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Abstract

Theprocessingf the GlobalPositioningSystem(GPS)obsenablesis regularly performed
usingsome'a priori” standardneteorologicavalues.Thesecanbeveryunrealistiaf only few
obsenationsare available sincethe actualatmosphericonditionsover the geodeticnetwork
are ngglected. This seemgto be the caseof randomlymaoving GPSreceversfar from con-
tinuously observingreferencestations,as geodeticcoordinatesand troposphericparameters
cannotbe accuratelyestimated.More realisticinitial valuesfor the tropospheranay be ob-
tainedfrom a NumericalWeatherPrediction(NWP) model. Thus,theimpactof theingestion
of NWP forecastsnto the GPSdataprocessings analyzedor shorttime seriesn termsof the
geodeticvertical coordinate.The non-hydrostatidViM5 modelwith boundaryandinitial con-
ditions givenby the ECMWF analysisis usedto computeestimatef the zenithwet anddry
delays.Thesemodelingsimulationsaretheningestednto the GPSdataanalysisof the GIPSY
software package.First, this approachs appliedto GPSdatagatheredat the UK permanent
stationsof the COSF716 first benchmarkcampaignwhereit is possibleto estimatea stable
24 hour referencesolution. Here, an improvementof about60 % in the vertical coordinate
biasis found. Still, theabsoluteaccurag cannotexpectedo bebetterthan1 decimeterdueto
the remainingmismodelingof the troposphere.Then, the modelingapproachs appliedto a
kinematicanalysisof GPSbuoy data.In this casealsoa qualitative improvements noticeable
asdemonstratetty a comparisorwith independensatelliteradaraltimeterdata.



1 Introduction

The processingf obsenablesfrom the GPSsystemis regularly performedusingsome“a priori” standard
meteorologicalvalues(e.g.,Leick, 1994). The atmosphericomponentsrethe Zenith HydrostaticDelay
(ZHD) andthe Zenith Wet Delay (ZWD). The ZHD is the largerterm (nominalvalue of 2300mm at sea
level) but can be accuratelymodeledif measurementsf surface pressureare available (Saastamoinen,
1972). As a consequencehe ZHD strongly dependson the elevation of the GPSsite. The ZWD has
a smallervalue (0-300 mm at sealevel) andis associatedvith the distribution of the watervaporin the
atmospheré¢Bevis etal., 1994).

In the standardapproactof the GPSdataprocessingthe a-priori-valuesfor theZHD andZWD variables
areassumedndependenbf the atmosphericonditionsover the geodeticnetwork aswell asindependent
of time. This may be a sufficient approximationfor the ZHD componentwhich canbe derived from a
topographicmnodelif groundpressuraneasurementare not available (Cucurull et al., 2001). The ZWD
term, on the otherhand,is very difficult to modelbecausset is highly variablein spaceandtime. Conse-
guently the useof time independeng-priori-valuesin the standardoroceduremay be unrealistic. Sucha
situationmayoccurin the processingf kinematicGPSdata,wherefew obsenationsareavailableandit is
notalwayspossibleto make useof a closereferencestationto estimatethetropospherde.g.,Dodsonetal.,
1999).

The aim of this work is to studythe impactof usingpredictionsof NWP modelsin the GPSdatapro-
cessinginsteadof the regular a-priorisfor shorttime series(1 hour) and undera stormy meteorological
situation.While the GPS-denedestimateof ZHD andZWD arecommonlyusedto monitorandvalidate
someaspectof NWP models(Cucurull et al., 2000),the simulationscarriedout with a NWP modelcan
beusedto assisiin the GPSanalysisproceduravhennot enoughdatais availableto estimatebothgeodetic
coordinatesindtropospherigarameters.

In orderto studythe effect of injecting ZHD andZWD valuesderived from an NWP modelwe firstly
utilized GPSdatafrom the COSTAction 716“Exploitation of ground-base®&P Sfor climateandnumerical
weathemredictionapplications”enchmarkest(e.g.,Brockmannetal., 2001). Usingground-base®&PS
receversinsteadof moving platformsfacilitatesthe estimationof a stablesolutionobtainedrom a24 hour
dataprocessingdo beusedasareferencesolutionwhenanalyzingthe shorttime seriesresults.

ThestandardsPSprocessings comparedvith the NWP modelingapproachn termsof therepeatability
of theverticalgeodeticcoordinate®f the GPSstations.By carryingoutthe staticcomparisorstudywe can
assesshe potentialof NWP simulationsto improve the kinematicanalysis.Theimpactof theingestionof
modelforecastinto the GPStechniquas thenexemplifiedwith a moving platformcase.

The structureof the paperis asfollows: Section2 describeghe experimentaketup andthe meteorolog-
ical situationunderstudy The modelsimulationsarebriefly describedn Section3. Thetreatmenf the
GPSobsenationsanda discussiorof the resultsaregivenin Section4. The main conclusionsandfuture
work aredrawn in thelastsection.



2 Available GPS data and meteorological situation

Fromthe entire GPSdatasetfrom the COSTAction 716 which encompasse$/ stations the fourteensta-
tionsof the UnitedKingdomwerechosenseeFig. 1). Thesecoincidewith stationsof the nationalnetwork
of continuouslyoperatingGPSreceversfor the UK (Dodsonetal., 2000). All stationsareequippedwith
eitherAshtechz-XIl or Trimble 4000SSidual frequeny geodeticreceversandwith choke ring antennas
(cf. Tablel). The“raw” dataarerecordecata 30 secepochrateanddownloadedon adaily basis.Thedata
arethenarchivedin RINEX format(Dodsonetal., 2000).

Theactualbenchmarkestperiodwasfrom 9 to 23 June2000(Brockmanretal.,2001). Fromthis period
thetime span10-14Junewasselectedn orderto testthe ingestionapproach.The selectionis dueto the
synopticsituationduring thesedays. A frontal systemcrossedhe GPSnetwork during the campaignat
around12-14June. The synopticregime correspondindo this frontal passageanbe obsenedin Fig. 2.
A low pressuresystemseenin the North Atlantic on 12 June2000at 12 UTC moveseastvard overpassing
the areaof intereston thefollowing day. Thislow pressuresystemadwectedmoistair asit approachedhe
coastandthefront broughtsteadyprecipitationto the areaof the experimentwith heary rainon 13 June.

3 NWP simulation

The NCAR/PennStateMM5 Modeling System[Anthesand Warner(1978); Dudhia (1993); Grell et al.
(1994)]is usedto simulatethe ZHD andZWD variablesfor the sameregion andtime period. The MM5 is
aprimitive equationfinite-differencebasechon-hydrostatienesoscalenodel.

We setup two (2-way nested)domainswith grid distancerangingfrom 54 km down to 18 km. At the
finestdomainthe grid dimensionsare 70 grid pointsin the north-southdirection,61 in the east-westlirec-
tion, and 24 vertical levels. The physicaloptionsusedarethe high-resolutiorBlackadarparameterization
of the planetaryboundarylayer (PBL), multi-layer soil model, the simple schemeof Dudhia (1993) for
explicit moistureparameterizationthe USGS(U.S. GeologicalSurey) topographyandland-usesources
of 10 min, andthe cloudsaresolvedwith the Grell scheme.

Theinitial andboundaryconditionsareprovided by the ECMWF (EuropearCenterfor Medium Range
WeatherForecastsanalysisat 00 UTC from 10to 14 June2000andall simulationsareintegratedfor a 24
hourperiod.ZHD andZWD valuesarecalculated 15 min interval) at every GPSsite.

The hydrostaticcontribution is estimatedrom surface pressuremodeling. We have usedthe bilinear
interpolationin the horizontaldirectionto interpolatethe groundpressurevaluesfrom thegrid pointsof the
domainto the locationof the GPSsites. A moreaccuratdreatments neededor theinterpolationin the
verticalin orderto avoid a biasbetweerthe ZHD measuredt the ground-basedeceverandthe modeled
ZHD value causedby orographiceffects. This is becausdhe surfacepressurestrongly dependson the
heightof the GPSsitesandtheseare not modeledcorrectlyasis shovn in Tablel. Thetableshaws the
elevationof the ground-basedeceversandthe correspondingaluesusedin MM5. Thedifferencesareas
largeas180m which correspondso around4 cm of ZHD.



To interpolatevertically the pressurdield from the modeltopographyto the heightof eachGPSstation,
we have assume@nexponentialdependencéor pressurasa functionof height. The methodthatwe used
yieldsaverageerrorsof theorderof 1.0to 1.5hPa, which convertsto around3 mm of ZHD [De Pondecaet
al. (2001);Cucurull(2001)].

The ZWD is obtainedfrom the verticalintegrationof the specifichumidity. Bilinear interpolationfrom
thefour closesigrid pointvaluesis usedin the horizontal. Theresultingerrorassociatedo the ZWD varies
from1to2cm.

4 GPSdata processing and preliminary results

TheGPSdatawereprocesseavith the GIPSY (GPSInferredPositioningSY stem)softwarepackagegWebb
andZumbege,1993)usingthe precisepoint positioningapproaci(Zumbegeetal., 1997). Threedifferent
stratgies we employed in order to analyzethe undifferenceddual-frequeng carrierphaseand pseudo-
rangemeasurement&f. Table2).

In all threesolutionsthe necessargstimateof the satelliteclock correctionsandorbits aswell ascon-
sistentearth-rotatiorparametersvere provided by JPL (JetPropulsionLaboratory). The cut-off elevation
anglewaschoserto 10° andtheestimatiorinterval to 15min. In caseof estimatingropospheriparameters
theNiell (1996)mappingfunctionwasused.

For thereferencesolutionREFSOLthetropospheriadelaywasmodeledasarandomwalk (o2 = d? - t)
with a drift rateof d = 6 mm/+/h. Thea-priori-valuesfor the ZHD andZWD correspondo the standard
valuesof the GIPSY processingln thesolutionGIPSOLhourly batchesveresolvedfor stationcoordinate
and clock parameterswhereasthe troposphericparametersvere not estimated but rathertaken as the
GIPSY standarda-priori-values:ithe ZHD is alloteda valuederivedfrom a simpleheightdependeninodel,
the ZWD a-priori is alwayssetto 0.1 m. The solutionMM5SOL, in turn, usesthe 15 min tropospheric
parametetime seriesderivedfrom MM5 astropospheriénformation. Again no tropospherigstimationis
performed.

Fig. 3 shows the radial geodeticcoordinatecomponenestimatedby the threedifferent GPSdatapro-
cessingstrategyies for four arbitrarily chosenstations. The dottedline correspondso solution GIPSOL,
whereaghe dash-dottedine depictsthe radial coordinateestimatedwith the ingestionof NWP products
(MM5SO0L). Thecontinuoudine representthereferencesolutionREFSOL . Theaveraggfour days)biases
androot-mean-squar@ms)valuesof thedifferencedetweertheradialgeodeticcoordinatesisingthetwo
differentapproacheandthe REFSOLsolutionaresummarizedn Table3 for all 14 stations.

Using hourly batchesn the solutionstrategy (GIPSOL,MM5SOL), thetime seriesof the site elevation
shaws a high variability. The variability is lesspronouncedvith theingestionof MM5 derived ZHD and
ZWD valuegMM5SO0L). Thereferencesolutionfor theheightsof the GPSsites(REFSOL)is derivedfrom
24 hourprocessingHeretheimpactof usingor notusinga-priorisfrom a NWP modelis negligible asthe
numberof obsenationsis sufficient to resole both geodeticcoordinatesandtropospherigparameters(A



testrunwith GIPSY includingthe MM5 derived ZHD andZWD valuesin the 24 hourprocessingyielded
identicalresultsasREFSOL.)

The averageabsolutebias of the hourly solutionw.r.t. REFSOL decreasesignificantly (about60%)
whenmodeledvaluesof ZHD andZWD areincludedin the dataprocessing.In generalthe rmsvalues
alsoslightly reducefrom the GIPSOLto the MM5SOL solution. The stationAberdeen(ABER) shavs
unrealistichighrmsvaluegexceedings m); singledifference®f thehourly solutionsw.r.t. REFSOLobtain
valuesaslargeas40 m. Becauseahe problemdoesnot shav up in the daily processingthereappearso be
aproblemwith the hourly dataprocessing.

The ZTD valueincreasedor denseratmosphereandlongertrajectoriesof the signalbetweenthe GPS
satelliteandtherecever. Thus,for anatmospheriprofile densethantheoneassumedh thea-priori-value
of ZTD (for instancedueto astormyepisodeassociateavith alargeamountof moisturein theatmosphere)
theestimateof theradialgeodeticcoordinateshouldintuitively be smallerin orderto increasehetrajectory
and reproducethe obsenations. However we find from the table the oppositesituation: MM5SOL is
always (exceptAberdeen)ower with respecto REFSOL,while GIPSOLis alwayshigherwith respecto
REFSOL.Thereasornis thatthe above agumentonly holdstrueif the stationclockswere perfect. As the
recever clocksneedto bemodeledaswell, anincreasén ZTD is absorbedothin theclock correctionand
in theradialcoordinatecomponent.

In orderto betterunderstandhe natureof the error correlationof thetropospheriadelaywith the errors
committedn theestimatiorof theradialcoordinatecomponenandtheclock correctionwe follow asimple
modelthatwas proposedy Claflin and Resch(1980). Their functionalmodel statesthatthe sumof the
threeerrorcomponentsanishes:

Ap(h) + Ap(clock) + Ap(trop)
—Ah x sine + Ap(clock) + AZTD/sine = 0

0

The modelshouldbe understoodasa roughapproximatiorthatis basedon the 1/ sine mappingfunction
andthusdegradesfor low elevation angless. Rearranginghe termsandintroducingthe variablesA =
—Ap(clock)/AZTD andB = Ah/AZTD, yieldsthefollowing equation:

A+ B xsine =1/sine .

Fitting the two similar functionsof the left andright handside of the equationin a leastsquaressense,
furnishesestimatedor thevariables4 and B providing the soughtfor functionalrelationship.

Applying the abore modelto the elevation anglerangel0° < e < 90° in stepsof 1° the following
relationshipsarederived:

Apg(clock) = —3.4x AZTD and
Ah

—2.5 x AZTD.

Accordingly, anerrorof 1 cmin ZTD correspondgo anerrorof —3.4 cmin theclockcorrectiorrespectiely



—2.5 cmin the heightestimatej.e., boththe clock biaserrorandthe stationheighterror have the opposite
signw.r.t. the ZTD error.

In the caseof fixing thetropospheriparameterso givenvalues(GIPSOLandMM5SOL), thedifference
betweerthetwo ZTDs propagateito the heightandtheclock biasestimatesccordingo theabove given
factors. For the caseat hand,the averagedifferencein ZTD roughly amountsto —0.16 m (GIPSOL—
MM5SOL). The averagedifferencebetweerthe heightestimategcf. Table3) is about0.44 m (GIPSOL—
MM5SOL). Thisis in goodagreementvith thevalueof —2.5 x —0.16 m = 0.40 m derivedfrom theerror
model.

The averagebias (four days)of MM5SOL w.r.t. REFSOLover all stationswith the stationAberdeen
beingexcludedamountgo about-0.132m (cf. Table3). Thus,the errorthatis causedy a mismodelingof
thetropospherés in the rangeof 10 to 20 cm. Kinematicapplicationsusing NWP productsassourcefor
thetropospheriénformationcan,thus,hardlybe betterthan10cm.

In orderto shav an applicationof the ingestionof NWP productsinto the GPSdataprocessingn a
moving platform we focus on the processingpof GPSdatafrom a light-weight GPShbuoy locatedin the
MediterranearSeaon 17 Septembe000 (Cardellachet al., 2000) at 80 km from the nearestground
referencestation.

Fig. 4 shavs the seasurfaceheightabove the ellipsoid by usingthe standarda-priorisin the GPSdata
processingdots) and the value given by the ingestionof the MM5 products(continuousline). In the
standardpproachthetropospheriparameterareestimatedsarandomwalk processvith 1 hourintervals
betweerupdatesTheverticalgeodeticcoordinatds estimatedat 15 secinterval in bothcases.

We note from the figure that the useof MM5 modelingsimulationsresultsin animprovementof the
solutionby around0.17 m, whenit is comparedo the value obtainedfrom the ERS altimeter (triangle)
at21.9UTC. In the standardGPSdataprocessingthereis not enoughdatato estimatecorrectlyboththe
verticalcoordinateandtroposherigparameterandis usefulto make useof bettera-priori-valuege.g. NWP
forecasts).

5 Conclusionsand futurework

We have usedthe ZHD and ZWD valuesmodeledwith the MM5 modelto evaluatethe impactof using
NWP forecastsnto the shorttime seriesanalysisof the GPSobsenables.While in the standargrocedure
the a-priori-valueof the ZWD is fixedin time, the useof a NWP modelto provide this variableprovides
informationon the smallspatialandshorttemporalscalesof variationof theatmospheriavatervapor This
is of specialinterestfor stormymeteorologicabventsandfor situationswherefew datais availableandit
may not be possibleto estimateadequatelythe tropospherigparametersThe interpolationof the modeled
ZHD to thelocationof the GPSsitesalsoimprovesthe valuesof this variableinto the GPSdataanalysis.
We have selectedourteenstationsof the COSTF716 first benchmarcttampaign(9-23 June2000) due
to thelargeamountof precipitationaccumulateaver the network during partof this period. This ground-



basedrecevversanalysisallows to computea 24 hour referencesolution. In addition, the impactof the
ingestionof meteorologicaproductsinto the GPSdataprocessings testedfor a GPSbuoy locatedin the
Mediterranearseaat 80 km from the nearesgroundreferencestation.

Significantimprovemeniabout60%) is foundin theestimateof theverticalcoordinateor 1 hourof GPS
dataprocessingvhencomparedo theapproactwherethe a-priorisareassumedo betime independent.

For the GPSbuoy case ,whenfixing the tropospherdo the NWP forecast first resultsindicatean im-
provementof 10-20cmin theverticalcoordinate.

Theseareinitial resultsof the applicationof NWP forecastdn the processingf the GPSobsenables
basedon a limited amountof datasets. Futurework shouldextendthe analysisto more study casesin
orderto beableto draw generakonclusionson theimpactof ingestingNWP productsinto kinematicGPS

evaluation.
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Tables

Table 1. ContinuouslyoperatingGPS stationsfor the UK (Calaisand Ge, 2001) [Key: Z-XII3 (AshtechZ-XII3),
4000SSI(Trimble 4000SSI) ASH (AshtechASH701945BM), TRM (Trimble TRM29659.00)Jandheightvaluesfor
the GPSstationgK ey: h_.GPS= ellipsoidalheightof GPSstation,H_.GPS= orthometricheightof GPSstation H_.MM5
= orthometricheightof MM5'’s 10 min topographianodel]. Unit: metres.

Sitename Code Recever Antenna h.GPS H.GPS H_MM5
Aberdeen ABER Z-XII3 ASH 53.4513 3.1333 17.5
Aberystwyth  ABYW Z-X113 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-X113 ASH 303.5625 252.3085 103.7
Hemsby HEMS Z-X113 ASH 61.5884 16.9894 7.8
Lerwick LERW Z-XII3 ASH 131.3004 81.6304 204
Liverpool LIVE Z-XII3 ASH 66.0273  13.4683 22.3
Lowestoft LOVE  Z-Xl3 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-X113 ASH 74.2353  28.1443 67.5
Sheerness SHEE 4000SSI TRM 53.2823  8.1423 22.3
Sunhury SUNB 4000SSI TRM 65.1602 19.0142 66.7

Table 2. Analysisstratgiesusedin the GPSdataprocessing.

Solution Characteristics

REFSOL 24 hour solution, estimationof
troposphere

GIPSOL 1 hour solution, no estimation
of troposphereZHD andZWD
asa-priori-valuesof GIPSY

MM5SOL 1 hour solution, no estimation

of troposphereZHD andZWD
asderivedfrom MM5

10



Table 3. Average(four days)biasandrms valuesof the vertical geodeticcoordinatesf the solutionsMM5SOL and

GIPSOLwith respecto thereferencesolutionREFSOL.Unit: metres.

Sitename MM5SOL GIPSOL

bias rms bias rms

Aberdeen 0.394 5.118 0.551 5.293
Aberystwyth —0.038 0.131 0.316 0.163
Barking —0.059 0.180 0.288 0.165
Cambourne —0.145 0.139 0.321 0.192

Dunkeswell —0.199 0.142 0.339 0.233
Hemshy —0.139 0.136 0.298 0.208
Lerwick —0.097 0.099 0.017 0.113
Liverpool —0.172 0.188 0.329 0.199
Lowestoft —0.175 0.173 0.347 0.209
Newlyn —0.207 0.133 0.356 0.193

Nottingham —0.126 0.127 0.392 0.220
Teddingdon —0.206 0.132 0.393 0.233
Sheerness  —0.120 0.395 0.239 0.275
Sunhury —0.037 0.213 0.301 0.197

11



Figure Captions

Fig. 1. Selectedsitesof the nationalnetwork of continuouslyoperatingGPSreceversfor the UK.

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

Fig. 3. Time seriesof the radial coordinatecomponenfor four arbitrarily chosenstationsderived from the different
solutionstratgies: REFSOL(continuoudine), GIPSOL(dottedline), MM5SOL (dash-dottedine). Thecorresponding
calendadatesof thetime seriesrangebetweenl0and14 June2000.

Fig. 4. Seasurfaceheightobtainedby meansof a GPSbuoy andprocessedby usingthe standarda-prioris(dots)and
the MM5 simulations(continuoudline). The solutionobtainedfrom the ERS altimeteris shavn asa triangle. Unit:
metersabore the WG S84referenceellipsoid.
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Fig. 1. Selectedsitesof the nationalnetwork of continuouslyoperatingGPSreceversfor the UK.
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Fig. 2. Surfaceanalysig(from TheMet. Office, UK) of atmospheri¢low for 06 UTC 13 June2000.
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