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Abstract

Application of the GPSderived water vapour into NumericalWeatherPrediction(NWP)

models is one of the focusesof the COST Action 716. For this purposethe GPS data

coveringEuropehave beencollectedwithin theNear- RealTime (NRT) demonstrationproject

andprovided for ObservingSystemExperiments(OSE).For the experimentspresentedin this

manuscripttheoperationalNWP systemof MeteoSwissis used.Thelimited areanonhydrostatic

aLpineModel (aLMo) of MeteoSwisscoversmostof westernEurope,hasahorizontalresolution

of 7 km, 45 layersin the vertical, andusea dataassimilationschemebasedon the Newtonian

relaxation(nudging)method. In total 17 daysanalysesandtwo 30 hoursdaily forecastshave

beencomputed,with 100GPSsitesassimilatedfor threeselectedperiodsin autumn2001,winter

andsummer2002.

The NRT dataquality hasbeencomparedwith the Post- Processeddata. Agreementwithin 3

mm level ZenithTotal Delaybiasand8 mm standarddeviation wasfound,correspondingto an

IntegratedWaterVapour(IWV) biasbelow 0.5
���������

. Mostof theNRT dataoveraLMo domain

areavailablewithin prescribed1 h 45 time window. In the nudgingprocessthe NRT dataare

successfullyusedby themodelto correcttheIWV deficienciespresentin thereferenceanalysis;

strongerforcing with a shortertime scalecouldbehowever recommended.ComparingtheGPS

derived IWV with radiosondeobservations,a dry radiosondebiashasbeenfoundover northern

Italy.

The GPSIWV impacton aLMo is large in June2002,moderatein September2001andminor

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

inconsistentuseof the humidity correctionscheme.In JuneOSEa substantialIWV impact is

seenup to the endof the forecast.Over Switzerlandthe dry biasin the referenceanalysishas

beensuccessfullycorrectedandthe2m temperatureanddew point have beenslightly improved
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over the whole aLMo domain. The subjective verificationof precipitationagainstradardatain

autumn2001andsummer2002givesmixedresults.In theforecasttheimpactis limited to thefirst

six hoursandto strongprecipitationevents. A missingprecipitationpatternhasbeenrecovered

via GPSassimilationin June20 2002forecast.A negative impacton precipitationanalysison

June23hasbeenobserved.

The future operationaluseof GPSwill dependon dataavailability; europeanGPSnetworks

belongmainly to thegeodeticcommunity. A furtherincreaseof GPSnetwork densityin southern

Europeis welcome.TheGPSderivedgradientandSlantPathestimatescouldpossiblyimprove

efficiency of IWV assimilationvia thenudgingtechnique.
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1. Introduction

The last decadebroughtin operationalNumericalWeatherPrediction(NWP) a new generationof

nonhydrostaticmeso- 	 scalemodels. They run with a horizontalresolutionbelow 10 km (mesh

size)andareaimedto betterresolve storm- scalephenomena,complex topographyandto provide

reliableshortrangeforecastup to 2 or 3 days.

For the needsof high resolutionNWP modelsa further extensionof the existing Meteorological

Observing System will be necessary. In particular, Bettems (2002) reported that additional

informationaboutlocal structuresin thehumidity field will beneeded.Somepromisingcandidates

are the weatherradarand lidar networks. In the last decadeit wasexpectedthat satellite- borne

instrumentslikeSpecialSensorMicrowave/Imager(SSM/I)andAdvancedMicrowaveSoundingUnit

(AMSU) woulddeliverwatervapourinformationwith thehightemporalandspatialresolutionneeded

for theNWP models.However, thesatelliteretrievalsareoftenlimited to theoceanregionsandthe

footprint of about50 km is too coarsefor high - resolutionmesoscalemodels;dueto the frequency

employed the satellite instrumentsare also disturbedby rain. MODIS, the ModerateResolution

ImagingSpectroradiometer, hasaspatialresolutionof 1 km but apoortemporalresolution,i.e. daily

averagedwatervapourproducts.Anothersourceof watervapourinformationaretheground- based

networksof GlobalPositioningSystem(GPS)receivers,currentlyoperatedfor geophysicalpurposes.

With improvementsof theGPSaccuracy, i.e. improvedmappingfunctionsandantennaphasecentre

models(Haaseet al., 2002), it is possibleto obtainreliable informationof the atmosphericsignal

delay in the zenithdirection (ZTD). In 1992Mike Bevis (Bevis et al., 1992)proposedto usethe

ground-basedGPSfor retrieving thewatervapourcontentof theatmosphere.In thefollowing years

severalpublicationsinvestigatedthe accuracy of GPSin comparisonwith the conventionalsources
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of water vapour information like ,radiosondesand water vapour radiometers,and in comparison

with unconventional ones like sunphotometer, sunspectrometerand VLBI (Very Long Baseline

Interferometer).Thefindings,assummarisedin Haaseet al. (2002),confirm the accuracy of GPS

derivedIntegratedWaterVapour(IWV) in therangeof 1 
����� �
, i.e. thesamelevel of accuracy as

theconventionalobservations.

Thevalidationof mesoscaleNWP modelsusingGPSis presentedin Cucurullet al. (2000),Kopken

(2001),Haaseet al. (2002),Tomassiniet al. (2002)andGuerova et al. (2003). Tomassiniet al.

(2002)studiedthediurnalIWV cycle from GPSandLM overGermany in summer2000.They found

asystematicIWV underestimation,higherthan1 
����� �
, in themodelanalysisfor thehoursbetween

06 and18 UTC. TheHIRLAM modelhasbeenvalidatedfor thewesternMediterraneanarea(Haase

et al., 2002).An IWV biasof 0.5 
����� �
andstandarddeviation of 3 
����� �

is reportedaswell asa

latitudedependenceof thestandarddeviation. ThevalidationstudiesagreethatadenseGPSnetwork

providesavaluableadditionalinformationfor NWPmodels.

Assimilationexperimentswith GPSIWV arereportedin severalpublications:Kuoetal. (1996),Guo

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

(2002),Tomassiniet al. (2002),Gutmanet al. (2003)andNakamuraet al. (2003).TheGPSimpact

is mainly evaluatedby analysingthemodelprecipitationskills. Theresultspoint towardsanoverall

neutralimpactwhenassimilatingGPS.However, during active weatherphasesthe GPSis reported

to haveapositiveinfluenceon thelocationof thefront boundaries,andacontinuousimprovementof

precipitationforecastskills hasbeenobtainedin a five yearassimilationperiodin theUSA (Gutman

et al., 2003). Falvey andBeavan (2002)andTomassiniet al. (2002)usea nudgingscheme,which

makes their resultsof particularinterestfor the study presentedhere. Falvey and Beavan (2002)

reportthatcontinuousGPSassimilationimprovedtheupwindtotal rainfall to 1 % significancelevel
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only. They alsodiscussonecasewherethehumidityprofileadjustmentdeterioratedtheprecipitation

structure;thereasonwastheproportionalmoistureremoval from all modellevelsbasedon theGPS

observation. In Tomassiniet al. (2002)a mixed impacton precipitationanalysisis reportedfor a

severeweathercase.

In Europethework on possibleapplicationof ground- basedGPSin operationalmeteorologywas

startedwith the MAGIC project. An extensive overview aboutMAGIC is given in Haaseet al.

(2002).In 1999theCOSTAction 716”Exploitationof groundbasedGPSfor climateandnumerical

weatherpredictionapplication”followed(Elgered,2001).TheSwisscontribution to COST716was

establishedasacollaborationbetweenthreeInstitutesnamely, theSwissFederalOfficeof Topography

(Swisstopo),the FederalOffice of MeteorologyandClimatology(MeteoSwiss)andthe Instituteof

Applied Physicsat theUniversityof Bern(Brockmannet al. 2002). Thefirst goal in evaluatingthe

potentialof GPSfor meteorologicalpurposes,wasthe verificationof the operationalNWP models

againstGPSdatafrom theAutomatedGPSNetwork of Switzerland(AGNES),reportedin Guerovaet

al. (2003a).Thesecondgoal,evaluatingtheimpactof GPSdatain theNWPsystemof MeteoSwiss,

wasinitiatedin 2001.A first GPSassimilationexperimentwascalculatedfor two weeksof September

2001. The precipitationverificationover Switzerlandshows improvementsof the scoresaswell as

an improveddiurnal precipitationcycle. In additionwe found out that the typical horizontalscale

for spreadingof the observation incrementswastoo large, particularly in presenceof strongwater

vapourgradients;to avoid thisproblemthecorrespondingmodelparameterwasmodified.Theresults

obtainedin thisfirst experiment(Guerovaetal.,2003b)havebeenconsideredencouraging,andthree

new ObservingSystemExperiments(OSE)havebeencalculatedin 2002.

This manuscriptreportsthe resultsof thosethree OSEs. In section2 the mesoscalemodel of

MeteoSwissis described.TheCOST716Near- RealTime (NRT) demonstrationprojectis outlined
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in section3. Section4 reportstheOSEset- up. Theresultsarediscussedin section5 andsummarised

in section6.

2. The operational NWP system at MeteoSwiss

a. The aLpine Model - on overview

Since April 2001 a nonhydrostaticmesoscalemodel namedaLpine Model (aLMo) is used for

operationalNWPatMeteoSwiss.ALMo is theSwissconfigurationof theCOSMO(COnsortiumfor

Small-ScaleMOdelling) limited areamodel(Domset al. 2001)developedby theNationalWeather

Servicesof Switzerland,Italy, PolandandGreeceundertheleadof theNationalWeatherServiceof

Germany (DWD). TheSwissimplementationof themodelhasahorizontalresolutionof about7 km,

andthedomainextendsfrom 35.11N -9.33E to 57.03N 23.42E (figure1), coveringmostof western

Europe.A terrainfollowing verticalcoordinatesystemis used,with 45 verticallayersandabout100

m verticalresolutionin thelowest2 km of theatmosphere(Bettems,2002),anda top level at20hPa.

A filteredorographywasintroducedto producemorerealisticprecipitationfields. Lateralboundary

conditionsareassimilatedfollowing Davies (1976). TheaLMo prognosticvariablesare: horizontal

andvertical Cartesianwind components,temperature,perturbationpressure,specifichumidity and

cloudwatercontent.

The aLMo parameterizationschemestake into accounta variety of physicalprocesseslike: grid-

scalecloudsandprecipitation,subgrid-scaleclouds,moist convection,radiation,vertical diffusion,

boundarylayerandsoil processes.Thesubgrid-scalecloudinessis a combinationof cloudinessdue

to convective processesand cloudinessdescribedas an empirical function dependingon relative

6



humidity and height. The grid scalecloudsare describedvia cloud water saturationadjustment.

For precipitationformationa Kesslertypebulk parameterizationschemeis used,andfour categories

of watersubstancesareconsidered,namely: watervapour, cloud water, rain andsnow. The aLMo

hydrologicalcycle andmicrophysicalprocessesarepresentedin figure2. As seenfrom figure2 the

cloud ice phaseis neglected,assuminga fasttransformationfrom cloudwaterto snow. A cloud ice

schemehasbeendeveloped(Doms,2002)but wasnotyet testedat thetimeof theexperiments.

b. The data assimilation scheme

TheaLMo dataassimilationis basedon Newtonianrelaxation(or nudging)scheme(Schraff, 1997);

themodel’sprognosticvariablesarerelaxedtowardsprescribedvaluewithin afixedtimewindow. In

aLMo therelaxationis performedtowardsdirectobservations.For example,theprognosticequation

for thespecifichumidity - � andfor a singleobservationhasthefollowing form:

�
��� ��� ������� � ��!�"#!�$%!'&(&)& ���+*-,/. &10 . &324�6587:9<;=�?>@5BADC ! (1)

whereQ denotesthe modelphysicsanddynamics,�?5B7:9 and �?>@5BA are the observed and the model

specifichumidity,
,E.F�HG &)I'J�K�L6M�K�N is thecoefficientdefiningtherelaxationscaleand 0 .

consistsof

spatialandtemporalweightsandof a quality factor. Thesecondtermin equation(1) is thenudging

termandthepart 2O�?587:9P;Q�?>@5BA6C is calledtheobservationincrement.For thehorizontalspreadingof the

observationincrementsanautoregressiveweightfunctionis used:

0 . � R �<� �SI * RPTM �8U K�V6W 9 ! (2)

where R is thedistancebetweenthemodelgrid point andtheobservationand M is a correlationscale

factor. Thetemporalweightfunction 0 . � ��� equalsoneat theobservationtimeanddecreaseslinearly
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to zeroat 1.5 hoursbeforeand0.5 hoursafter the observation time, i.e. a 2 hour asymmetricsaw

toothshapedtimewindow is used.Theobservationdensityis alsotakeninto accountto setthevalue

of 0 .
. Theobservationincrementsarecomputedonceevery6 timestepsi.e. onceevery240s.

In the nudgingschemea direct assimilationof GPSderived IWV is not possibleasno prognostic

variableof this type is available in the modelequations.Thus,an indirect assimilationprocedure

basedon Kuo et al. (1993)hasbeendevelopedat DWD (Tomassiniet al., 2002). This procedure

is briefly summarisedhere. First, the Zenith Total Delay (ZTD) from GPSis convertedinto IWV

following Bevis et al. (1992) using the model temperatureand surfacepressure. Second,IWV

ratio betweentheobservationandthemodelis calculated.Third, usingthis ratio themodelspecific

humidity profile is scaledfrom surfaceto the500hPa level. Specifichumidity is setto saturationat

any level wherethespecifichumidity exceedsits saturationvaluedueto the scaling. Thehumidity

incrementsare spreadlaterally using a correlationscalefactor of 35 km ( M in equation2). Only

GPSstationswith a differencebetweenstationheightandmodelorographylargerthan-100m have

beenassimilated.For GPSstationsabove the modelorography, themodellevel closestto the GPS

heighthasbeenusedas initial level in the profile scaling. This conditionaboutthe heightof the

stationis particularlyimportantfor theAlpine areasin Switzerland,France,AustriaandItaly. Due

to thisconditionabout20GPSstationshavenot beenassimilated,eightof themfrom theSwissGPS

network.
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3. GPS Near - Real Time Demonstration Project

The Near- RealTime (NRT) demonstrationexperimentstartedin May 2001asa main activity in

Working Group 2 of the COSTAction 716 (COST-716, 2002). The objective of this experiment

wasto developa denseNRT GPSnetwork coveringEuropeandproviding ZTD estimatessuitedfor

operationalNWP, i.e. with datadeliverywithin 1 h 45min aftertheobservationtime. Sevenregional

processingcentresarecontributing to theNRT project,deliveringhourly ZTD files from about250

stationsin apredefinedCOSTformat(COST-716,2001a)to theftp serverof theUK Met Office. An

extensiveoverview abouttheNRT projectis availablein VanderMareletal. (2003).

The assimilationexperimentsreportedin this manuscriptuseddatafrom about100 GPSstations,

processedby three processingcentres;LPT (Swisstopo,Wabern, Switzerland),GOP (Geodetic

ObservatoryPecny, CzechRepublic)andGFZ (GeoForschungsZentrum,Potsdam,Germany). The

selectionof processingcentresis basedonoptimaldomaincoverage,dataqualityandavailability. For

theperiodMay 2001- December2002thethreecentresdeliveredmorethen90% of thedatawithin

theselectedtime window of 1 h 45 min (VanderMarel et al., 2003).Thedataprovidedby LPT and

GOPhavebeenprocessedusingtheBerneseNormalEquationStackingSoftwarewith atimewindow

of 7 and12 hours,respectively, 30 s samplingrateandelevationcut-off angleof IXJTY . TheGFZ data

have beenprocessedwith PrecisePointPositioningSoftware- (EPOS)with datasamplingof 120s

andelevation cut-off Z�Y . Hourly observationsarereportedby LPT andGOP, at H + 30’, andtwo

observationsperhourarereportedby GFZ, at H + 15’ andH + 45’. As seenin figure1 theoverall

GPScoverageover Switzerlandandnorthof Switzerlandis prettygood,but is poor in thesouthern

partof theaLMo domain.
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4. The Observing System Experiment Design

All assimilationexperimentsreportedherehave beenperformedby nestingaLMo in the ECMWF

globalmodel,theboundaryconditionsbeingobtainedfrom themainECMWF4D - VAR assimilation

cycle with a 6 hour updatefrequency. All standardmeteorologicalobservationsare assimilated

(SYNOP, BUOY, TEMP, aircraft wind andtemperature),but no satellitedataareused. Two daily

30hourforecastsstartingat00and12UTC havebeencalculatedwithout (referenceexperiment)and

with GPSdataassimilation(GPSexperiment). Initial conditionsfor theseforecastswereobtained

from the correspondingaLMo assimilationcycle. In the forecastruns the observationsare still

assimilatedduringthefirst two hours.

Threeweatherregimeshave beenselectedfor theseOSE,namely:anadvectiveperiodin September

2001,awinterlow stratuscasein January2002andasummerconvectionperiodin June2002.During

thefive daysperiodfrom 9 to 13 September2001theweatherwasdrivenby a cyclonelocatedover

the Baltic Seaanda cold front moving slowly eastward, passingover Switzerlandon September9

and initiating cyclogenesisin the the Gulf of Genoain the night of September10. The five days

periodbetween10and14of January2002is characterisedby low stratusover theSwissPlateauand

SouthernBavaria,inducedby ananticyclonewith weakpressuregradientslocatedover Hungary- a

typical winter situation.Thethird experiment,from the18 to the24 of June2002,wasa very active

periodwith intenseprecipitationeventsandfront passages.Oneshouldnote,that the FrenchGPS

stationshaveonly beenavailablefor thisJuneOSE.
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5. Experimental results

A comprehensive verificationof the threeObservingSystemExperimentshasbeenperformed.The

verticalstructureandthe near- surfaceparametershave beenverified for theentiremodeldomain.

Theprecipitationandcloudcoverobservationswerecollectedfor thewesternandcentralpartof the

domain.ThediurnalIWV cycleandZTD arestudiedoverSwitzerland.

a. UPPER-AIR AND NEAR-SURFACE VERIFICATION

The vertical structureof the model atmospherehasbeenverified against28 radiosondestations

(TEMP) regularly distributed over aLMo domain,using the operationalpackageof MeteoSwiss.

Bias and standarddeviation (std) for temperature,relative humidity, wind direction, wind speed

andthegeopotentialarecalculatedfor the forecasttimes: +00, +06, +12, +18, +24 and+30h. The

temperature,wind andgeopotential(biasandstd)donotsignificantlydifferbetweenthereferenceand

GPSforecast.In figure3, thebiasandstandarddeviation (aLMo - TEMP) of the relative humidity

areplottedfor forecasttimesat+00hand+06h,for the17daysperiod.A smallincreaseof thebiasof

theorderof 3 to 4 % is observedin theGPSexperimentfor thelayersabove800hPa; theassimilation

of GPSdataresultedin aglobalincreaseof themodelhumiditycontent.This is speciallypronounced

over northernItaly (Milan andUdineradiosondes)wherethepositive humidity biasreaches10 - 12

% in June2002OSE.This biasis not limited only to the first +06hforecast,but is alsopresentup

to +30hforecast.This is a signof a systematicunderestimationin theradiosondehumidity profiles.

Studiesin Japan(OhtaniandNaito, 2000)andwesternMediterranean(Haaseet al., 2002)reporta

dry radiosondebiasin mid dayobservations.
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Near-surfaceparametershave beenverified againstabout1000 surfacestationsfrom the SYNOP

network; the pressure(PS),dry bulb temperature(T 2M) and dew point temperature(TD 2M) at

2m have beenconsidered.Table1 summarisesthe biasandthe std of the referenceand the GPS

analysesfor the threeOSEperiods. Overall T 2M andTD 2M biasesaremoderatelyimproved in

SeptemberandJuneOSEsanddegradedin JanuaryOSE;impactof GPSon thestandarddeviation

shows thesametrend,but with a muchsmallermagnitude.Notethat in theSeptemberOSEthebias

of all parametersis reducedin comparisonwith theJuneandJanuaryOSEs.Thereasonis anoverall

goodskill of the model for this Septemberperiod,which is further confirmedby the precipitation

verification.

In theSeptemberOSE,theimprovementof the2mtemperaturebiasandof thedew point temperature

biasis7 % and13%,respectively. In theJanuaryOSE,assimilatingGPSdegrademodelperformance,

with a 7 % degradationof TD 2M anda 17 % degradationfor T 2M. We believe thereasonfor this

negativeimpactis relatedto theabsenceof thecloudiceschemeandtheassociatedadjustmentsof the

TEMPhumidityin theassimilationcycle,whichwill befurthercommentedin section5.b. Thesurface

verificationof theJuneOSEpresentsa positive impactof theGPSdataon themodelperformance.

The dew point temperaturebias is improved by about0.1 K, or about14 %, andthe 2m dry bulb

temperatureis improvedby about25%. This is a positivesignalin favourof GPSobservations.

b. PRECIPITATION AND CLOUD COVER VERIFICATION

To provide anoverview of theGPSimpacton themodelhumidity field, the IWV differences(GPS

minusreference)areplottedin figure4 for theSeptember10, 2001,January14, 2002andJune20,

2002cases.In theSeptember2001case(figure4a)amoderateimpactis observedwhenassimilating
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GPS,with anaveragedifferenceatanalysistimeof [ 20% for anaverageIWV amountof 20 
����� �
.

This impact hascompletelyvanishedin the +12h forecast. Most of IWV modificationsare over

northernItaly andovertheGulf of Genoa(seeGuerovaetal.,2003bfor afull analysisof thisperiod).

As seenin figure4b,theIWV differencesfor theJanuarycasearesmall.TheaverageIWV difference

betweentheGPSandthereferenceexperimentis in therangeof [ 10% for anaverageIWV amount

of 10 
����� �
. Unlike theothertwo experiments,theJune2002periodis of primeinterestin termsof

GPSimpactonthemodelhumidityfield. Duringthisperiod(figure4c) theGPSassimilationresulted

in significantmodificationsof the aLMo IWV field over the entiremodeldomain,with an average

impactof [ 30 % at analysistime for an averageIWV amountof 32 
����� �
. Moreover, both the

00 and12 UTC forecastsexhibit substantialIWV differences,in orderof [ 20 %, up to the end

of the forecast(+30h). Note that theplotspresentedin figure4 are00 UTC analysis,which means

that the radiosondeshumidity profileshave alsobeenavailableat this time; in this respecttheGPS

contribution in JuneOSEis substantial.This is possiblya consequenceof theGPSnetwork density

andhigh temporalavailability which allows betterrepresentationof watervapourstructureduring

periodsof activeweather.

To furtherinvestigatetheGPSimpacton themodelskills, theprecipitationdatahavebeenexamined.

TheradarcompositecoveringGermany, France,BelgiumandNetherlandshasbeenavailablethrough

M. Tomassini(DWD). Additionally, the Swissradarcompositeand the surfaceprecipitationfrom

the ANETZ network are used. ANETZ is the Swissautomaticsurfacestationsnetwork. To get

betterevaluationof timing andstructureof precipitationpatterns,the six hour insteadof 24 hour

accumulatedprecipitationis used.

For the September10, 2001case,a weak impacton the precipitationfield is seenin the first six

forecasthours. Figure5 shows theprecipitationplots from the referenceandGPSforecast.Due to
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lackof radardatafor thisdatetheverificationis doneagainsttheANETZ data.Theobservationsgive

aslightadvantagefor theGPSforecast(figure5b) in termsof reductionof precipitationintensityand

bettercorrespondencefor precipitationfreeregions.Note,thatthepredictedmaximumprecipitation

is 34 �\�] G�^
in the GPSexperimentand 37 �\�] G�^

in the referenceexperiment,significantly

overestimatingthe measuredvalue of 6.2 �\�] G�^
. In this respectthe GPSdataseemto have a

potential to pushthe model towardsmore realistic forecast,but they are not able to compensate

for the modeldeficienciesprobablyresponsiblefor this massive overestimation.This caseis one

of the few casesduring the SeptemberOSE wheresomedifferencesin the precipitationpatterns

could be recognisedover the entireaLMo domain. In addition the daily precipitationstatisticfor

Switzerlanddoesnot show significantdifferencesbetweentheforecastswith andwithout GPS.This

weakimpactcouldberelatedto thelack of upwindGPSsitesin this experiment(Frenchstationsare

only assimilatedin theJune2002experiment).

DuringtheJune2002OSEperiod,intenseprecipitationevents(above _`J`�\�] G�^
) arereportedonthe

20 - 21and23 - 24 June.Two interestingcasescanbesingledout: onewith a positive impacton the

forecastandonewith negative impacton the analysis.Thefirst caseis the 00 UTC forecaston 20

June2002andis presentedin figure6. The intenseprecipitationeventseenin theGPSexperiment

(upperleft cornerof figure6b) is notobservedin thereferenceexperiment(figure6a). In comparison

the radardata (figure 6c) shows intenseprecipitationover the Jura mountaini.e. Northwestof

Switzerland.Fromfigure4c, onecanseethat a moisturedeficiency of up to 8 
����� �
waspresent

at 00 UTC westof Switzerlandin the referencerun (the intenseorangepatch). The predominant

south- westerlyflow in thehoursbetween00and06UTC advectedthisadditionalmoisturetowards

Switzerland,which resultedin the reportedprecipitationimprovement. In this casethe GPSdata

provide importantinformationat theright timeandplaceandimprovetheforecast.
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Thesecondcase,this time with a negative impacton theaLMo analysis,hasbeenseenin thenight

of 23 - 24Junein thehoursbetween18and06UTC. Themodelprecipitationfrom thereferenceand

GPSanalysesareplottedin figure7aand7bandtheradardataarein figure7c. TheGPSassimilation

resultedin a substantialincreaseof large - scaleprecipitationamountin southernSwitzerlandwith

a maximumhigher than200 �\�] G�^
, tripling the referencevalue. Over southernSwitzerlandthe

radardatais certainly in betteragreementwith the referencethanwith the GPSexperiment. The

explanationof this casecould be tracedto the too fast advection of humidity structurestowards

Switzerlandin aLMo, by the predominantsouth-westerlyair flow, provoking a continuousfeeding

of themodelwith watervapourthroughassimilationof theItalian GPSsiteTorino. A detailedstudy

of theIWV amounton23and24June2002indicatesapeakvalueof 55 
����� �
in northernItaly and

45 
����� �
in Switzerland(figure9a),anextremelyhighwatervapourcontentrarelyobservedat these

latitudes.Thespecifichumidity profilesfrom Torino show thatmoisturewassubstantiallyincreased

in thelower2 to 2.5km in themodelGPSanalysis.

A summaryof thefindingsfrom thequalitativeintercomparisonbetweenaLMo precipitationandthe

radardatagivesanimpactlimited to theearlyforecasthours(upto +6h),which is consistentwith the

findingsreportedby Gutmanetal. (2003).

In theJanuaryOSEthefocuswasonforecastof low stratuscloudcover. Table2 showsthetotalcloud

coverasanalysedandpredictedby aLMo with andwithoutGPS,andthecorrespondingobservations

from the ANETZ network. The cloud cover is measuredin octa from: clear sky condition - 0

octato completecloud cover - 8 octas. The model tendsto overestimateclearsky conditionsand

underestimatesthe fully overcastsituations;this is a known deficiency of aLMo, which fails to

correctlysimulatestratussituationsover theSwissPlateau.Assimilationof theGPSdatastrengthen

this tendency, in boththeanalysisandtheforecast.Visualcomparisonswith theMETEOSAT cloud
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coverconfirmsthatassimilatingGPSretrievedwatervapourhasa negative impacton theanalysisof

the low level stratusover the SwissPlateauandsouthernGermany. A possibleexplanationfor this

negative impactis theabsenceof prognosticcloudice schemeandtheuseof raw GPSderivedIWV

(Ch. Schraff, personalcommunication).At temperaturebelow J Y�a cloudsusuallyform andexist at

saturationover ice; however, in absenceof cloudice scheme,thecloudscanonly form at saturation

overwater, i.e. athighervaluesof specifichumidity. So,to getthecorrectcloudamount,theobserved

humidity shouldbe increased;this adjustmentis taken into accountfor radiosondeobservationsbut

notfor theGPSobservations.For awinterperiodthisadjustmentis importantandit shouldhavebeen

introducedin theJanuaryOSE.

c. DIURNAL IWV CYCLE AND ZTD VERIFICATION FOR SWITZERLAND

Thediurnal cycle of watervapouris an importantpart of the modelverification. Thediurnal IWV

cyclefor nineSwissGPSstationsataltitudebelow 800m is plottedin figure8 for theanalysisandthe

forecast.Theplot 8apresentstheJune2002OSEreferenceandGPSanalyses(blackandredlines),

and the IWV extractedfrom the Near - RealTime (blue line) andthe Post- Processed(PP)GPS

data(greenline). Thereferenceanalysistendsto underestimatethewatervapourin theatmosphere

when comparedwith both NRT and PP GPSobservations. The bias (aLMo reference/ NRT) is

in orderof -0.64 
����� �
. On the other side the GPSanalysisis overestimatingthe IWV and the

biasis 0.34 
����� �
. Thestandarddeviation hasbeenreducedfrom 0.87 
����� �

in referenceto 0.48


����� �
in theGPSexperiment.A visual investigationof theGPSanalysisandtheNRT observation

show satisfactoryagreement,exceptfor theearlymorninghours;however, oneshouldnotethatNRT

observationsweremissingin theearlymorningof June24. A dayby dayevaluationof thediurnal
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cycle shows substantialdifferencesbetweenthereferenceandGPSanalysis.On June21, 22 and24

thereferencemodelbias,comparedto theNRT data,is -2.0,-3.8and-2.5 
����� �
respectively, i.e. the

modelunderestimatessubstantiallythewatervapourcontent.OntheothersideonJune18and19the

referencemodelbiasis positive 2.6and1.5 
����� �
. Thefigure8ais ratherdifficult to interpretasit

coversonly oneweekwith rapidchangesin theatmosphericconditions.Thediurnalcycle of the00

UTC forecast(figure8b) shows a clearunderestimationof thewatervapourin aLMo in thesecond

partof theday;aslightcorrectionof thiserroris observedwhenstartingfrom thegpsanalysis.

In orderto investigatethe efficiency of the assimilationschemeandthe accuracy of the NRT GPS

data,the IWV andZTD for theGPSsitesPayerne(PAYE) areplottedin figure9. In thepanel,one

seesthat theIWV differencesbetweenthereferenceandGPSexperimentareup to 7 - 8 
����� �
and

thatmostof thelargeerrorsarecorrected.However, it is alsoseenthattheassimilationof GPSdoes

not alwaysdrive themodelto theobservedvalue: for exampleat 07 UTC on June18 thedifference

betweenmodelandobservationremainsin therangeof 3 
����� �
andtheminimumof IWV is reached

with a threehoursdelay. A possibleexplanationis thescaleof thenudgingtermemployedin aLMo,

which is not optimalfor thefasttemporalvariationsof thewatervapour;thenudgingcoefficient (
,

)

usedherecorrespondsto a timescaleof about90min.

In figure 9a and9b onenotesthe strongdiscrepancy betweenthe NRT andPPGPSat middayof

June20. A sharppeakof 35 
����� �
is seenin the PPdata,which is not well pronouncedin the

NRT one. This peakhasbeenverified againstindependentmeasurementsfrom a sunphotometer,

which supportstherapid jump anddropseenin thePPdata;this peakis in factassociatedwith the

passageof a cold front. Thus it is to be concludedthat NRT processingtendsto smoothout the

rapidvariationsof ZTD. This canbeexplainedwith theNear- RealTimeprocessingstrategy, which

incorporatespastobservationsin a7 hourwindow to computetheactualZTD value(processingtime
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window describedin section3). Exceptfor this singleobservation,a surprisinglygoodagreement

betweenthetwo processingschemesis observed. Table3 displaysthebiasof theNear- RealTime

solutioncomparedwith thePPsolutionfor nineSwisssites,whichis in therange0.4to 3.7 �\� . The

averagedZTD biasis 2.3 �\� andthestd is in the8 �\� range.This is in agreementwith thework

reportedin Haaseet al. (2002)aboutintercomparisonof theMAGIC dataset.A ZTD biasof 3 �\�
correspondsto a IWV biaslower than0.5 
����� �

. This resultis certainlyveryencouragingfor NWP,

astheperiodunderconsiderationis characterisedby rapidchangesin atmosphericconditions.

6. Conclusions

With the developmentof high-resolutionmesoscalemodelsrosethe needof reliablewatervapour

informationwith hightemporalandspatialresolution.Onesuchsourceof informationaretheground

- basednetworksof GlobalPositioningSystem(GPS)receivers. The focusof the EuropeanCOST

Action 716 was to evaluatethe applicability of GPSin operationalNumericalWeatherPrediction

(NWP) throughdatavalidationandassimilationexperiments.The GPSimpacton the operational

NWPsystemof MeteoSwiss,theaLpineModel (aLMo), is reportedin thismanuscript.

TheGPSdatafrom morethan200Europeansiteshave beenprovidedwithin the Near- RealTime

(NRT) demonstrationprojectof COST716. The quality of NRT datahave beenvalidatedwith the

PostProcessed(PP)datafrom Switzerland.It canbeconcludedthat the two datasetshave similar

qualitywith few casesof smoothingobservedin theNRT dataduringactiveweatherevents.TheIWV

biasof theNRT datacomparedwith thePPdatais lessthan0.5 
����� �
. Thedatafrom threeCOST

ProcessingCentres,namelyLPT, GFZandGOP, aredeliveredwithin 1h45min observationwindow

in morethan90% of thecases.ThethreeCentresprovidedatafor 95% of theGPSsitesavailablein
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aLMo domain.

Throughassimilationexperimentswith aLMo it wasfound that the nudgingschemeis well ableto

correcttheIWV deficienciesobservedin thereferencemodel.A strongerforcingwith a shortertime

scalecouldevenimprovethisbehaviour in presenceof fastmeteorologicalevents.Thereconstruction

of humidityprofileis oneof theweakestelementsof theprocess;combiningGPSwith otherhumidity

information or using Slant Path GPSobservationscould be envisagedto improve this weakness.

Comparingradiosondewith GPS,a dry radiosondebiashasbeenfoundover NorthernItaly. This is

consistentwith the studiesof OhtaniandNaito (2000)andHaaseet al. (2002)andseemsto be a

deficiency in theradiosondeobservationduringdaytime.

Theimpactof GPSassimilationon theaLMo IWV field in winter OSEwasweaker thantheimpact

onJuneandSeptemberOSEs.Moreoverdueto inconsistentusageof humiditycorrectionschemethe

resultsfrom winterOSEareinconclusive.ThestrongestGPSimpactwasobtainedin June2002OSE,

andis visibleupto theendof theforecast(+30h).For thisperiodtheaLMoreferenceanalysisexhibits

a dry biasover Switzerlandwhich is well correctedby assimilatingGPS;2m temperatureanddew

point temperatureanalysishavealsobeenimprovedover thewholedomain.However, theimpacton

theprecipitationanalysisandforecastis mixed. A missingstructureis recoveredin theprecipitation

forecastonJune202002.A negativeimpactonprecipitationanalysisreportedonJune23 is possibly

dueto modelweaknessin aspecialweathersituationovernorthernItaly. Theimpactonprecipitation

forecastis limited to thefirst 6 hoursandto intenseprecipitationevents.In ourpreliminarySeptember

2001OSE(Guerova et al., 2003b)onecaseof positive impacton thecloudinessis reportedandthe

precipitationdaily cycleof theassimilationcyclewasimproved.

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

information for high resolutionmesoscalemodelsand the good spatial coverageand temporal
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availability of thesedata.Thefuturepotentialof GPSwill befurtherextendedwith thenew European

project- GALILEO (theEuropeanSatelliteNavigationSystem)in operationalservicefrom 2008.The

GPSderivedwatervapourgradientscouldhelpimproving thespatialspreadingof humidity in active

weatherregimesandin regionswith strongwatervapourinhomogeneity. Onefurther improvement

could be the retrieval of GPShumidity profiles (tomography),with the limiting factor being the

accurateSlantPath estimates.The operationaluseof GPSin NWP modelsdependsalsoon future

dataavailability; GPSnetworksbelongmainlyto thegeodeticcommunityandarenot incorporatedin

theWMO MeteorologicalObservingSystem.
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Table captions

Table1: Near-surfaceverificationof September, JanuaryandJuneOSEswith theSYNOPdata.Bias

andstd of pressure(PS),dry bulb temperature(T 2M) anddew point temperature(TD 2M) at 2m

arelistedfor thereferenceandGPSanalyses.GPSassimilationresultedin improvementsof the2m

temperatureanddew point temperaturein SeptemberandJuneOSEs.

Table2: JanuaryOSE,aLMo /ANETZ total cloud cover amountin octasfor the analysis(analysis

time00 to 24UTC) andforecast(forecasthours0 to +30).ALMo tendsto overestimatetheclearsky

andunderestimatetheovercastedsituations.GPSassimilationstrengthensthis tendency.

Table3: Comparisonof Near- RealTime andPost- Processedsolutions.ZTD biasandstdfor nine

SwissGPSsitesfor theperiod18 to 24June2002.Notethatthebiasis betterthan3 mm andthestd

is in the8 mmrange.

Figure captions

Figure 1: ALMo domain and the location of the EuropeanGPS sites (red dots) used in our

experiments.Thecolourscalepresentstheorographyandthethin redline thecountryboundaries.

Figure 2: Hydrological cycle and microphysicalprocessesimplementedin aLMo. Four typesof

hygrometeorsareconsiderednamely: watervapour, cloud water, rain andsnow. Note that no ice

phasewasimplemented.

Figure3: Upper- air verification(aLMo minusTEMP)of relativehumiditybias(left) andstd(right)

for September, JanuaryandJuneOSEs.Thebluedashedline presentstheGPSforecastandthered

line thereferenceforecastat:
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a. +00handb. +06h. A minor biasincreaseat +06his obtainedwhenassimilatingGPS,but std is

slightly improved.

Figure5: Accumulatedsix precipitationforecaston 10 September200100 UTC to 06 UTC over

Switzerland:a. referenceforecastandb. GPSforecast.Thecontourline definestheSwissboundary

andthemain riversandlakes. Note thedifferencesin the precipitationpatternsin the GPSandthe

referenceexperimentover theJuramountain.

Figure6: Six hour accumulatedprecipitation00 to 06 UTC on 20 June2002 from: a. reference

forecast,b. GPSforecastandc. radarobservation. The forecastedintenseprecipitationover Jura

region (i.e. north-westernSwitzerland)in theGPSexperimentis confirmedin theradarplot.

Figure7: Six hour accumulatedprecipitation18 to 24 UTC on 23 June2002 from: a. reference

analysis,b. GPSanalysisandc. radarobservation. Assimilationof theGPSsiteTorino resultedin

significantoverestimationof precipitationoversouthernSwitzerland.

Figure8: JuneOSEdiurnalIWV cycle for nineSwissGPSsitesbelow 800msl.

a. Thereferenceanalysis- blackline , theGPSanalysis- red line, Post- ProcessedGPSgreenline

andNRT GPS- blueline areshown.

b. sameasa. but for the00UTC forecast.

Note, theunderestimationof the watervapourin the lateafternoonhoursin the referenceandGPS

forecast.

Figure9: IWV andZTD for stationPayernein JuneOSE.

a. IWV amountin 
����� �
from theNRT (blueline) andPost- Processed(greenline) GPSdataand

theaLMo reference(blackline) andGPS(redline) analysis.

b. ZTD in � atstationPayernefrom NRT (bluedots)andthePost- Processed(greendots)data.The

biasNRT/PPdatafor stationPayerneis 1.8mm.
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Table1: aLMo minusSYNOPin September, JanuaryandJuneOSEs.

Sept.ref Sept.GPS Jan.ref Jan.GPS Juneref JuneGPS

PSbias[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: January2002OSEaLMo versusANETZ cloudcover.

CLC [octa] 0 1 2 3 4 5 6 7 8 TOTAL

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

aLMo ref. 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

aLMo ref. 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- RealTimeminusPost- Processed)biasandstdin � for theperiod18-24June

2002.

ZTD [ � ]

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(Geneva) 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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Figure4b
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Figure4c
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Figure5a
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Figure6a
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Figure6b
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Figure7a
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Figure7b
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Figure7c
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Figure8ab
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Figure9ab
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