NCAR’scontrikutionto
Improved tropospheric delay measurement
andprecisionorbit determinatiorfor satellite
ocean altimetry

a JPL/NCAR project,

Yoaz BarSever, Principal livesticator,
Francoisvandenbeghe,BruceHaines Steve KeihmandCharlesNaudet
Co-investigators

Francois Vandenberghe and Yong-Run Guo

National Center for Atmospheric Research
PO Box 3000, Boulder CO 80307-3000

Progress Report

December 2000

NCAR's contritution to Impraed tropospheric delay measurement and precision orbit determination for satellite ocean .altimetry



1.0 Introduction

SatelliteOceanicaltimetry measuremertechniquestronglyrelay on Global
PositioningSystem(GPS)technology GPSreceversareusedon boardalti-

metric satellitesto provide rapid orbit determinationcapabilitiesand on the
ground where dovnward transmissionsare usedto calibratethe on-board
altimetric radiometers.The calibration procedureaims at estimatingfrom

GPStransmissiorthe phasedelaydueto the presenceof watervaporstruc-
turesin the tropospherei.e. the low part from atmospherg0 to 10/13km).
The removal of thesetroposphericdelaysin altimetric signalsallows for

height measurements (Haines and-Barer 1998).

Accurateestimateof GPStropospheridelaysare,thereforecrucialfor accu-
rate oceanaltimetry Typical troposphericphasedelaysare of the order of

tensof centimetersandcurrentGPSdataprocessingechniquesanprovide

estimatesof troposphericdelay with millimeters accurag using ancillary
information of surfacepressureandtemperatureThereare,however, ample
evidencethat suchlow-ordertechniquesdo not captureall the water vapor
structuresexisting in the tropospherelor instance post-fit phaseof residu-
als from precisepoint positioningat a given site display a cosecantepen-
denceonthe GPSsatelliteelevationangle(Zumbegeet al. 1997);indicating,
thus,thatnotall thesignalhasbeenextractedduringthefitting. Thesendica-
tions have beenconfirmedin studiesusing othertechniquesuchasdouble
differentiationand/orwatervaporradiometersvalidationinstrumentgWare
et al. 1997).Unfortunately thoseresidualsalsocontainnoiseandthe extrac-
tion of additional tropospheric information is ery challenging problem.

This projectaimsat developingnew techniquesor filtering post-fitresiduals.
For that purpose,a GPSrecever and a water vapor (WV) radiometerhave
beensetup in Lamont,OklahomalLamontis in the middle of the Cloudand
Radiation Test Bed (CART) of the Atmospheric Radiatve Measurement
(ARM) program ARM is thelargestworld globalchangeprogramsupported
by the Departmentf Enegy. The programfocuson obtainingfield measure-
mentsanddevelopingmodelsto betterunderstandhe processeshatcontrol
solarandthermalinfraredradiatve transferin the atmospherdespeciallyin
clouds)and at the earths surface. There are three different measurements
siteswithin the ARM program:the North Slopeof Alaskasite,the Tropical
WesterPacific site andthe SoutherGreatPlains(SGP)site. The SGP area
was the first field measuremengite establishedy the ARM Program.The
site consistsof in situ andremote-sensingistrumentclustersarrayedacross
approximately55,000 squaremiles in north-centralOklahomaand south-
centralKansasseedetailsat http://wwwarm.gw. Within the SGRthe CART
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site hasanuniqueexperimentalsetupwith an extensve 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 instrumentsuchasGPS
recevers.In particular the facility providesan uniqueopportunityto study
and assesGPS recever’s performancesn two important areasthat have

recevedlittle attentionin the past,namely undercloudy conditionsanddur-

ing rain. Cloud water andrain are generallyassumedo be of the order of

millimeter andto have a neggligible impacton tropospheriadelay However,

preliminarystudiessuggesthat, cloud waterandrain contribution canbe of

several centimeters at the center of thunderstorm supercell.

Both instrumentghe GPSrecever andthe WV radiometefareableto tracka
GPSsatelliteasit rise andsetin the sky andaresensibleto the watervapor
presentalongthesatelliteline of sight(LOS) transmissionln this project,the
interestfocuson GPStechnologyandthe WV radiometelis usedascompari-
sonandyvalidationinstrument.At low elevation, however, WV radiometers

transmissionsuffer from groundeffectsandcannotbeusedwhile, in theory

GPStransmissiorarestill possibleto negative elevationanglesFor thoselow

anglespthervalidationtechniquesirerequired theseechniquesncluderay-

tracing on atmospheriaefractvity fields producedby a numericalweather
prediction (NWP) model. The project, indeed,includedthe useof a NWP

model for seeral purposes:

1) To help to identify interesting meteorological situations.

i) To provide the ancillary information (surface pressureand tempera-
ture) at the Lamont location for troposphericdelay retrieval from
GPS line of sight phase delay measurement

lii) To simulate GPS LOS propaiions at lav elevation angle.

The purposeof this reportis to describethe differentnumericalexperiments
carried out during the project. Theseexperimentshave beenperformedat

NCAR with the fifth generationof the PennState/NCARMesocaleModel.

Themodelset-upanda descriptionof the simulationsareprovidedin section
2. The ray-tracing techniqueand the simulated LOS troposphericphase
delays are presented in section & $¥m up in section 4.

2.0 Numerical Simulations

The PennState/NCARmesoscalenodel(MM5 Version3) hasbeenusedto
to simulate the meteorological conditions over Lamont (36.60North
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97.49Wand287melevation) for summerl999. Becausdropospheriovater
vaporcanvary alot onshorttime andspacescale very high resolutionsimu-
lationswererequired.We usefor thatpurposehreeembeddediomainswith
aspacialresolutionsof 30km(D1), 10km(D2) and3.3km(D3). SeeFigurel
for the domainconfiguration.A fourth domain(D4) at 1.1 km wasinitially
createdbut couldnt be usedbecauseof its too high computationalkcostin
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).

Oneachdomain,12hforecastsnitiatedat 00zand12z wereperformeddaily
for thewholemonthof July 1999.Outputsfrom the NationalCenterfor Envi-
ronmentalPredictiondNCEP)regional (Eta) model(Rogerset al. 1995)pro-
vided the initial and boundaryconditionsfor domainD1, then outputfrom
domainD1, providedtheinitial andboundaryconditionsfor domainD2 and
sonon. Domain D1 was run independentlyin real-time while boundaries
conditionsfor domainD2 weresaved every 6 hours.Simulationon domains
D2 andD3 weresimultaneousndnestedj.e. at every time stepdomainsD2
and D3 e&change data through boundaries of domain D3.

Becausedhe input fields from the Etamodelarealreadyanalyzedat 00z and
12zatNCER they alreadyincludeall the obsenationalinformationavailable
at thattime on the Global Telecommunicatiorsystemnetwork from the US
continentabbsenationalnetwork andmeteorologicasatellites Thereforejn
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theabsencef additionalmesoscal®bsenations(local datawerenot usedin
this first experiment) thereis no needto repeattheseanalysesat the mesos-
cale.Thephysical parametrizationverethe samefor thethreedomains they
includedthe MRF PlanetaryBoundaryLayer schemethe Kain Fristchcon-
vectve parametrizationthe mixed phasemicroplysics (Reisnerl) andthe
cloud radiation (Grelét al. 1994).

For thethreedomains forecastsvereoutputtedevery 1h andputon theweh

Animation of the 3h rain accumulationhorizontalandzonalrelative humid-
ity, temperature and potential vorticity can be consulted at:
http://www.mmm.ucaedu/indvidual/vandenbeghe/lamont.htmIMMS5 sim-
ulationsshaved a very strongprecipitationeventsover Lamonton July 10,
1999at 09z with a 3h accumulatiorrain of 35mm.However, July 16th and
17th 1999wereselectedbecausa goodagreemenwasfound betweenGPS
andWVR data.Theprecipitablewater i.e. thetotal contentof watervaporin

the atmosphericcolumn (see section 3 for its exact definition), at 18z
(1:00pmlocaltime)onJuly 16 and17,1999is shovn on Figures2 and3. As
we can see, precipitableater exhibits very fine scale spacial structures.
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Figure 2:
6h forecast of precipitableater for the three domains
on July 16, 1999 at 18z (1:00pm local time).
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Figure 3:
6h forecast of precipitableater for the three domains
on July 17, 1999 at 18z (1:00pm local time).

NCAR's contritution to Impraed tropospheric delay measurement and precision orbit determination for satellite ocean .altindetry



3.0 Ray tracing

3.1 Definitions

Tropospheriaelaysin GPSdowvnwardtransmissiongarecausedy the pres-
encein the low atmosphereof refractvity gradients,usually due to non

homogeneitietn thewatervaporfield. Thesegradientgesultin a bendingof

thesignalpathandin adelayin the phasereception(comparedo a transmis-
sionin the vacuum).The ray-tracingtechniqueconsistsin the simulationof

the transmissiorof the GPSelectromagnetisignalsby numericallysolving

the so-called ray equation (Kataov and Orle 1990) gven by:

2
iz? = nOn
dt

d‘[:d_S
n

Wherer is thepositionof the pointontheray path,sis the curvilinearcoordi-
nates of the ray antlis the refractiity index.

To numerically solve the ray-equationwe needto be ableto computethe
value of the refractvity index n at ary location. This is madepossibleby
pointwiseinterpolationof the 3-Dimensionatefractvity index field provided
by the NWP model. This griddedfield is computedfrom the normal output
fields: pressurgP), temperaturdT) and watervapor pressurge) usingthe
following empirical relation (Bas et al. 1992):

n=1+10°%x77.62+3.73x10 &

Oncetheray-equationntegratedithephasedelay i.e. the excessof phasedue
to the presenceof the atmospheras obtainedby integration along the ray
pathof therefractvity N, i.e. the partof therefractvity index accountingor
the pressurefemperatureand water vapor The refractvity is definedfrom
the refractrity index by the relation:
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N = 10°x (n—1) = 77.6_E|_ + 3731002

T2
o oo

|\Idry Nwet

To distinguishthe effects due to water vaporonly, it is corvenient,asit is
donein theabove equationto breakdown therefractvity N into thesumof a
so-calleddry refractvity Ny, andwet refractiity N, Note thatthe term

dry refractvity alsocontainsthe watervaporeffectsthroughthe pressureso
the term dry delay is not fully appropriate.The terminology “hydrostatic
delay”is sometimegreferred However, this is cornvenientnameto differen-
tiate the dects caused ater \apor only

The total delay is obtainedby integration of the refractvity alongthe ray
path:

TD = INdrde + J'Nwetds

D?:II:II:II:I Hq:II:II:II:I

Ddry Dwet

Typically Dy variesfrom 1mto 20mandD,, variesfrom 10cmto 2m, with

minimal valuesfor verticaltransmissioni.e. whenthe satelliteis atthezenith
and maximal valuesfor horizontaltransmissionj.e. whenthe satelliteis at
the horizon.

Theverticalor zenithtransmissioris interestingoecausein thatcasethereis

no bendingand,usingthe gaslaw andhydrostaticequation,jt canbe shavn

that, with arelatively goodaccurag, thedry delayis proportionalto the sur-

face pressurewhile the wet zenith delayis proportionalto the precipitable
water PW

1
PW = — x d
59 Ibfqvp

S

NCAR'’s contritution to Impraed tropospheric delay measurement and precision orbit determination for satellite ocean.altirBetry



wherep is the waterdensity g the gravity accelerationpg the surfacepres-
sure, g, the mixing ratio and p the pressureAs a rule of thumb, when

expressedin the sameunit, usually centimeters,the wet zenith delay is
roughly 6.4 timesthe precipitablewater This directrelationshipbetweerthe
wet zenithdelayandthe precipitablewater andthusthe mixing ratio, is very
importantsincemixing ratio is usuallythe variablethat characterizesnois-
ture in NWP models.More challengingis the problemto extract moisture
informationin nonenecessarilgenithtransmissionsvariationaldataassimi-
lation is a possibleapproachand the modelingeffort presentedelowv is a
step in that direction.

3.2 Ray-tracing

Theray-tracingcodewasadaptedrom the previouswork of Zou et al. 1999.
Thechangesnainly consistin theuseof MM5 outputsinsteadof globaldata
setandin theray initialization procedureBecauséheray equationis a sec-
ondorderequationwo initial conditions,namelytheinitial positionandini-
tial direction,arerequiredto begin theintegration.While boththe positionof
the GPSsatelliteandthe positionof the groundrecever at the time of trans-
missionareobsenableandknown with a goodaccurag, the directionalong
which the ray hasbeenemittedfrom the GPSis not obserable. This direc-
tion dependson the propertiesof the slice of the atmosphereeparatinghe
satellitefrom therecever. A perfectsimulationthatmimicsthereality of the
measurementvould consistin ray-shooting.In ray-shootingrays are initi-
atedfrom the GPSsatellitein variousdirectionsuntil oneis foundto reach
therecever. However, suchapproachs far too expensve andcannotbe car-
ried out. Insteadwe startthe integrationat therecever in the directionof the
straitline recever-GPS.Theresultingray doesnotreachthe GPSat its actual
obsenedlocation,but the experimentshaw thattheerroris lessthan100km
atthe GPSaltitude (20 000km).Suchdifferencels smallandin arny casehas
no impactin the phasesincethereis no neutralrefractvity gradientsat this
height.Startingfrom therecever alsoallows to bettermatchthe actualray in
thetropospherethatis, wheretheatmosphericefractvity gradientsaremost
important.As said,the divergenceof the two pathsin the upperatmosphere
has no impact as the refraaty gradient are almost absent up there.

An otherproblemis the limited domainaspectof the mesoscalenodel. To
limit computationatost, high resolutionsimulationscanonly be performed
on smalldomainaroundtherecever. Thusatlow elevationangle,raystravel
almosthorizontallyandrapidly exit from the modeldomain.ldeally, theray
tracingwould startfrom therecever usingthe highestresolutionrefractvity
field of the smallestdomainand as rays horizontally exit the domain,the
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refractvity field of thenext domainshouldbeusedandsoon. Suchinterpola-
tion procedurehowever, requiresto keepin the computermemorythethree
domainswhich is not possiblein practice.Therefore we hadbeenusingthe
CIRA climatologicaldatafrom the COSIAR to computetherefractvity field
outsidethesmallestdomain.CIRA dataconsistin latitudinalmonthlymeans
of pressureandtemperaturagiven every 5km from 0 to 120km. Thesedata
were also usedabore the modellid (betweenl10km and 13km) so that we
wereableto performthe ray-tracinguntil neutralrefractvity is null (around
60km). In practice,CIRA dataare smoothat high elevation and the corre-
spondingrefractvity gradientsareweaksothatthey have analmostnegligi-
ble impact on the phasedelay Nonetheless,CIRA data allow for the
computatiorof thefull phasewhichmightbeusefulin thefuture. Thesketch
belaw illustrates the data configuration:

GPS1 GPS2
. /
N / 120km
IR RER =, L -
~ - / |
~ / |
N /
SO / CIRA data :
A ~ / [M13km
N /7 1 — — — — — — — = = 1
N

S ,/MI\/ISdat
A

GPSpositionswereprovidedby JPL every five minutesfor amaximumof 12
satellitessimultaneoushat a time. The 3-dimensionakefractvity field was
createdat the transmissiontime by interpolation betweentwo successie
hourly 3.3 km resolutionmodel outputsvalid just beforeand just after the
transmissiortime. Startingfrom the location of the recever on the ground
andthedirectionof thestraitline recever-satelliteasinitial direction,theray
is numericallyintegratedusinga fourth order RungeKutta method.At each
step,thedry andwetrefractvity andtheirverticalgradientsareevaluatedand
the correspondingphasedelayaccumulatedOnestepis donein thedirection
of the gradientwith an constantintegration stepof 100m within the MM5

domainand5km in the CIRA data.Sincewe are using a 4th order Runge-
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Kunttamethod,this represent®ne point every 25m, which is lessthanthe
thinnestmodel sigmalayer So we are surethat thereare, at least,one ray
point persigmalevel duringverticaltransmissionkor low elevationangle,of

course theresolutionof theray-tracingis closerto the modelhorizontalres-
olution (3.3km) and an integration step of 25m is not neededbut rathera
computationaburden.In the future,we will try to adjustthe integrationstep
asa function of the modelverticalandhorizontalresolutionandthe satellite
elevation angle. To validate the code,we comparedthe precipitablewater
retrieved from ray-tracingin the zenithdirectionto precipitablewatervalues
computedindependentlyusing the hydrostatic assumption.Although no
major differenceswere noted, ray-tracingseemsto be proneto round-of

error,

Ray-tracingis alsocomputationallyvery demandinglt roughly takestwo or
threedaysof CPU time of onenodeof a DEC alphamachineES40to pro-
duceonedayof GPSLOS obsenrations(1 transmissiorevery 5mnfrom upto
12 satellites).For that reason,t wasnt possibleto performthe ray-tracing
on-line,i.e.duringthemodelintegration. Theinterestto performtheray-trac-
ing in the modelintegrationis thatthe refractvity field usedis the oneactu-
ally valid at the obserationtime. In our off-line approachrefractvity were
saved every hourandlinearly interpolatedat the obsenationtime. With this
approachwe had beenable to take advantageof the 8 nodesof the same
DEC alphamachine Satelliteobsenationsweregatheredoy batchof 3 hours
andeachbatchwasassignedo oneof the 8 nodes.This techniquehasper-
mitted to reduce the CPU time to less than 6 hour for one day of data.

Figure 4 shows the dry, wet andtotal delaysas a function of the elevation
anglefor the entire day of July 17, 1999. This represent2245 simulated
transmissionsOne canclearly seethe variationsof the phasedelayswhich
increaseexponentiallyaselevationsanglegoesto 0. For low elevationangles,
raystravelsalmosthorizontallyin the atmospherand,therefore staylonger
in the troposphere were thare likely to encounter refraeity gradients.
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Figure 4.
Dry (red), Wt (blue) and dtal (black) phase delay (in meters)
for all GPS transmissionwailable on July 17, 1999 (2245 transmissions)
plotted as function of the satellite ed¢ion angle (in dgree).

Figure 5a shavs the samedelaysas a function of the time for one satellite
only (satellite4). Fromthe decreasandthenincreaseof the delayswe can
deducethatthe satellitefirstly appearedising to the groundrecever around
09z. The minimum of the curve shaws thatthe zenith positionwasreached
around13z. Thenthe satellitewas settingand completelydisappearedrom
therecever LOS at approximatelyl7z. Figure 5b shavs the sameplots for
satellitel. This satellitewasat the zenithof therecever at 02z andthendis-
appeared from the reeer for most of the day
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Figure5:
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GPS satellites #4 (a) and satellite #1 (Bilable on July 17, 1999
plotted as function of time (in hour).
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Model simulatedLOS wet delayshadbeensentto JPLwherethey have been
comparedo the GPSand WV radiometersactualmeasurementdsigure 6

shaws the GPS (red curwe), the WV radiometer(greencurve) wet zenith
delaysestimatedrom the LOS obsenationswith the help of a Kalmanfilter

andthe modelsimulatedwet LOS delays(blue curwe) asa function of time

for July 16 and17,1999.0nthis plot, theres only oneGPSandWV radiom-
eterdatumat a given time (the projectionon the zenith directionof the 12

LOS obsenations),while thereareall the LOS data(up to 12) for the model
cune. 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
belav the other curves and exhibits importantkinks att = 15.2 (July 16 at
052),t=15.6 (July 16 at 15z),t=16.0(July 17 at 00z) andt=16.6 (July 17 at
17z).Thekink on July 17,00z canbe attributedto the re-initializationof the
model. The newv analysiscomefrom a separatesourceand differ from the
model forecast.In particular it seemsthat the analysisbetter matchesthe
obsenationsthanthe forecast.This is to be expectedsincethe analysiscon-
tainsnew obsenationalinformationwhile the forecastis still basedon 12h

old information. This may also an indicationthat at this resolution(3.3km)
the predictability limit is certainlylessthan 12h. Note also, that samekink,

althoughlessimportantin magnitudepccursbetweenl5.5and15.6and16.4
and 15.6, which correspondgo the mid-day re-initialization of the model.
For thosere-initializations,however, the 12h forecaststartedat 00z, andnot

the analysisvalid at 12z, was usedto simulateLOS transmissioroccurring
betweenl2z and13z. In otherwords, LOS databetweenl2z and 13z were
obtainedby interpolationbetweerthe 12hforecastnitiatedat 00zandthe 1h

forecastinitiated at 12z. This use of model output only and not analyzed
fieldsseemso beprovide moreconsisteng in thedata.Otherkinks areunex-

plained and under westication.
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Figure6:
GPS (red), the WV radiometer (green) and model simulated (blue) wet zenith delays
The x-axis shws 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 thatthe modelcurwe is consistentlyunderthe obser-
vation curves, indicatingthat, in thosesimulation,the model systematically
underestimatewatervapor This, undoubtedlyhasto berelatedto thelack of
local obsenationsin the simulations.Becauseno additionalanalysesvere
performedprior to theforecastthe 3.3km modelis initialized with datafrom
globalandcontinentabbsenationalnetworks,which do notresole thescale
involvedin thesehigh resolutionsimulationsin fact, the differencesetween
the 30km andthe 3.3km simulationsare mainly dueto topographiceffects,
which are certainlynot enoughto generatehe moistureobsered locally by
boththe GPSLOS receversandWV radiometersTheinclusionin themodel
of local obsenationsfrom the ARM databasewill certainlyhelpto reduce
the differencesetweenmodelsimulatedand obsered GPSLOS. NCAR is
presentlycollectingthe obsenationsand developingthe software necessary
to include these data in the initialization procedure.
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4.0 Conclusion

A ray-tracingoperatorableto simulateGPSLOS obsenation with the fifth

generatiorof the PennState/NCARmesocalenodelhasbeendevelopedand
appliedto simulatehigh spacialandtemporalresolutionGPSLOS datain a
real configuration.Preliminary comparisondetweenmodel simulatedand
realobsenationsindicatethat GPSLOS obsenation containdot of informa-
tion on tropospherianoisturewhich areabsentrom continentalobsenration
networks. NCAR is currentlyworking on the inclusionof local obserations
in the modelinitial conditions.Comparisorbetweenmodel simulatedLOS
transmissionwet phasedelay initialized with local information and actual
GPS measurementwill ultimately reveal the value of GPSLOS datafor

mesoscale data assimilation purposes.
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