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1.0   Introduction

SatelliteOceanicaltimetrymeasurementtechniquesstronglyrelayon Global
PositioningSystem(GPS)technology. GPSreceiversareusedon boardalti-
metric satellitesto provide rapid orbit determinationcapabilitiesandon the
ground where downward transmissionsare usedto calibratethe on-board
altimetric radiometers.The calibration procedureaims at estimatingfrom
GPStransmissionthe phasedelaydueto the presenceof watervaporstruc-
turesin the troposphere,i.e. the low part from atmosphere(0 to 10/13km).
The removal of thesetroposphericdelays in altimetric signalsallows for
height measurements (Haines and Bar-Sever 1998).

Accurateestimateof GPStroposphericdelaysare,therefore,crucialfor accu-
rate oceanaltimetry. Typical troposphericphasedelaysare of the order of
tensof centimetersandcurrentGPSdataprocessingtechniquescanprovide
estimatesof troposphericdelay with millimeters accuracy using ancillary
informationof surfacepressureandtemperature.Thereare,however, ample
evidencethat suchlow-order techniquesdo not captureall the watervapor
structuresexisting in thetroposphere.For instance,post-fitphasesof residu-
als from precisepoint positioningat a given site displaya cosecantdepen-
denceontheGPSsatelliteelevationangle(Zumbergeet al. 1997);indicating,
thus,thatnotall thesignalhasbeenextractedduringthefitting. Theseindica-
tions have beenconfirmedin studiesusingother techniquessuchasdouble
differentiationand/orwatervaporradiometerasvalidationinstruments(Ware
et al. 1997).Unfortunately, thoseresidualsalsocontainnoiseandtheextrac-
tion of additional tropospheric information is a very challenging problem.

Thisprojectaimsatdevelopingnew techniquesfor filtering post-fitresiduals.
For that purpose,a GPSreceiver anda watervapor (WV) radiometerhave
beensetup in Lamont,Oklahoma.Lamontis in themiddleof theCloudand
Radiation Test Bed (CART) of the AtmosphericRadiative Measurement
(ARM) program.ARM is thelargestworld globalchangeprogramsupported
by theDepartmentof Energy. Theprogramfocusonobtainingfield measure-
mentsanddevelopingmodelsto betterunderstandtheprocessesthatcontrol
solarandthermalinfraredradiative transferin theatmosphere(especiallyin
clouds)and at the earth’s surface.Thereare threedifferent measurements
siteswithin the ARM program:the North Slopeof Alaskasite, the Tropical
WesterPacific site and the SoutherGreatPlains(SGP)site. The SGParea
was the first field measurementsite establishedby the ARM Program.The
siteconsistsof in situ andremote-sensinginstrumentclustersarrayedacross
approximately55,000squaremiles in north-centralOklahomaand south-
centralKansas,seedetailsathttp://www.arm.gov. Within theSGP, theCART
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sitehasanuniqueexperimentalsetupwith anextensive selectionof weather
instruments(balloon-bornesoundingsystem,raingauges,eddy correlation
system,Belfort Laser, Ceilometer, Micropulselidar, millimeter-wavelength
cloud radar, whole sky imager, etc.) which can be advantageouslyusedto
supportor to validatevariousexperimentswith new instrumentssuchasGPS
receivers.In particular, the facility providesan uniqueopportunityto study
and assesGPS receiver’s performancesin two important areasthat have
receivedlittle attentionin thepast,namely, undercloudyconditionsanddur-
ing rain. Cloud waterand rain aregenerallyassumedto be of the orderof
millimeter andto have a negligible impacton troposphericdelay. However,
preliminarystudiessuggestthat,cloudwaterandrain contribution canbeof
several centimeters at the center of thunderstorm supercell.

Both instrumentstheGPSreceiverandtheWV radiometerareableto tracka
GPSsatelliteasit riseandsetin thesky andaresensibleto thewatervapor
presentalongthesatelliteline of sight(LOS) transmission.In thisproject,the
interestfocusonGPStechnologyandtheWV radiometeris usedascompari-
sonandvalidationinstrument.At low elevation,however, WV radiometer’s
transmissionssuffer from groundeffectsandcannotbeused,while, in theory,
GPStransmissionarestill possibleto negativeelevationangles.For thoselow
angles,othervalidationtechniquesarerequired,thesetechniquesincluderay-
tracing on atmosphericrefractivity fields producedby a numericalweather
prediction(NWP) model.The project, indeed,includedthe useof a NWP
model for several purposes:

i) To help to identify interesting meteorological situations.
ii) To provide the ancillary information(surfacepressureandtempera-

ture) at the Lamont location for troposphericdelay retrieval from
GPS line of sight phase delay measurement

iii) To simulate GPS LOS propagations at low elevation angle.

Thepurposeof this reportis to describethedifferentnumericalexperiments
carriedout during the project. Theseexperimentshave beenperformedat
NCAR with the fifth generationof the PennState/NCARMesocaleModel.
Themodelset-upandadescriptionof thesimulationsareprovidedin section
2. The ray-tracing techniqueand the simulatedLOS troposphericphase
delays are presented in section 3. We sum up in section 4.

2.0   Numerical Simulations

ThePennState/NCARmesoscalemodel(MM5 Version3) hasbeenusedto
to simulate the meteorological conditions over Lamont (36.60North
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97.49Wand287melevation) for summer1999.Becausetroposphericwater
vaporcanvarya lot onshorttimeandspacescale,veryhigh resolutionsimu-
lationswererequired.We usefor thatpurposethreeembeddeddomainswith
aspacialresolutionsof 30km(D1), 10km(D2) and3.3km(D3). SeeFigure1
for the domainconfiguration.A fourth domain(D4) at 1.1 km wasinitially
created,but couldn’t be usedbecauseof its too high computationalcost in
terms of both simulation and ray-tracing.

Figure 1:
MM5 domains configuration,

the resolutions for the domains are 30km (D1), 10km (D2), 3.3km (D3), 1.1km (D4).

On eachdomain,12hforecastsinitiatedat 00zand12zwereperformeddaily
for thewholemonthof July1999.Outputsfrom theNationalCenterfor Envi-
ronmentalPredictions(NCEP)regional(Eta)model(Rogerset al. 1995)pro-
vided the initial andboundaryconditionsfor domainD1, thenoutput from
domainD1, providedtheinitial andboundaryconditionsfor domainD2 and
son on. Domain D1 was run independentlyin real-time while boundaries
conditionsfor domainD2 weresavedevery 6 hours.Simulationon domains
D2 andD3 weresimultaneousandnested,i.e. at every time stepdomainsD2
and D3 exchange data through boundaries of domain D3.

Becausethe input fields from theEtamodelarealreadyanalyzedat 00zand
12zat NCEP, they alreadyincludeall theobservationalinformationavailable
at that time on theGlobalTelecommunicationSystemnetwork from theUS
continentalobservationalnetwork andmeteorologicalsatellites.Therefore,in
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theabsenceof additionalmesoscaleobservations(localdatawerenotusedin
this first experiment),thereis no needto repeattheseanalysesat themesos-
cale.Thephysicalparametrizationwerethesamefor thethreedomains,they
includedtheMRF PlanetaryBoundaryLayerscheme,theKain Fristchcon-
vective parametrization,the mixed phasemicrophysics (Reisner1) and the
cloud radiation (Grellet al. 1994).

For thethreedomains,forecastswereoutputtedevery 1h andput on theweb.
Animationof the3h rain accumulation,horizontalandzonalrelative humid-
ity, temperature and potential vorticity can be consulted at:
http://www.mmm.ucar.edu/individual/vandenberghe/lamont.html.MM5 sim-
ulationsshowed a very strongprecipitationeventsover Lamonton July 10,
1999at 09z with a 3h accumulationrain of 35mm.However, July 16th and
17th1999wereselectedbecausea goodagreementwasfoundbetweenGPS
andWVR data.Theprecipitablewater, i.e. thetotal contentof watervaporin
the atmosphericcolumn (see section 3 for its exact definition), at 18z
(1:00pmlocal time)onJuly16and17,1999is shown onFigures2 and3. As
we can see, precipitable water exhibits very fine scale spacial structures.
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Figure 2:
6h forecast of precipitable water for the three domains

on July 16, 1999 at 18z (1:00pm local time).
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Figure 3:
6h forecast of precipitable water for the three domains

on July 17, 1999 at 18z (1:00pm local time).
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3.0   Ray tracing

3.1  Definitions
Troposphericdelaysin GPSdownwardtransmissionsarecausedby thepres-
ence in the low atmosphereof refractivity gradients,usually due to non
homogeneitiesin thewatervaporfield. Thesegradientsresultin abendingof
thesignalpathandin adelayin thephasereception(comparedto a transmis-
sion in the vacuum).The ray-tracingtechniqueconsistsin the simulationof
the transmissionof the GPSelectromagneticsignalsby numericallysolving
the so-called ray equation (Kravtsov and Orlov 1990) given by:

Wherer is thepositionof thepointontheraypath,s is thecurvilinearcoordi-
nates of the ray andn is the refractivity index.

To numericallysolve the ray-equation,we needto be able to computethe
value of the refractivity index n at any location.This is madepossibleby
pointwiseinterpolationof the3-Dimensionalrefractivity index field provided
by the NWP model.This griddedfield is computedfrom the normaloutput
fields: pressure(P), temperature(T) andwatervaporpressure(e) using the
following empirical relation (Bevis et al. 1992):

Oncetheray-equationintegrated;thephasedelay, i.e. theexcessof phasedue
to the presenceof the atmosphereis obtainedby integration along the ray
pathof therefractivity N, i.e. thepartof therefractivity index accountingfor
the pressure,temperatureand water vapor. The refractivity is definedfrom
the refractivity index by the relation:
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To distinguishthe effectsdue to water vaporonly, it is convenient,as it is
donein theaboveequation,to breakdown therefractivity N into thesumof a
so-calleddry refractivity Ndry andwet refractivity Nwet. Note that the term
dry refractivity alsocontainsthewatervaporeffectsthroughthepressure,so
the term dry delay is not fully appropriate.The terminology “hydrostatic
delay” is sometimespreferred.However, this is convenientnameto differen-
tiate the effects caused water vapor only.

The total delay is obtainedby integration of the refractivity along the ray
path:

Typically Ddry variesfrom 1mto 20mandDwet variesfrom 10cmto 2m,with
minimalvaluesfor verticaltransmission,i.e.whenthesatelliteis at thezenith
andmaximalvaluesfor horizontaltransmission,i.e. whenthe satelliteis at
the horizon.

Theverticalor zenithtransmissionis interestingbecause,in thatcase,thereis
no bendingand,usingthegaslaw andhydrostaticequation,it canbeshown
that,with a relatively goodaccuracy, thedry delayis proportionalto thesur-
facepressurewhile the wet zenith delay is proportionalto the precipitable
water PW:
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whereρ is the waterdensity, g the gravity acceleration,ps the surfacepres-
sure, qv the mixing ratio and p the pressure.As a rule of thumb, when
expressedin the sameunit, usually centimeters,the wet zenith delay is
roughly6.4 timestheprecipitablewater. This directrelationshipbetweenthe
wet zenithdelayandtheprecipitablewater, andthusthemixing ratio, is very
importantsincemixing ratio is usually the variablethat characterizesmois-
ture in NWP models.More challengingis the problemto extract moisture
informationin nonenecessarilyzenithtransmissions.Variationaldataassimi-
lation is a possibleapproachand the modelingeffort presentedbelow is a
step in that direction.

3.2  Ray-tracing
Theray-tracingcodewasadaptedfrom thepreviouswork of Zou et al. 1999.
Thechangesmainly consistin theuseof MM5 outputsinsteadof globaldata
setandin theray initialization procedure.Becausetheray equationis a sec-
ondorderequation,two initial conditions,namelytheinitial positionandini-
tial direction,arerequiredto begin theintegration.While boththepositionof
theGPSsatelliteandthepositionof thegroundreceiver at thetime of trans-
missionareobservableandknown with a goodaccuracy, thedirectionalong
which the ray hasbeenemittedfrom the GPSis not observable.This direc-
tion dependson the propertiesof the slice of the atmosphereseparatingthe
satellitefrom thereceiver. A perfectsimulationthatmimicsthereality of the
measurementwould consistin ray-shooting.In ray-shooting,raysare initi-
atedfrom the GPSsatellitein variousdirectionsuntil oneis found to reach
thereceiver. However, suchapproachis far too expensive andcannotbecar-
ried out. Insteadwe starttheintegrationat thereceiver in thedirectionof the
straitline receiver-GPS.Theresultingraydoesnot reachtheGPSat its actual
observedlocation,but theexperimentsshow thattheerroris lessthan100km
at theGPSaltitude(20 000km).Suchdifferenceis smallandin any casehas
no impactin the phasesincethereis no neutralrefractivity gradientsat this
height.Startingfrom thereceiveralsoallows to bettermatchtheactualray in
thetroposphere,thatis, wheretheatmosphericrefractivity gradientsaremost
important.As said,thedivergenceof the two pathsin theupperatmosphere
has no impact as the refractivity gradient are almost absent up there.

An otherproblemis the limited domainaspectof the mesoscalemodel.To
limit computationalcost,high resolutionsimulationscanonly beperformed
on smalldomainaroundthereceiver. Thusat low elevationangle,raystravel
almosthorizontallyandrapidly exit from themodeldomain.Ideally, the ray
tracingwould startfrom thereceiver usingthehighestresolutionrefractivity
field of the smallestdomainand as rays horizontally exit the domain,the
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refractivity field of thenext domainshouldbeusedandsoon.Suchinterpola-
tion procedure,however, requiresto keepin thecomputermemorythe three
domainswhich is not possiblein practice.Therefore,we hadbeenusingthe
CIRA climatologicaldatafrom theCOSPAR to computetherefractivity field
outsidethesmallestdomain.CIRA dataconsistin latitudinalmonthlymeans
of pressureandtemperaturegiven every 5km from 0 to 120km.Thesedata
were also usedabove the model lid (between10km and 13km) so that we
wereableto performthe ray-tracinguntil neutralrefractivity is null (around
60km). In practice,CIRA dataare smoothat high elevation and the corre-
spondingrefractivity gradientsareweaksothat they have analmostnegligi-
ble impact on the phasedelay. Nonetheless,CIRA data allow for the
computationof thefull phase,whichmightbeusefulin thefuture.Thesketch
below illustrates the data configuration:

GPSpositionswereprovidedby JPLeveryfiveminutesfor amaximumof 12
satellitessimultaneouslyat a time. The 3-dimensionalrefractivity field was
createdat the transmissiontime by interpolationbetweentwo successive
hourly 3.3 km resolutionmodel outputsvalid just beforeand just after the
transmissiontime. Startingfrom the locationof the receiver on the ground
andthedirectionof thestrait line receiver-satelliteasinitial direction,theray
is numericallyintegratedusinga fourth orderRungeKuttamethod.At each
step,thedry andwet refractivity andtheirverticalgradientsareevaluatedand
thecorrespondingphasedelayaccumulated.Onestepis donein thedirection
of the gradientwith an constantintegration stepof 100m within the MM5
domainand5km in the CIRA data.Sincewe areusinga 4th orderRunge-

▲

CIRA data

MM5 data

GPS1 GPS2

����

120km

∼13km
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Kunttamethod,this representsonepoint every 25m, which is lessthanthe
thinnestmodelsigmalayer. So we aresurethat thereare,at least,one ray
pointpersigmalevel duringverticaltransmission.For low elevationangle,of
course,theresolutionof theray-tracingis closerto themodelhorizontalres-
olution (3.3km) and an integration stepof 25m is not neededbut rathera
computationalburden.In thefuture,we will try to adjusttheintegrationstep
asa functionof themodelverticalandhorizontalresolutionandthesatellite
elevation angle.To validate the code,we comparedthe precipitablewater
retrievedfrom ray-tracingin thezenithdirectionto precipitablewatervalues
computedindependentlyusing the hydrostatic assumption.Although no
major differenceswere noted, ray-tracingseemsto be prone to round-off
error.

Ray-tracingis alsocomputationallyvery demanding.It roughly takestwo or
threedaysof CPU time of onenodeof a DEC alphamachineES40to pro-
duceonedayof GPSLOSobservations(1 transmissionevery5mnfrom upto
12 satellites).For that reason,it wasn’t possibleto perform the ray-tracing
on-line,i.e.duringthemodelintegration.Theinterestto performtheray-trac-
ing in themodelintegrationis that therefractivity field usedis theoneactu-
ally valid at theobservation time. In our off-line approach,refractivity were
savedevery hourandlinearly interpolatedat theobservation time. With this
approach,we had beenable to take advantageof the 8 nodesof the same
DECalphamachine.Satelliteobservationsweregatheredby batchof 3 hours
andeachbatchwasassignedto oneof the 8 nodes.This techniquehasper-
mitted to reduce the CPU time to less than 6 hour for one day of data.

Figure4 shows the dry, wet and total delaysasa function of the elevation
angle for the entire day of July 17, 1999. This represents2245 simulated
transmissions.Onecanclearly seethe variationsof the phasedelayswhich
increaseexponentiallyaselevationsanglegoesto 0. For low elevationangles,
raystravelsalmosthorizontallyin theatmosphereand,therefore,staylonger
in the troposphere were they are likely to encounter refractivity gradients.



NCAR’s contribution to Improved tropospheric delay measurement and precision orbit determination for satellite ocean altimetry. 13

Figure 4:
 Dry (red), Wet (blue) and Total (black) phase delay (in meters)

for all GPS transmissions available on July 17, 1999 (2245 transmissions)
plotted as function of the satellite elevation angle (in degree).

Figure5a shows the samedelaysasa function of the time for onesatellite
only (satellite4). From the decreaseandthenincreaseof the delayswe can
deducethat thesatellitefirstly appearedrising to thegroundreceiver around
09z.The minimum of the curve shows that the zenithpositionwasreached
around13z.Thenthe satellitewassettingandcompletelydisappearedfrom
the receiver LOS at approximately17z.Figure5b shows the sameplots for
satellite1. This satellitewasat thezenithof thereceiver at 02zandthendis-
appeared from the receiver for most of the day.
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Figure 5:
Dry (red), Wet (blue) and Total (black) phase delay (in meters) for transmissions from

GPS satellites #4 (a) and satellite #1 (b) available on July 17, 1999
plotted as function of time (in hour).

a)

b)
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Model simulatedLOS wet delayshadbeensentto JPLwherethey have been
comparedto the GPSand WV radiometersactualmeasurements.Figure 6
shows the GPS (red curve), the WV radiometer(greencurve) wet zenith
delaysestimatedfrom theLOS observationswith thehelpof a Kalmanfilter
andthe modelsimulatedwet LOS delays(blue curve) asa function of time
for July16and17,1999.On thisplot, there’sonly oneGPSandWV radiom-
eterdatumat a given time (the projectionon the zenithdirectionof the 12
LOS observations),while thereareall theLOS data(up to 12) for themodel
curve. Despite,the plotted quantitiesare not exactly the same,we should
expecta similar trendfor the threecurves.This is actually the casefor the
GPSand WVR, but not really for the model. The model curve is always
below the othercurvesandexhibits importantkinks at t = 15.2 (July 16 at
05z), t=15.6(July 16 at 15z), t=16.0(July 17 at 00z) andt=16.6(July 17 at
17z).Thekink on July 17,00zcanbeattributedto there-initializationof the
model.The new analysiscomefrom a separatesourceand differ from the
model forecast.In particular, it seemsthat the analysisbettermatchesthe
observationsthanthe forecast.This is to beexpectedsincetheanalysiscon-
tainsnew observational informationwhile the forecastis still basedon 12h
old information.This may alsoan indicationthat at this resolution(3.3km)
the predictability limit is certainly lessthan12h.Note also,that samekink,
althoughlessimportantin magnitude,occursbetween15.5and15.6and16.4
and 15.6, which correspondsto the mid-day re-initialization of the model.
For thosere-initializations,however, the12h forecaststartedat 00z,andnot
the analysisvalid at 12z, wasusedto simulateLOS transmissionoccurring
between12z and13z. In otherwords,LOS databetween12z and13z were
obtainedby interpolationbetweenthe12hforecastinitiatedat00zandthe1h
forecastinitiated at 12z. This useof model output only and not analyzed
fieldsseemsto beprovidemoreconsistency in thedata.Otherkinksareunex-
plained and under investigation.
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Figure 6:
GPS (red), the WV radiometer (green) and model simulated (blue) wet zenith delays
The x-axis shows the day after July 1st, 1999, thus July 16 stands between 15 and 16,

one mark represents a fifth of a day (4h 48mn).

An interestingfeatureis thatthemodelcurve is consistentlyundertheobser-
vation curves,indicatingthat, in thosesimulation,the modelsystematically
underestimateswatervapor. This,undoubtedly, hasto berelatedto thelackof
local observationsin the simulations.Because,no additionalanalyseswere
performedprior to theforecast,the3.3km modelis initializedwith datafrom
globalandcontinentalobservationalnetworks,whichdonot resolve thescale
involvedin thesehigh resolutionsimulations.In fact,thedifferencesbetween
the 30km andthe 3.3kmsimulationsaremainly dueto topographiceffects,
which arecertainlynot enoughto generatethemoistureobserved locally by
boththeGPSLOSreceiversandWV radiometers.Theinclusionin themodel
of local observationsfrom the ARM databasewill certainlyhelp to reduce
thedifferencesbetweenmodelsimulatedandobservedGPSLOS. NCAR is
presentlycollectingthe observationsanddevelopingthe softwarenecessary
to include these data in the initialization procedure.
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4.0 Conclusion

A ray-tracingoperatorableto simulateGPSLOS observation with the fifth
generationof thePennState/NCARmesocalemodelhasbeendevelopedand
appliedto simulatehigh spacialandtemporalresolutionGPSLOS datain a
real configuration.Preliminarycomparisonsbetweenmodel simulatedand
realobservationsindicatethatGPSLOS observationcontainslot of informa-
tion on troposphericmoisturewhich areabsentfrom continentalobservation
networks.NCAR is currentlyworking on the inclusionof local observations
in the model initial conditions.ComparisonbetweenmodelsimulatedLOS
transmissionwet phasedelay initialized with local information and actual
GPSmeasurementswill ultimately reveal the value of GPSLOS data for
mesoscale data assimilation purposes.
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