obtainreliable information of the atmosphericsignal
delayin the zenith direction (ZTD). In 1992 Mike Bevis (Bevis et al., 1992) proposedo usethe
ground-base&PSfor retrieving the watervapourcontentof the atmosphereln the following years
several publicationsinvestigatedhe accurag of GPSin comparisorwith the corventionalsources
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of water vapourinformation like ,radiosondesand water vapourradiometersand in comparison
with uncorventional oneslike sunphotometersunspectrometeand VLBI (Very Long Baseline
Interferometer).The findings,assummarisedn Haaseet al. (2002),confirmthe accurag of GPS
derived IntegratedWaterVapour(IWV) in therangeof 1 kg/m?, i.e. the samelevel of accuray as
thecorventionalobserations.

Thevalidationof mesoscal®WP modelsusingGPSis presentedn Cucurulletal. (2000),Kopken

(2001),Haaseet al. (2002), Tomassiniet al. (2002)and Guerwa et al. (2003). Tomassiniet al.

(2002)studiedthediurnallWV cycle from GPSandLM over Germary in summer2000. They found

asystematidWV underestimatiorhigherthanl kg/m?, in themodelanalysisfor thehoursbetween
06and18 UTC. TheHIRLAM modelhasbeenvalidatedfor thewesternMediterraneamrea(Haase
etal., 2002). An IWV biasof 0.5 kg/m? andstandardieviation of 3 kg/m? is reportedaswell asa

latitudedependencef the standardieviation. Thevalidationstudiesagreethata denseGP Snetwork

providesavaluableadditionalinformationfor NWP models.

Assimilationexperimentsvith GPSIWV arereportedn severalpublications:Kuoetal. (1996),Guo

etal. (2000),Smithetal. (2000),De PondecandZou (2001),Vedeletal. (2002),Falvey andBeavan

(2002), Tomassinietal. (2002),Gutmanetal. (2003)andNakamureetal. (2003). The GPSimpact
is mainly evaluatedby analysingthe modelprecipitationskills. The resultspoint towardsan overall

neutralimpactwhenassimilatingGPS.However, during active weatherphaseshe GPSis reported
to have apositive influenceon thelocationof thefront boundariesanda continuousmprovementof

precipitationforecastskills hasbeenobtainedn a five yearassimilationperiodin the USA (Gutman
etal., 2003). Falvey andBeavan (2002)and Tomassiniet al. (2002)usea nudgingschemewhich

malestheir resultsof particularinterestfor the study presentechere. Falvey and Beavan (2002)

reportthatcontinuousGPSassimilationmprovedthe upwindtotal rainfall to 1 % significancdevel
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only. They alsodiscussonecasewherethe humidity profile adjustmentieterioratedhe precipitation
structurethe reasonwvasthe proportionalmoistureremoval from all modellevelsbasedon the GPS
obsenation. In Tomassiniet al. (2002)a mixed impacton precipitationanalysisis reportedfor a
severeweathercase.

In Europethe work on possibleapplicationof ground- basedGPSin operationalmeteorologywas
startedwith the MAGIC project. An extensve overviev aboutMAGIC is givenin Haaseet al.
(2002).In 1999the COSTAction 716 Exploitation of groundbasedGP Sfor climateandnumerical
weatherpredictionapplication”followed (Elgered,2001). The Swisscontritutionto COST716was
establisheasacollaboratiorbetweerthreelnstitutesnamely the SwissFederalDffice of Topography
(Swisstopo) the FederalOffice of Meteorologyand Climatology (MeteoSwissyandthe Institute of
Applied Physicsat the University of Bern (Brockmannetal. 2002). Thefirst goalin evaluatingthe
potentialof GPSfor meteorologicapurposeswasthe verificationof the operationaNWP models
againstGPSdatafrom the AutomatedGPSNetwork of Switzerland AGNES),reportedn Guerwaet
al. (2003a).Thesecondyoal, evaluatingtheimpactof GPSdatain the NWP systemof MeteoSwiss,
wasinitiatedin 2001. A first GPSassimilatiorexperimentvascalculatedor two weeksof September
2001. The precipitationverificationover Switzerlandshavs improvementsof the scoresaswell as
an improved diurnal precipitationcycle. In additionwe found out that the typical horizontalscale
for spreadingof the obsenation incrementsvastoo large, particularlyin presencef strongwater
vapourgradientsto avoid this problemthecorrespondingnodelparametewasmodified. Theresults
obtainedn thisfirst experiment{Guerwaetal., 2003b)have beenconsidere@ncouragingandthree
new ObservingSystemExperimentgOSE)have beencalculatedn 2002.

This manuscriptreportsthe resultsof thosethree OSEs. In section2 the mesoscalenodel of

MeteoSwisss describedThe COST716 Near- RealTime (NRT) demonstratiomprojectis outlined



in section3. Sectiord reportsthe OSEset- up. Theresultsarediscusseth section5 andsummarised

in sectionb.

2. Theoperational NWP system at M eteoSwiss

a. Theal pineModel - on overview

Since April 2001 a nonhydrostaticmesoscalemodel namedalpine Model (aLMo) is usedfor

operationaNWP at MeteoSwissALMo is the Swissconfigurationof the COSMO(COnsortiumfor

Small-ScaleMOdelling) limited areamodel(Domset al. 2001)developedby the NationalWeather
Servicesof SwitzerlandJtaly, Polandand Greeceunderthe leadof the NationalWeatherServiceof

Germary (DWD). The Swissimplementatiorof the modelhasa horizontalresolutionof about7 km,

andthedomainextendsfrom 35.11N -9.33E to 57.03N 23.42E (figure 1), coveringmostof western
Europe.A terrainfollowing verticalcoordinatesystems usedwith 45 verticallayersandabout100
m verticalresolutionin thelowest2 km of theatmospheréBettems2002),andatop level at 20 hPa.

A filtered orographywasintroducedto producemorerealisticprecipitationfields. Lateralboundary
conditionsareassimilatedollowing Davies (1976). The aLMo prognosticvariablesare: horizontal
andvertical Cartesianwind componentstemperatureperturbationpressurespecifichumidity and
cloudwatercontent.

The aLMo parameterizatioschemedake into accounta variety of physicalprocessesike: grid-

scalecloudsand precipitation,subgrid-scalelouds, moist corvection, radiation,vertical diffusion,
boundarylayerandsoil processesThe subgrid-scaleloudinesss a combinationof cloudinesslue
to corvective processesnd cloudinessdescribedas an empirical function dependingon relatve
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humidity and height. The grid scalecloudsare describedvia cloud water saturationadjustment.
For precipitationformationa Kesslertype bulk parameterizatioschemas used,andfour cateyories
of watersubstanceare considerednamely: watervapour cloud water rain andsnav. The aLMo
hydrologicalcycle andmicrophysicalprocesseare presentedn figure 2. As seenfrom figure 2 the
cloudice phases ngylected,assuminga fasttransformatiorfrom cloud waterto snav. A cloudice

schemehasbeendeveloped(Doms,2002)but wasnot yet testedat thetime of theexperiments.

b. Thedataassmilation scheme

The aLMo dataassimilationis basedon Newtonianrelaxation(or nudging)schemgSchraf, 1997);
themodel’s prognosticvariablesarerelaxedtowardsprescribedraluewithin afixedtime window. In
aLMo therelaxationis performedowardsdirectobsenations.For example,the prognosticequation
for the specifichumidity - ¢ andfor a singleobsenationhasthefollowing form:

0
aQ(t) = Q(qa u,v, t) + Gq-Wq-[QObs - Qmod]a (1)

whereQ denoteshe model physicsand dynamics,q.s and g,,.q arethe obsered andthe model
specifichumidity, G, = 6.10 *s ! is the coeficient definingtherelaxationscaleand W, consistsof
spatialandtemporalweightsandof a quality factor The secondermin equation(1) is the nudging
termandthepart[g.»s — gmoq] IS Calledtheobsenationincrement For thehorizontalspreadingf the

obsenationincrementanautorgressve weightfunctionis used:
Wo(z) = (L +z/s)e™", (2)

wherez is the distancebetweerthe modelgrid pointandthe obserationands is a correlationscale
factor ThetemporalweightfunctionW,(t) equalsoneatthe obserationtime anddecreaseknearly
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to zeroat 1.5 hoursbeforeand 0.5 hoursafter the obserationtime, i.e. a 2 hourasymmetricsav
toothshapedime window is used.The obsenrationdensityis alsotakeninto accounto setthevalue
of W,. Theobsenrationincrementsarecomputecnceevery 6 time steps.e. onceevery 240s.

In the nudgingschemea direct assimilationof GPSderved IWV is not possibleasno prognostic
variableof this typeis availablein the modelequations. Thus, an indirect assimilationprocedure
basedon Kuo et al. (1993)hasbeendevelopedat DWD (Tomassiniet al., 2002). This procedure
is briefly summarisedere. First, the Zenith Total Delay (ZTD) from GPSis corvertedinto IWV
following Bevis et al. (1992) using the model temperatureand surface pressure. Second,IWV
ratio betweerthe obsenationandthe modelis calculated.Third, usingthis ratio the modelspecific
humidity profile is scaledfrom surfaceto the 500 hPa level. Specifichumidity is setto saturationat
ary level wherethe specifichumidity exceedsts saturationvaluedueto the scaling. The humidity
incrementsare spreadlaterally using a correlationscalefactor of 35 km (s in equation2). Only
GPSstationswith a differencebetweerstationheightandmodelorographylargerthan-100 m have
beenassimilated.For GPSstationsabove the modelorographythe modellevel closestto the GPS
heighthasbeenusedasinitial level in the profile scaling. This condition aboutthe height of the
stationis particularlyimportantfor the Alpine areasn Switzerland,France Austriaandltaly. Due
to this conditionabout20 GPSstationshave not beenassimilatedeightof themfrom the SwissGPS

network.



3. GPSNear - Real Time Demonstration Project

The Near- Real Time (NRT) demonstratiorexperimentstartedin May 2001 asa main actwvity in

Working Group 2 of the COST Action 716 (COSF716, 2002). The objectve of this experiment
wasto developa denseNRT GPSnetwork covering Europeandproviding ZTD estimatesuitedfor

operationaNWR  i.e. with datadeliverywithin 1 h 45 min afterthe obserationtime. Sevenregional
processingentresare contrikuting to the NRT project,delivering hourly ZTD files from about250
stationsn apredefinedCOSTformat(COSF716,2001a)to theftp sener of the UK Met Office. An

extensve overview aboutthe NRT projectis availablein VanderMareletal. (2003).

The assimilationexperimentsreportedin this manuscriptuseddatafrom about100 GPSstations,
processediy three processingcentres;LPT (Swisstopo,Wabern, Switzerland), GOP (Geodetic
Obsenatory Pecty, CzechRepublic)and GFZ (GeoForschungsZentrunRotsdamGermalry). The
selectiorof processingentress basedn optimaldomaincoverage dataquality andavailability. For

the periodMay 2001- Decembef002thethreecentresdeliveredmorethen90 % of the datawithin

theselectedime window of 1 h 45 min (VanderMarel etal., 2003). Thedataprovidedby LPT and
GOPhave beenprocessedsingthe BerneséNormalEquationStackingSoftwarewith atime window

of 7 and12 hours,respectrely, 30 s samplingrateandelevationcut-off angleof 10°. The GFZ data
have beenprocessedvith PrecisePoint PositioningSoftware- (EPOS)with datasamplingof 120s

and elevation cut-off 7°. Hourly obsenrationsarereportedby LPT and GOR atH + 30’, andtwo

obsenationsperhourarereportedoy GFZ,atH + 15" andH + 45’. As seenin figure 1 the overall

GPScoverageover Switzerlandandnorth of Switzerlandis pretty good,but is poorin the southern

partof theaLMo domain.



4. The Observing System Experiment Design

All assimilationexperimentsreportedherehave beenperformedby nestingalLMo in the ECMWF
globalmodel,theboundaryconditionsbeingobtainedrom themainECMWF 4D - VAR assimilation
cycle with a 6 hour updatefrequeng. All standardmeteorologicalobserations are assimilated
(SYNOPR BUQY, TEMP, aircraft wind andtemperature)but no satellitedataare used. Two daily
30 hourforecaststartingat00 and12 UTC have beencalculatedwvithout (referencesxperiment)and
with GPSdataassimilation(GPSexperiment). Initial conditionsfor theseforecastswvere obtained
from the correspondingaLMo assimilationcycle. In the forecastruns the obsenationsare still
assimilatedduringthefirst two hours.

Threeweatherregimeshave beenselectedor theseOSE,namely:anadwectie periodin September
2001 ,awinterlow stratuscasan January2002anda summetrcorvectionperiodin June2002.During
thefive daysperiodfrom 9 to 13 SeptembeR001the weathemwasdrivenby a cyclonelocatedover
the Baltic Seaanda cold front moving slowly eastvard, passingover Switzerlandon Septembe®
andinitiating cyclogenesisn the the Gulf of Genoain the night of Septembed 0. The five days
periodbetweerl0andl14 of January2002is characterisely low stratusoverthe SwissPlateavand
SoutherrBavaria,inducedby anantig/clonewith weakpressuregradientdocatedover Hungary- a
typical winter situation. Thethird experiment,from the 18 to the 24 of June2002,wasa very active
periodwith intenseprecipitationeventsandfront passagesOne shouldnote, thatthe FrenchGPS

stationshave only beenavailablefor this JuneOSE.
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5. Experimental results

A comprehense verificationof the threeObservingSystemExperimentdhasbeenperformed.The
vertical structureandthe near- surfaceparametertiave beenverified for the entiremodeldomain.
The precipitationandcloud cover obsenationswerecollectedfor the westermandcentralpartof the

domain.ThediurnallWV cycleandZTD arestudiedover Switzerland.

a. UPPER-AIR AND NEAR-SURFACE VERIFICATION

The vertical structureof the model atmospheréhas beenverified against28 radiosondestations
(TEMP) regularly distributed over aLMo domain, using the operationalpackageof MeteoSwiss.
Bias and standarddeviation (std) for temperatureyelative humidity, wind direction, wind speed
andthe geopotentiabre calculatedfor the forecasttimes: +00, +06, +12, +18, +24 and+30h. The
temperaturewind andgeopotentia{biasandstd)do notsignificantlydiffer betweerthereferenceand
GPSforecast.In figure 3, the biasandstandarddeviation (aLMo - TEMP) of the relative humidity
areplottedfor forecastimesat+00hand+06h,for the 17 daysperiod.A smallincreasef thebiasof
theorderof 3to 4 % is obseredin the GPSexperimentfor thelayersabose 800hPa; theassimilation
of GPSdataresultedn aglobalincreasef themodelhumidity content. Thisis speciallypronounced
over northernltaly (Milan andUdine radiosondesyvherethe positve humidity biasreached 0 - 12
% in June2002 OSE.This biasis not limited only to the first +06hforecast,but is alsopresentup
to +30hforecast.Thisis a signof a systematiaunderestimatiom theradiosondéumidity profiles.
Studiesin Japan(OhtaniandNaito, 2000) andwesternMediterranearfHaaseet al., 2002) reporta
dry radiosondéviasin mid dayobsenations.
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Nearsurface parameterdiave beenverified againstabout 1000 surface stationsfrom the SYNOP
network; the pressurgPS), dry bulb temperaturdT_2M) and dew point temperaturgTD_2M) at
2m have beenconsidered.Table 1 summariseshe biasandthe std of the referenceand the GPS
analysedor the threeOSE periods. Overall T_2M and TD_2M biasesare moderatelyimprovedin
SeptembeandJuneOSEsanddegradedin JanuaryOSE;impactof GPSon the standarddeviation
showvs the sametrend,but with a muchsmallermagnitude Notethatin the Septembe©SEthe bias
of all parameterss reducedn comparisorwith the JuneandJanuaryOSEs.Thereasoris anoverall
goodskill of the modelfor this Septembeperiod, which is further confirmedby the precipitation
verification.

In the Septembe®©SE theimprovementf the2mtemperaturdiasandof thedew pointtemperature
biasis 7 % and13%, respecittely. In theJanuaryOSE ,assimilatingGP Sdegrademodelperformance,
with a 7 % degradationof TD_2M anda 17 % degradationfor T_2M. We believe the reasorfor this
negativeimpactis relatedto theabsencef thecloudice schemeandtheassociateddjustmentsf the
TEMP humidityin theassimilatiorcycle,whichwill befurthercommentedh sections.h Thesurface
verificationof the JuneOSE presents positive impactof the GPSdataon the modelperformance.
The dew point temperaturebiasis improved by about0.1 K, or about14 %, andthe 2m dry bulb

temperaturés improvedby about25 %. Thisis a positive signalin favour of GPSobsenations.

b. PRECIPITATION AND CLOUD COVER VERIFICATION

To provide an overview of the GPSimpacton the modelhumidity field, the IWV differenceGPS
minusreferencepreplottedin figure 4 for the Septembefd0, 2001,Januaryl4, 2002andJune20,
2002casesIn the SeptembeR001case(figure4a)a moderatampactis obsenedwhenassimilating
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GPS with anaveragedifferenceatanalysigime of + 20 % for anaverage WV amountof 20kg/m?.
This impact hascompletelyvanishedin the +12h forecast. Most of IWV modificationsare over
northernltaly andoverthe Gulf of GenoaseeGuerwaetal.,2003bfor afull analysisof this period).
As seenn figure4b,thelWV differencegor theJanuarycasearesmall. TheaveragdWV difference
betweerthe GPSandthereferencesxperiments in therangeof + 10% for anaveraged WV amount
of 10 kg/m?. Unlike the othertwo experimentsthe June2002periodis of primeinterestin termsof
GPSimpactonthemodelhumidity field. Duringthis period(figure4c) the GPSassimilatiorresulted
in significantmodificationsof the aLMo IWV field over the entire modeldomain,with an average
impactof + 30 % at analysistime for an averagelWV amountof 32 kg/m?. Moreover, boththe
00 and 12 UTC forecastsexhibit substantialWV differencesjn orderof + 20 %, up to the end
of the forecast(+30h). Note that the plots presentedn figure 4 are00 UTC analysiswhich means
thatthe radiosondefiumidity profileshave alsobeenavailableat this time; in this respecthe GPS
contribution in JuneOSEis substantial This is possiblya consequencef the GPSnetwork density
and high temporalavailability which allows betterrepresentatiof watervapourstructureduring
periodsof active weather

To furtherinvestigatehe GPSimpacton themodelskills, the precipitationdatahave beenexamined.
TheradarcompositecoveringGermaiy, France BelgiumandNetherland$iasbeenavailablethrough
M. Tomassini(DWD). Additionally, the Swissradarcompositeand the surface precipitationfrom
the ANETZ network are used. ANETZ is the Swissautomaticsurface stationsnetwork. To get
betterevaluationof timing and structureof precipitationpatterns.the six hour insteadof 24 hour
accumulategbrecipitationis used.

For the Septembed 0, 2001 case,a weakimpacton the precipitationfield is seenin the first six

forecasthours. Figure5 shaws the precipitationplots from the referenceand GPSforecast.Dueto
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lack of radardatafor this datetheverificationis doneagainsthe ANETZ data.Theobsenationsgive
aslightadvantagdor the GPSforecastfigure 5b) in termsof reductionof precipitationintensityand
bettercorrespondencir precipitationfree regions. Note, thatthe predictedmaximumprecipitation
is 34 mm/6h in the GPS experimentand 37 mm/6h in the referenceexperiment, significantly
overestimatinghe measuredsalue of 6.2 mm/6h. In this respectthe GPS dataseemto have a
potentialto pushthe model towards more realistic forecast,but they are not able to compensate
for the model deficienciesprobablyresponsibleor this massve overestimation. This caseis one
of the few casesduring the SeptembelOSE where somedifferencesin the precipitationpatterns
could be recognisedver the entireaLMo domain. In additionthe daily precipitationstatisticfor
Switzerlanddoesnot shaw significantdifferencedetweertheforecastsvith andwithout GPS.This
weakimpactcouldberelatedto thelack of upwind GPSsitesin this experiment(Frenchstationsare
only assimilatedn the June2002experiment).

During the June20020SE period,intenseprecipitationevents(abose 20mm /6h) arereportedonthe
20- 21 and23- 24 June.Two interestingcasesanbe singledout: onewith a positveimpacton the
forecastand onewith negative impacton the analysis. Thefirst caseis the 00 UTC forecaston 20
June2002andis presentedn figure 6. The intenseprecipitationeventseenin the GPSexperiment
(upperleft cornerof figure6b) is notobsenedin thereferencexperiment(figure6a). In comparison
the radar data (figure 6¢) shavs intenseprecipitationover the Juramountaini.e. Northwestof
Switzerland. From figure 4c, one canseethat a moisturedeficieny of up to 8 kg/m? waspresent
at 00 UTC westof Switzerlandin the referencerun (the intenseorangepatch). The predominant
south- westerlyflow in the hoursbetweerD0 and06 UTC adwectedthis additionalmoisturetowards
Switzerland,which resultedin the reportedprecipitationimprovement. In this casethe GPSdata

provide importantinformationattheright time andplaceandimprove theforecast.
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The secondcase this time with a negative impacton the aLMo analysis hasbeenseenin the night
of 23- 24 Junein thehoursbetweerll8 and06 UTC. Themodelprecipitationfrom thereferenceand
GPSanalysesareplottedin figure 7aand7b andtheradardataarein figure 7c. The GPSassimilation
resultedin a substantialncreaseof large - scaleprecipitationamountin southernSwitzerlandwith
a maximumbhigherthan200 mm/6h, tripling the referencevalue. Over southernSwitzerlandthe
radardatais certainlyin betteragreementvith the referencethanwith the GPSexperiment. The
explanationof this casecould be tracedto the too fast advection of humidity structurestowards
Switzerlandin aLMo, by the predominansouth-westerlair flow, provoking a continuousfeeding
of themodelwith watervapourthroughassimilationof the Italian GPSsite Torino. A detailedstudy
of theIWV amounton 23 and24 June2002indicatesa peakvalueof 55 kg/m? in northernltaly and
45kg/m? in Switzerlandfigure 9a),anextremelyhighwatervapourcontentrarelyobseredatthese
latitudes.The specifichumidity profilesfrom Torino shav thatmoisturewassubstantiallyincreased
in thelower 2 to 2.5km in themodelGPSanalysis.

A summaryof thefindingsfrom the qualitatve intercomparisometweeraLMo precipitationandthe
radardatagivesanimpactlimited to theearlyforecashours(upto +6h),whichis consistentith the
findingsreportedby Gutmanetal. (2003).

In theJanuaryOSEthefocuswasonforecasbof low stratuscloudcover. Table2 shavsthetotalcloud
coverasanalyseandpredictedby aLMo with andwithout GPS,andthe correspondingbsenations
from the ANETZ network. The cloud cover is measuredn octafrom: clear sky condition- O
octato completecloud cover - 8 octas. The modeltendsto overestimateclear sky conditionsand
underestimatethe fully overcastsituations;this is a known deficieny of aLMo, which fails to
correctlysimulatestratussituationsover the SwissPlateau Assimilationof the GPSdatastrengthen

this tendeny, in boththe analysisandtheforecast.Visualcomparisonsvith the METEOSAI cloud
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cover confirmsthatassimilatingGP Sretrievedwatervapourhasa negative impacton the analysisof
the low level stratusover the SwissPlateauand southernGermary. A possibleexplanationfor this
negative impactis the absencef prognosticcloudice schemeandthe useof rav GPSderved IWV
(Ch. Schraf, personacommunication) At temperaturéelon 0°C' cloudsusuallyform andexist at
saturatiorover ice; however, in absencef cloudice schemethe cloudscanonly form at saturation
overwater i.e. athighervaluesof specifichumidity. So,to getthecorrectcloudamounttheobsered
humidity shouldbe increasedthis adjustments takeninto accountfor radiosondeobsenationsbut
notfor the GPSobsenrations.For awinter periodthisadjustmenis importantandit shouldhave been

introducedn the JanuaryOSE.

Cc. DIURNAL IWV cYCLE AND ZTD VERIFICATION FOR SWITZERLAND

The diurnal cycle of watervapouris animportantpart of the modelverification. The diurnal WV
cyclefor nine SwissGPSstationsataltitudebelonv 800m is plottedin figure8 for theanalysisandthe
forecast.The plot 8apresenttshe June2002 OSEreferenceandGPSanalysegblackandredlines),
andthe IWV extractedfrom the Near- Real Time (blue line) andthe Post- ProcessedPP) GPS
data(greenline). Thereferenceanalysistendsto underestimat¢éhe watervapourin the atmosphere
when comparedwith both NRT and PP GPSobsenrations. The bias (aLMo reference/ NRT) is
in orderof -0.64 kg/m?. On the other side the GPSanalysisis overestimatinghe IWV andthe
biasis 0.34kg/m?. The standarcieviation hasbeenreducedrom 0.87 kg/m? in referenceo 0.48
kg/m? in the GPSexperiment.A visualinvestigationof the GPSanalysisandthe NRT obsenration
shaw satishctoryagreementxceptfor the earlymorninghours;however, oneshouldnotethatNRT
obsenationsweremissingin the early morningof June24. A day by day evaluationof the diurnal
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cycle shavs substantiatlifferencesetweerthe referenceandGPSanalysis.On June21, 22 and24
thereferencanodelbias,comparedo the NRT data,is -2.0,-3.8and-2.5kg/m? respectiely, i.e. the
modelunderestimatesubstantiallthewatervapourcontent.Ontheothersideon Junel8 and19the
referenceanodelbiasis positive 2.6 and1.5 kg/m?. Thefigure 8ais ratherdifficult to interpretasit
coversonly oneweekwith rapid changesn the atmosphericonditions.Thediurnalcycle of the 00
UTC forecast(figure 8b) shaws a clearunderestimatiomf the watervapourin aLMo in the second
partof theday;a slight correctionof this erroris obseredwhenstartingfrom the gpsanalysis.

In orderto investigatethe efficiengy of the assimilationschemeandthe accurag of the NRT GPS
data,the IWV andZTD for the GPSsitesPayerne(PAYE) areplottedin figure 9. In the panel,one
seeghatthe WV differencedbetweerthe referenceandGPSexperimentareupto 7 - 8 kg/m? and
thatmostof thelarge errorsarecorrected However, it is alsoseenthatthe assimilationof GPSdoes
not alwaysdrive the modelto the obsenedvalue: for exampleat 07 UTC on Junel8 thedifference
betweermodelandobsenationremainsn therangeof 3 kg/m? andtheminimumof IWV is reached
with athreehoursdelay A possibleexplanationis the scaleof the nudgingtermemployedin aLMo,
whichis not optimalfor thefasttemporalvariationsof the watervapour;the nudgingcoeficient (G)
usedherecorrespond$o atime scaleof about90 min.

In figure 9a and 9b one notesthe strongdiscrepang betweenthe NRT and PP GPSat midday of
June20. A sharppeakof 35 kg/m? is seenin the PP data,which is not well pronouncedn the
NRT one. This peakhasbeenverified againstindependentmeasurementsom a sunphotometer
which supportghe rapid jump anddrop seenin the PP data;this peakis in factassociateavith the
passagef a cold front. Thusit is to be concludedthat NRT processingendsto smoothout the
rapidvariationsof ZTD. This canbe explainedwith the Near- RealTime processingtratey, which

incorporatepastobsenationsin a 7 hourwindow to computetheactualZTD value(processingime
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window describedn section3). Exceptfor this single obsenration, a surprisinglygoodagreement
betweenthetwo processingegchemess obsened. Table3 displaysthe biasof the Near- RealTime
solutioncomparedvith the PPsolutionfor nine Swisssites,whichis in therange0.4to 3.7mm. The
averagedZTD biasis 2.3mm andthestdis in the8 mm range.Thisis in agreementvith the work
reportedn Haaseet al. (2002)aboutintercomparisomf the MAGIC dataset. A ZTD biasof 3 mm
correspondso alWV biaslowerthan0.5kg/m?. Thisresultis certainlyvery encouragindor NWP,

asthe periodunderconsiderations characterisely rapidchangesn atmosphericonditions.

6. Conclusions

With the developmentof high-resolutionmesoscalenodelsrosethe needof reliable water vapour
informationwith hightemporalandspatialresolution.Onesuchsourceof informationaretheground
- basednetworks of Global PositioningSystem(GPS)recevers. The focusof the EuropearCOST
Action 716 wasto evaluatethe applicability of GPSin operationalNumericalWeatherPrediction
(NWP) throughdatavalidationand assimilationexperiments. The GPSimpacton the operational
NWP systenmof MeteoSwissthealpineModel (aLMo), is reportedn this manuscript.

The GPSdatafrom morethan200 Europearsiteshave beenprovided within the Near- Real Time
(NRT) demonstratiorprojectof COST 716. The quality of NRT datahave beenvalidatedwith the
PostProcessedPP)datafrom Switzerland.It canbe concludedthatthe two datasetshave similar
qualitywith few case®f smoothingobseredin theNRT dataduringactve weatherevents. ThelWV
biasof the NRT datacomparedvith the PPdatais lessthan0.5kg/m?. The datafrom threeCOST
Processin@entrespnamelyLPT, GFZandGOR aredeliveredwithin 1h 45 min obsenationwindow
in morethan90 % of thecasesThethreeCentregprovide datafor 95 % of the GPSsitesavailablein
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aLMo domain.

Throughassimilationexperimentswith aLMo it wasfound thatthe nudgingschemas well ableto
correctthe WV deficienciebseredin thereferencenodel. A strongerforcing with a shortertime
scalecouldevenimprovethisbehaiourin presencef fastmeteorologicaévents.Thereconstruction
of humidity profileis oneof thewealestelement®f theprocesscombiningGP Swith otherhumidity
information or using Slant Path GPS obsenrations could be ervisagedto improve this weakness.
Comparingradiosondeavith GPS,a dry radiosonddiashasbeenfound over Northernltaly. Thisis
consistentwith the studiesof Ohtaniand Naito (2000)and Haaseet al. (2002) andseemdo be a
deficieng in theradiosond@®bsenationduringdaytime.

Theimpactof GPSassimilationontheaLMo IWV field in winter OSEwaswealer thanthe impact
onJuneandSeptembe®©SEs.Moreover dueto inconsistentisageof humidity correctionschemehe
resultsfrom winter OSEareinconclusve. ThestrongesGPSimpactwasobtainedn June20020SE,
andis visibleupto theendof theforecas{+30h). For this periodthealL Mo referencenalysisxhibits
a dry biasover Switzerlandwhich is well correctedby assimilatingGPS;2m temperatureand dewn
pointtemperatur@analysishave alsobeenimprovedover the whole domain.However, theimpacton
the precipitationanalysisandforecasts mixed. A missingstructureis recoveredin the precipitation
forecasin June202002.A negativeimpacton precipitationanalysigeportedon June23is possibly
dueto modelweaknesi aspecialweathersituationover northernitaly. Theimpacton precipitation
forecasis limited to thefirst 6 hoursandto intenseprecipitationevents.In our preliminarySeptember
2001 0SE(Guerw/a etal., 2003b)onecaseof positve impacton the cloudinesss reportedandthe
precipitationdaily cycle of theassimilationcycle wasimproved.

The useof GPSin NWP hasa foreseeabldong-termfuture due to the importanceof humidity

information for high resolution mesoscalemodels and the good spatial coverageand temporal
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availability of thesedata. Thefuturepotentialof GPSwill befurtherextendedwith thenew European
project- GALILEO (theEuropearBatelliteNavigationSystem)n operationaservicefrom 2008.The
GPSdervedwatervapourgradientscould helpimproving the spatialspreadingpf humidity in actve

weatherregimesandin regionswith strongwatervapourinhomogeneity Onefurtherimprovement
could be the retrieval of GPS humidity profiles (tomography),with the limiting factor being the
accurateSlantPath estimates.The operationauseof GPSin NWP modelsdependslsoon future
dataavailability; GPSnetworksbelongmainly to thegeodeticcommunityandarenotincorporatedn

theWMO MeteorologicalObservingSystem.
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Table captions

Tablel: Nearsurfaceverificationof SeptemberdanuaryandJuneOSEswith the SYNOPdata.Bias
andstd of pressurgPS),dry bulb temperaturdT 2M) anddew point temperaturéTD 2M) at 2m

arelistedfor thereferenceand GPSanalyses GPSassimilatiorresultedin improvementsof the2m

temperatur@anddew pointtemperaturéen SeptembeandJuneOSEs.

Table2: JanuaryOSE,aLMo /ANETZ total cloud cover amountin octasfor the analysis(analysis
time 00to 24 UTC) andforecast(forecasthours0 to +30). ALMo tendsto overestimatehe clearsky

andunderestimatéhe overcastedituations.GPSassimilationstrengthenshis tendeng.

Table3: Comparisorof Near- RealTime andPost- Processedolutions.ZTD biasandstdfor nine
SwissGPSsitesfor the period18 to 24 June2002. Note thatthe biasis betterthan3 mm andthe std

isin the8 mmrange.

Figure captions

Figure 1. ALMo domain and the location of the EuropeanGPS sites (red dots) usedin our
experiments.Thecolourscalepresentshe orographyandthethin redline the countryboundaries.
Figure 2: Hydrological cycle and microphysicalprocessesmplementedn aLMo. Four typesof
hygrometeorsare considerechamely: water vapour cloud water rain andsnav. Note thatno ice
phasewvasimplemented.

Figure3: Upper- air verification(aLMo minusTEMP) of relative humidity bias(left) andstd (right)
for SeptemberJanuaryandJuneOSEs. The blue dashedine presentthe GPSforecastandthered
line thereferencdorecastat:
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a. +00handb. +06h. A minor biasincreaseat +06his obtainedwhenassimilatingGPS,but stdis
slightly improved.

Figure5: Accumulatedsix precipitationforecaston 10 Septembe200100 UTC to 06 UTC over
Switzerland:a. referencdorecastandb. GPSforecast.The contourline defineshe Swissboundary
andthe mainriversandlakes. Note the differencedn the precipitationpatternan the GPSandthe
referenceexperimentover the Juramountain.

Figure 6: Six hour accumulategrecipitation00 to 06 UTC on 20 June2002from: a. reference
forecast,b. GPSforecastandc. radarobsenation. The forecastedntenseprecipitationover Jura
region (i.e. north-westerrswitzerland)n the GPSexperiments confirmedin theradarplot.

Figure 7: Six hour accumulategrecipitation18 to 24 UTC on 23 June2002from: a. reference
analysisb. GPSanalysisandc. radarobsenation. Assimilationof the GPSsite Torino resultedin
significantoverestimatiorof precipitationover southerrSwitzerland.

Figure8: JuneOSEdiurnal WV cycle for nine SwissGPSsitesbelov 800 msl.

a. Thereferenceanalysis- blackline , the GPSanalysis- redline, Post- Processe®PSgreenline
andNRT GPS- blueline areshown.

b. sameasa. but for the00 UTC forecast.

Note, the underestimatiomf the watervapourin the late afternoonhoursin the referenceand GPS
forecast.

Figure9: IWV andZTD for stationPayernein JuneOSE.

a. IWV amountin kg/m? from the NRT (blueline) andPost- Processefgreenline) GPSdataand
theaLMo referencegblackline) andGPS(redline) analysis.

b. ZTD in m atstationPayernefrom NRT (bluedots)andthe Post- Processefgreendots)data.The

biasNRT/PPdatafor stationPayernes 1.8 mm.
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Tablel: aLMo minusSYNOPIn SeptemberdanuaryandJuneOSEs.

Sept.ref | Sept.GPS|| Jan.ref | Jan.GPS| Juneref | JuneGPS
PShbias[Pa] -146.2 -146.9 -153.0| -153.1 -152.3 | -152.9
PSstd[Pa] 2563.0 2563.0 || 2710.0| 2710.0 | 2423.0| 2423.0
TD 2M bias[K] -0.68 -0.60 -0.78 -0.84 -0.82 -0.72
TD 2M std[K] 2.29 2.26 2.96 2.94 2.73 2.69
T 2M bias[K] 0.15 0.14 -0.32 -0.39 0.27 0.21
T 2M std[K] 2.29 2.26 2.47 2.49 2.55 2.52
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Table2: January20020SEaLMo versusANETZ cloudcover.

CLC [octa] 0 1 /2|34 |5|6|7]| 8 |TOTAL

ANETZ: 367| 78 |52/61|30|21|26|40|346| 1021

aLMoref. analysis | 445|106| 38| 24| 23| 16| 23| 33| 313| 1021

aLMo GPSanalysis | 440 | 115| 57 | 34| 22| 25| 28| 41| 259| 1021

ANETZ: 465| 92 |57 |66| 34| 27|32 |50| 444 1267

aLMoref. forecast | 640| 146| 58| 41| 36| 33| 38| 43| 232| 1267

aLMo GPSforecast | 674 | 128| 60| 49| 44| 26| 36| 42| 208| 1267
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Table3: ZTD (Near- RealTime minusPost- Processed)iasandstdin m for theperiod18-24 June

2002.
ZTD [m]
GPSsite: BIAS NRT/PP| STDNRT/PP
EPFL(Lausane) 0.0028 0.0076
ETHZ (Zurich) 0.0030 0.0081
FHBB (Basel) 0.0004 0.0075
GENE(Genea) 0.0037 0.0072
LUZE (Luzern) 0.0026 0.0088
NEUC (Neuchatel) 0.0020 0.0087
PAYE (Payerne) 0.0018 0.0078
STGA(St. Gallen) 0.0025 0.0079
UZNA (Uznach) 0.0020 0.0086
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Figure3a
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Figure3b
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Figureda

LM Analysis for Monday 10 September 2001 00 UTC
Integrated water vapor difference to reference
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Figure4b

LM Analysis for Monday 14 January 2002 00 UTC From assimilation cycle
Integrated water vapor difference to reference Mean: 0.011 Units: mm H20
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Figure4c

LM Analysis for Thursday 20 June 2002 00 UTC From assimilation cycle
Integrated water vapor difference to reference Mean: -0.115 Units: mm H20
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Figureba

al.Mo Forecast 10.09.2001 00 UTC +6h VT: Mon 10 Sep 2001 06 UTC
6h Sum of total rain and snow in mm
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Figure5b

al.Mo Forecast 10.09.2001 00 UTC +6h VT: Mon 10 Sep 2001 06 UTC
6h Sum of total rain and snow in mm
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Figureba

al. Mo Forecast 20.06.2002 00 UTC +6h
6h Sum of total rain and snow in mm

0.1 0.5 1 5 10 20

VT: Thu 20 Jun 2002 06 UTC

150.8
106

MAGICS 5.5 terra - tsm Mon Jul 22 18:52:18 2002 SOb

38

pyright MeteoSwiss




Figure6b

al. Mo Forecast 20.06.2002 00 UTC +6h
6h Sum of total rain and snow in mm
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Figure6c

alLMo grid. 021701001  6hour—ly
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Figure7a

LM Analysis for Monday 24 June 2002 00 UTC From assimilation cycle
6h Sum of total rain and snow in mm
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Figure7b

LM Analysis for Monday 24 June 2002 00 UTC From assimilation cycle
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Figure7c

radar@alMo grid: 021741810  6hour—ly
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Figure8ab
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Figure9ab

IWV and ZTD at station PAYE (Payerne, CH): 18 — 24 06 2002
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