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Abstract

Theprocessingof theGlobalPositioningSystem(GPS)observablesis regularlyperformed

usingsome“a priori” standardmeteorologicalvalues.Thesecanbeveryunrealisticif only few

observationsareavailablesincethe actualatmosphericconditionsover the geodeticnetwork

areneglected. This seemsto be the caseof randomlymoving GPSreceivers far from con-

tinuouslyobservingreferencestations,as geodeticcoordinatesand troposphericparameters

cannotbe accuratelyestimated.More realistic initial valuesfor the tropospheremay be ob-

tainedfrom a NumericalWeatherPrediction(NWP) model.Thus,theimpactof theingestion

of NWPforecastsinto theGPSdataprocessingis analyzedfor shorttimeseriesin termsof the

geodeticverticalcoordinate.Thenon-hydrostaticMM5 modelwith boundaryandinitial con-

ditionsgivenby theECMWF analysisis usedto computeestimatesof thezenithwet anddry

delays.Thesemodelingsimulationsaretheningestedinto theGPSdataanalysisof theGIPSY

softwarepackage.First, this approachis appliedto GPSdatagatheredat the UK permanent

stationsof the COST-716 first benchmarkcampaignwhereit is possibleto estimatea stable

24 hour referencesolution. Here,an improvementof about60 % in the vertical coordinate

biasis found.Still, theabsoluteaccuracy cannotexpectedto bebetterthan1 decimeterdueto

the remainingmismodelingof the troposphere.Then,the modelingapproachis appliedto a

kinematicanalysisof GPSbuoy data.In this casealsoa qualitative improvementis noticeable

asdemonstratedby a comparisonwith independentsatelliteradaraltimeterdata.
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1 Introduction

Theprocessingof observablesfrom theGPSsystemis regularlyperformedusingsome“a priori” standard

meteorologicalvalues(e.g.,Leick, 1994). TheatmosphericcomponentsaretheZenithHydrostaticDelay

(ZHD) andtheZenithWet Delay (ZWD). TheZHD is the larger term(nominalvalueof 2300mm at sea

level) but can be accuratelymodeledif measurementsof surfacepressureare available (Saastamoinen,

1972). As a consequence,the ZHD stronglydependson the elevation of the GPSsite. The ZWD has

a smallervalue(0-300mm at sealevel) andis associatedwith the distribution of the watervaporin the

atmosphere(Bevis et al., 1994).

In thestandardapproachof theGPSdataprocessing,thea-priori-valuesfor theZHD andZWD variables

areassumedindependentof theatmosphericconditionsover thegeodeticnetwork aswell asindependent

of time. This may be a sufficient approximationfor the ZHD component,which canbe derived from a

topographicmodel if groundpressuremeasurementsarenot available(Cucurull et al., 2001). The ZWD

term,on the otherhand,is very difficult to modelbecauseit is highly variablein spaceandtime. Conse-

quently, the useof time independenta-priori-valuesin the standardproceduremaybeunrealistic.Sucha

situationmayoccurin theprocessingof kinematicGPSdata,wherefew observationsareavailableandit is

notalwayspossibleto makeuseof aclosereferencestationto estimatethetroposphere(e.g.,Dodsonetal.,

1999).

The aim of this work is to studythe impactof usingpredictionsof NWP modelsin the GPSdatapro-

cessinginsteadof the regular a-prioris for short time series(1 hour) andundera stormymeteorological

situation.While theGPS-derivedestimatesof ZHD andZWD arecommonlyusedto monitorandvalidate

someaspectsof NWP models(Cucurull et al., 2000),thesimulationscarriedout with a NWP modelcan

beusedto assistin theGPSanalysisprocedurewhennotenoughdatais availableto estimatebothgeodetic

coordinatesandtroposphericparameters.

In orderto studythe effect of injecting ZHD andZWD valuesderived from an NWP modelwe firstly

utilizedGPSdatafrom theCOSTAction 716“Exploitationof ground-basedGPSfor climateandnumerical

weatherpredictionapplications”benchmarktest(e.g.,Brockmannet al., 2001). Usingground-basedGPS

receiversinsteadof moving platformsfacilitatestheestimationof astablesolutionobtainedfrom a24hour

dataprocessingto beusedasa referencesolutionwhenanalyzingtheshorttimeseriesresults.

ThestandardGPSprocessingis comparedwith theNWPmodelingapproachin termsof therepeatability

of theverticalgeodeticcoordinatesof theGPSstations.By carryingout thestaticcomparisonstudywecan

assessthepotentialof NWP simulationsto improvethekinematicanalysis.Theimpactof theingestionof

modelforecastinto theGPStechniqueis thenexemplifiedwith a moving platformcase.

Thestructureof thepaperis asfollows: Section2 describestheexperimentalsetup andthemeteorolog-

ical situationunderstudy. Themodelsimulationsarebriefly describedin Section3. Thetreatmentof the

GPSobservationsanda discussionof theresultsaregiven in Section4. Themainconclusionsandfuture

work aredrawn in thelastsection.
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2 Available GPS data and meteorological situation

FromtheentireGPSdatasetfrom theCOSTAction 716which encompasses47 stations,thefourteensta-

tionsof theUnitedKingdomwerechosen(seeFig. 1). Thesecoincidewith stationsof thenationalnetwork

of continuouslyoperatingGPSreceiversfor theUK (Dodsonet al., 2000). All stationsareequippedwith

eitherAshtechZ-XII or Trimble 4000SSIdual frequency geodeticreceiversandwith choke ring antennas

(cf. Table1). The“raw” dataarerecordedata30secepochrateanddownloadedonadaily basis.Thedata

arethenarchivedin RINEX format(Dodsonetal., 2000).

Theactualbenchmarktestperiodwasfrom 9 to 23June2000(Brockmannetal.,2001).Fromthisperiod

the time span10-14Junewasselectedin orderto testthe ingestionapproach.Theselectionis dueto the

synopticsituationduring thesedays. A frontal systemcrossedthe GPSnetwork during the campaignat

around12-14June.Thesynopticregimecorrespondingto this frontal passagecanbe observed in Fig. 2.

A low pressuresystemseenin theNorth Atlantic on 12 June2000at 12 UTC moveseastwardoverpassing

theareaof intereston thefollowing day. This low pressuresystemadvectedmoistair asit approachedthe

coastandthefront broughtsteadyprecipitationto theareaof theexperiment,with heavy rain on13 June.

3 NWP simulation

The NCAR/PennStateMM5 Modeling System[AnthesandWarner(1978);Dudhia (1993);Grell et al.

(1994)]is usedto simulatetheZHD andZWD variablesfor thesameregion andtimeperiod.TheMM5 is

a primitiveequation,finite-differencebasednon-hydrostaticmesoscalemodel.

We setup two (2-way nested)domainswith grid distancerangingfrom 54 km down to 18 km. At the

finestdomainthegrid dimensionsare70 grid pointsin thenorth-southdirection,61 in theeast-westdirec-

tion, and24 vertical levels. Thephysicaloptionsusedarethehigh-resolutionBlackadarparameterization

of the planetaryboundarylayer (PBL), multi-layer soil model, the simpleschemeof Dudhia(1993) for

explicit moistureparameterization,the USGS(U.S. GeologicalSurvey) topographyandland-usesources

of 10 min, andthecloudsaresolvedwith theGrell scheme.

Theinitial andboundaryconditionsareprovidedby theECMWF (EuropeanCenterfor MediumRange

WeatherForecasts)analysisat 00 UTC from 10 to 14 June2000andall simulationsareintegratedfor a 24

hourperiod.ZHD andZWD valuesarecalculated(15min interval) at everyGPSsite.

The hydrostaticcontribution is estimatedfrom surfacepressuremodeling. We have usedthe bilinear

interpolationin thehorizontaldirectionto interpolatethegroundpressurevaluesfrom thegrid pointsof the

domainto the locationof the GPSsites. A moreaccuratetreatmentis neededfor the interpolationin the

vertical in orderto avoid a biasbetweentheZHD measuredat theground-basedreceiverandthemodeled

ZHD valuecausedby orographiceffects. This is becausethe surfacepressurestrongly dependson the

heightof the GPSsitesandthesearenot modeledcorrectlyasis shown in Table1. The tableshows the

elevationof theground-basedreceiversandthecorrespondingvaluesusedin MM5. Thedifferencesareas

largeas180m whichcorrespondsto around4 cmof ZHD.
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To interpolatevertically thepressurefield from themodeltopographyto theheightof eachGPSstation,

wehaveassumedanexponentialdependencefor pressureasa functionof height.Themethodthatweused

yieldsaverageerrorsof theorderof 1.0to 1.5hPa,whichconvertsto around3 mmof ZHD [De Pondecaet

al. (2001);Cucurull(2001)].

TheZWD is obtainedfrom thevertical integrationof thespecifichumidity. Bilinear interpolationfrom

thefour closestgrid pointvaluesis usedin thehorizontal.Theresultingerrorassociatedto theZWD varies

from 1 to 2 cm.

4 GPS data processing and preliminary results

TheGPSdatawereprocessedwith theGIPSY(GPSInferredPositioningSYstem)softwarepackage(Webb

andZumberge,1993)usingtheprecisepointpositioningapproach(Zumbergeetal.,1997).Threedifferent

strategies we employed in order to analyzethe undifferenceddual-frequency carrier-phaseand pseudo-

rangemeasurements(cf. Table2).

In all threesolutionsthenecessaryestimatesof thesatelliteclock correctionsandorbitsaswell ascon-

sistentearth-rotationparameterswereprovidedby JPL(JetPropulsionLaboratory).Thecut-off elevation

anglewaschosento
�����

andtheestimationinterval to 15min. In caseof estimatingtroposphericparameters

theNiell (1996)mappingfunctionwasused.

For thereferencesolutionREFSOLthetroposphericdelaywasmodeledasa randomwalk ( �	��

������� )
with a drift rateof ��
�� mm��� h. Thea-priori-valuesfor theZHD andZWD correspondto thestandard

valuesof theGIPSYprocessing.In thesolutionGIPSOLhourlybatchesweresolvedfor stationcoordinate

and clock parameters,whereasthe troposphericparameterswere not estimated,but rather taken as the

GIPSYstandarda-priori-values:theZHD is allotedavaluederivedfrom asimpleheightdependentmodel,

the ZWD a-priori is alwaysset to 0.1 m. The solutionMM5SOL, in turn, usesthe 15 min tropospheric

parametertime seriesderivedfrom MM5 astroposphericinformation.Again no troposphericestimationis

performed.

Fig. 3 shows the radial geodeticcoordinatecomponentestimatedby the threedifferentGPSdatapro-

cessingstrategies for four arbitrarily chosenstations. The dottedline correspondsto solutionGIPSOL,

whereasthe dash-dottedline depictsthe radial coordinateestimatedwith the ingestionof NWP products

(MM5SOL).Thecontinuousline representsthereferencesolutionREFSOL.Theaverage(four days)biases

androot-mean-square(rms)valuesof thedifferencesbetweentheradialgeodeticcoordinatesusingthetwo

differentapproachesandtheREFSOLsolutionaresummarizedin Table3 for all 14stations.

Usinghourly batchesin thesolutionstrategy (GIPSOL,MM5SOL), thetime seriesof thesiteelevation

shows a high variability. Thevariability is lesspronouncedwith the ingestionof MM5 derivedZHD and

ZWD values(MM5SOL).Thereferencesolutionfor theheightsof theGPSsites(REFSOL)is derivedfrom

24 hourprocessing.Heretheimpactof usingor not usinga-priorisfrom a NWP modelis negligible asthe

numberof observationsis sufficient to resolve bothgeodeticcoordinatesandtroposphericparameters.(A
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testrun with GIPSYincludingtheMM5 derivedZHD andZWD valuesin the24 hourprocessing,yielded

identicalresultsasREFSOL.)

The averageabsolutebias of the hourly solution w.r.t. REFSOLdecreasessignificantly (about60%)

whenmodeledvaluesof ZHD andZWD areincludedin the dataprocessing.In general,the rms values

alsoslightly reducefrom the GIPSOLto the MM5SOL solution. The stationAberdeen(ABER) shows

unrealistichighrmsvalues(exceeding5 m); singledifferencesof thehourlysolutionsw.r.t. REFSOLobtain

valuesaslargeas40 m. Becausetheproblemdoesnot show up in thedaily processing,thereappearsto be

a problemwith thehourlydataprocessing.

TheZTD valueincreasesfor denseratmospheresandlongertrajectoriesof thesignalbetweentheGPS

satelliteandthereceiver. Thus,for anatmosphericprofiledenserthantheoneassumedin thea-priori-value

of ZTD (for instance,dueto astormyepisodeassociatedwith alargeamountof moisturein theatmosphere)

theestimateof theradialgeodeticcoordinateshouldintuitively besmallerin orderto increasethetrajectory

and reproducethe observations. However we find from the table the oppositesituation: MM5SOL is

always(exceptAberdeen)lower with respectto REFSOL,while GIPSOLis alwayshigherwith respectto

REFSOL.Thereasonis that theabove argumentonly holdstrueif thestationclockswereperfect.As the

receiverclocksneedto bemodeledaswell, anincreasein ZTD is absorbedbothin theclockcorrectionand

in theradialcoordinatecomponent.

In orderto betterunderstandthenatureof theerrorcorrelationof thetroposphericdelaywith theerrors

committedin theestimationof theradialcoordinatecomponentandtheclockcorrection,wefollow asimple

modelthatwasproposedby Claflin andResch(1980). Their functionalmodelstatesthat the sumof the

threeerrorcomponentsvanishes:

�����
h��� ����� clock��� � ��� trop�!
 �

" � h #%$'&)(+*,� ����� clock��� � ZTD �-$'&)(.* 
 �

Themodelshouldbeunderstoodasa roughapproximationthat is basedon the
� �-$'&/(0* mappingfunction

andthusdegradesfor low elevation angles* . Rearrangingthe termsandintroducingthe variables12

" � �3� clock�'� � ZTD and 45
 � h � � ZTD, yieldsthefollowing equation:

16�748#%$'&)(+*9
 � �-$'&/(.*;:
Fitting the two similar functionsof the left andright handsideof the equationin a leastsquaressense,

furnishesestimatesfor thevariables1 and 4 providing thesoughtfor functionalrelationship.

Applying the above model to the elevation anglerange
��� �=< * <?> � � in stepsof

� �
the following

relationshipsarederived:

� �3�
clock�@
 "BA : CD# � ZTD and
�

h 
 "�E : F;# � ZTD :
Accordingly,anerrorof 1 cmin ZTD correspondsto anerrorof "BA : C cmin theclockcorrectionrespectively
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"�E :GF cm in theheightestimate,i.e.,boththeclock biaserrorandthestationheighterrorhave theopposite

signw.r.t. theZTD error.

In thecaseof fixing thetroposphericparametersto givenvalues(GIPSOLandMM5SOL), thedifference

betweenthetwo ZTDspropagatesinto theheightandtheclockbiasestimatesaccordingto theabovegiven

factors. For the caseat hand, the averagedifferencein ZTD roughly amountsto " � : � � m (GIPSOL–

MM5SOL). Theaveragedifferencebetweentheheightestimates(cf. Table3) is about
� : CHC m (GIPSOL–

MM5SOL). This is in goodagreementwith thevalueof "�E : F;# " � : � � m 
 � : C � m derivedfrom theerror

model.

The averagebias(four days)of MM5SOL w.r.t. REFSOLover all stationswith the stationAberdeen

beingexcludedamountsto about-0.132m (cf. Table3). Thus,theerrorthatis causedby amismodelingof

thetroposphereis in therangeof 10 to 20 cm. KinematicapplicationsusingNWP productsassourcefor

thetroposphericinformationcan,thus,hardlybebetterthan10 cm.

In order to show an applicationof the ingestionof NWP productsinto the GPSdataprocessingin a

moving platform we focuson the processingof GPSdatafrom a light-weight GPSbuoy locatedin the

MediterraneanSeaon 17 September2000 (Cardellachet al., 2000) at 80 km from the nearestground

referencestation.

Fig. 4 shows the seasurfaceheightabove the ellipsoid by usingthe standarda-priorisin the GPSdata

processing(dots) and the value given by the ingestionof the MM5 products(continuousline). In the

standardapproach,thetroposphericparametersareestimatedasarandomwalk processwith 1hourintervals

betweenupdates.Theverticalgeodeticcoordinateis estimatedat 15 secinterval in bothcases.

We note from the figure that the useof MM5 modelingsimulationsresultsin an improvementof the

solutionby around0.17 m, whenit is comparedto the valueobtainedfrom the ERSaltimeter(triangle)

at 21.9UTC. In thestandardGPSdataprocessing,thereis not enoughdatato estimatecorrectlyboth the

verticalcoordinateandtroposhericparametersandis usefulto makeuseof bettera-priori-values(e.g.NWP

forecasts).

5 Conclusions and future work

We have usedthe ZHD andZWD valuesmodeledwith the MM5 model to evaluatethe impactof using

NWP forecastsinto theshorttime seriesanalysisof theGPSobservables.While in thestandardprocedure

the a-priori-valueof the ZWD is fixed in time, the useof a NWP modelto provide this variableprovides

informationonthesmallspatialandshorttemporalscalesof variationof theatmosphericwatervapor. This

is of specialinterestfor stormymeteorologicaleventsandfor situationswherefew datais availableandit

maynot bepossibleto estimateadequatelythetroposphericparameters.Theinterpolationof themodeled

ZHD to thelocationof theGPSsitesalsoimprovesthevaluesof this variableinto theGPSdataanalysis.

We have selectedfourteenstationsof the COST-716 first benchmarchcampaign(9-23 June2000)due

to thelargeamountof precipitationaccumulatedover thenetwork duringpartof this period.This ground-
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basedreceiversanalysisallows to computea 24 hour referencesolution. In addition, the impactof the

ingestionof meteorologicalproductsinto theGPSdataprocessingis testedfor a GPSbuoy locatedin the

MediterraneanSeaat 80 km from thenearestgroundreferencestation.

Significantimprovement(about60%) is foundin theestimateof theverticalcoordinatefor 1 hourof GPS

dataprocessingwhencomparedto theapproachwherethea-priorisareassumedto betime independent.

For the GPSbuoy case,whenfixing the troposphereto the NWP forecast,first resultsindicatean im-

provementof 10-20cm in theverticalcoordinate.

Theseareinitial resultsof the applicationof NWP forecastsin the processingof the GPSobservables

basedon a limited amountof datasets. Futurework shouldextendthe analysisto morestudycasesin

orderto beableto draw generalconclusionson theimpactof ingestingNWPproductsinto kinematicGPS

evaluation.
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Tables

Table 1. ContinuouslyoperatingGPSstationsfor the UK (CalaisandGe, 2001) [Key: Z-XII3 (AshtechZ-XII3),

4000SSI(Trimble 4000SSI),ASH (AshtechASH701945BM), TRM (Trimble TRM29659.00)]andheightvaluesfor

theGPSstations[Key: h GPS= ellipsoidalheightof GPSstation,H GPS= orthometricheightof GPSstation,H MM5

= orthometricheightof MM5’s 10 min topographicmodel].Unit: metres.

Sitename Code Receiver Antenna h GPS H GPS H MM5

Aberdeen ABER Z-XII3 ASH 53.4513 3.1333 17.5

Aberystwyth ABYW Z-XII3 ASH 98.9817 44.5547 217.0

Barking BARK 4000SSI TRM 104.1528 58.3968 62.8

Cambourne CAMB Z-XII3 ASH 139.5708 86.2278 2.3

Dunkeswell DUNK Z-XII3 ASH 303.5625 252.3085 103.7

Hemsby HEMS Z-XII3 ASH 61.5884 16.9894 7.8

Lerwick LERW Z-XII3 ASH 131.3004 81.6304 20.4

Liverpool LIVE Z-XII3 ASH 66.0273 13.4683 22.3

Lowestoft LOVE Z-XII3 ASH 53.8260 9.1890 6.2

Newlyn NEWL Z-XII3 ASH 64.5499 11.0809 2.7

Nottingham NOTT Z-XII3 ASH 98.4324 49.3804 87.8

Teddingdon NPLB Z-XII3 ASH 74.2353 28.1443 67.5

Sheerness SHEE 4000SSI TRM 53.2823 8.1423 22.3

Sunbury SUNB 4000SSI TRM 65.1602 19.0142 66.7

Table 2. Analysisstrategiesusedin theGPSdataprocessing.

Solution Characteristics

REFSOL 24 hour solution,estimationof

troposphere

GIPSOL 1 hour solution, no estimation

of troposphere,ZHD andZWD

asa-priori-valuesof GIPSY

MM5SOL 1 hour solution, no estimation

of troposphere,ZHD andZWD

asderivedfrom MM5
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Table 3. Average(four days)biasandrmsvaluesof theverticalgeodeticcoordinatesof thesolutionsMM5SOL and

GIPSOLwith respectto thereferencesolutionREFSOL.Unit: metres.

Sitename MM5SOL GIPSOL

bias rms bias rms

Aberdeen I .394 5.118 I .551 5.293

Aberystwyth JKI .038 0.131 I .316 0.163

Barking JKI .059 0.180 I .288 0.165

Cambourne JKI .145 0.139 I .321 0.192

Dunkeswell JKI .199 0.142 I .339 0.233

Hemsby JKI .139 0.136 I .298 0.208

Lerwick JKI .097 0.099 I .017 0.113

Liverpool JKI .172 0.188 I .329 0.199

Lowestoft JKI .175 0.173 I .347 0.209

Newlyn JKI .207 0.133 I .356 0.193

Nottingham JKI .126 0.127 I .392 0.220

Teddingdon JKI .206 0.132 I .393 0.233

Sheerness JKI .120 0.395 I .239 0.275

Sunbury JKI .037 0.213 I .301 0.197
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Figure Captions

Fig. 1. Selectedsitesof thenationalnetwork of continuouslyoperatingGPSreceiversfor theUK.

Fig. 2. Surfaceanalysis(from TheMet. Office,UK) of atmosphericflow for 06UTC 13 June2000.

Fig. 3. Time seriesof the radial coordinatecomponentfor four arbitrarily chosenstationsderived from the different

solutionstrategies:REFSOL(continuousline),GIPSOL(dottedline),MM5SOL (dash-dottedline). Thecorresponding

calendardatesof thetimeseriesrangebetween10and14 June2000.

Fig. 4. Seasurfaceheightobtainedby meansof a GPSbuoy andprocessedby usingthestandarda-prioris(dots)and

the MM5 simulations(continuousline). The solutionobtainedfrom the ERSaltimeteris shown asa triangle. Unit:

metersabove theWGS84referenceellipsoid.
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Fig. 2. Surfaceanalysis(from TheMet. Office,UK) of atmosphericflow for 06UTC 13 June2000.
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Fig. 3. Time seriesof the radial co-

ordinatecomponentfor four arbitrarily

chosenstationsderivedfrom thediffer-

ent solutionstrategies: REFSOL(con-

tinuous line), GIPSOL (dotted line),

MM5SOL (dash-dottedline). The cor-

respondingcalendardatesof the time

seriesrangebetween10 and 14 June

2000.
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Fig. 4. Seasurfaceheightobtainedby meansof a GPSbuoy andprocessedby usingthestandarda-prioris(dots)and

the MM5 simulations(continuousline). The solutionobtainedfrom the ERSaltimeteris shown asa triangle. Unit:

metersabove theWGS84referenceellipsoid.
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