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Abstract. SinceGPSweek1052,5 March2000,thelGSis

producinga new combinedorbit calledthe IGS Ultra rapid

product,IGU. The combinedIGS Ultra rapid productsare
beingmadeavailabletwiceeveryday, at3:00and15:00UTC,
with adelayof 3 hoursaftertheendof theincludeddatain-

terval, andarebasedn solutionsfrom up to sevendifferent
IGS AnalysisCenters Themainreasorfor thegeneratiorof

the Ultra rapid productsare the requirementsin bothtime-

linessandaccurag, for nearreal-timeatmospheriecnonitor

ing, e.g.,weathempredictions Eachultrarapid orbit file cov-

ers48 hours. The first 24 hoursof the orbit are basedon

actualGPSobsenations(realorbit), the second24 hoursare
extrapolatedpredictedorbit). Like theIGS PredictedIGP)

orbits,theUltrarapidorbitsareavailablefor real-timeusage.
However, the quality of the Ultra rapid orbits shouldbe sig-

nificantly betterbecausehe averageageof the predictions
is reducedrom 36 hours(IGP) to 9 hours(IGU). Whenthe

quality of the IGU productsreachesa satishctorylevel the

IGU productswill replacethe IGP products.

We will demonstrateéhat the accurag of the IGS Ultra
rapid orbitsis atthe 30 cm level, in a weightedRMS sense,
which is significantlybetterthanthe 70 cm accurag of the
IGS Predictedbrbits. We will alsodemonstratéhatwith this
orbit quality it is possibleto derive tropospherizenithpath
delayestimatesvith aprecisionof 7 mm, which corresponds
to approximatelyl mm precipitablewatervapor This level
of precisionis only achiezedwhen“bad” satellitepredictions
are(automatically)etectecandhandled.

1 Introduction

The numberof real-time(RT) andnearreal-time(NRT) ap-
plicationsof GPSaresteadilygrowing. At presenthe most
importantapplicationthe IGS hasto be preparedor is the
tropospheriandionospherianonitoringfrom both ground-
basedandspace-base@PSrecevers.In preparinghenear
real-timemonitoringthe global tracking network haspartly
switchedfrom a daily dataretrieval to anhourly retrieval in-
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ternval. For the nearfuture the generationof global (IGS)
productsmay be basedon thesehourly dataretrievals. This
will allow for muchfasterGS products.

During the 1999 IGS Analysis Centerworkshop,which
tookplacein Junel999attheScrippdnstitutionof Oceanog-
raphyin La Jolla,California,thepositionpaper'Moving IGS
productstowardsreal-time”by GerdGendt,PengFang,and
Jim Zumbepe, proposedhe generatiorof both morerapid
andfrequentiGS productsfor (near)real-timeusage.These
productswhich will bedeliveredevery 12 hours(two times
perday),will containa48hourorbitarcfromwhich24hours
arereal orbit estimatesand 24 hoursare orbit predictions.
The lateny of theseproductsis 3 hours,which meansthat
thepredictionswill haveanaverageageof only 9 hours.Like
the IGS Predictedorbits (IGP) these“Ultra rapid” products
areavailablefor real-timeusage put their quality shouldbe
significantlybetterbecaus¢heaverageageof thepredictions
is reducedrom 36to 9 hours.Thefirst AnalysisCenterultra
rapidsolutionswereprovidedby GFZ by theendof October
1999.Thegeneratiorof acombinedGS Ultra rapidproduct
(IGU) startedn March2000basedn contritutionsfrom up-
to five differentAnalysisCenters Within a few weeksseven
analysiscenterswere contrituting to the IGU productson a
regularbasis.

We will discussfirst resultsof the IGS Ultra rapid com-
binations. By comparingthe IGU productto the otherlGS
productswe will demonstratehe quality of this new prod-
uct. In particularwe will compareits quality to the IGP
(predicted)product.Besidegshesecomparisonsve will also
usethe differentIGS combinedorbit productsto processa
small GPSnetwork and comparethe obtainedresults. The
focuswill beonthedifferencesn thetropospherizenithde-
lay estimatedbecausehesearethe parametersvhich arethe
“driving force” behindthe |GS Ultra rapid products.In addi-
tion we addressheimportantissueof detectingandhandling
satellitemodelingproblems. Basedon the comparison®f
the IGS Predictedoroductswith the IGS Rapid (IGR) prod-
uctsthe quality of the IGP productsis estimatedo be atthe
70 cm level in a weightedRMS (WRMS) sense. Because
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of themuchreducedprediction“age” the quality of the IGU
productds expectedo bewell below the 70 cmlevel.

2 Quality Assessment of the Ultrarapid products

In thissectionwe will try to asseshequality of thelGS Ultra
rapid products. For this purposewe usethe resultscoming
from the routinely performedultra rapid orbit combination
and the rapid orbit comparison. For the generationof the
IGU productsthe orbits and correspondingzarth Rotation
Parameter¢éERPs)comingfrom theindividual IGS Analysis
Centers(ACs) arecombined. This combinationsenestwo
purposeskFirst,it providesveryvaluablefeedbackotheACs
aboutthe quality of their solutionscomparedo the solutions
of the otherACs. Secondlytheresultingcombinedsolution
constituteghe official IGS product. Thanksto having sev-
eral ACs, giving a manifold redundanyg, the quality andthe
reliability of theIGS combinedproductss very high.

For the real orbit estimatedike, e.g.,the IGS Final and
Rapid products,the orbit combinationsgive very realistic
numbersn termsof quality. For thepredictedorbitsthereare
severaloccasionsverethe ACsmake similarerrors.In those
casethe combinedsolution may look very good but actu-
ally containsa few “bad” satellites.For this purposeheGS
Predictedproductsarecomparedo the IGS Rapidproducts
as soonasthey becomeavailable (17:00UTC). This gives
a morerealisticfigure of the quality of the predictedorbits.
For the samereasonthe IGS Ultra rapid productsare also
comparedo thelGS Rapidproducts.

Besidesusing the information coming from the routine
IGS combinationandcomparisonsve will alsousethelGS
Ultra rapid productso processomeGPSdata.For this pur-
posewe have selectec smallnetwork of threestationsvhich
areseparatedby 400to 600 km. This network we will pro-
cesswith all the differentlGS products: Final, Rapid, Pre-
dicted,andUltra rapid. Becausehe majorinterestin Ultra
rapidproductscomesfrom meteorologywe will focusonthe
tropospherizenithdelayestimategrom this network.

2.1 1GSCombination@andComparisons

Twice every day the Ultra rapid solutionsfrom the differ-
entACsarecombined.Thesecombinationsreperformedat
2:55and14:55UTC to insurethatthelGS productsareavail-
ableat 3:00and15:00UTC, respectiely. All AC solutions
submitteduntil thattime areusedin the combination. The
orbit combinationautomaticallydetectsbad satellitesfrom
individual ACs,usinga5 sigmathresholdandremovesthem
from the combination.All acceptedsolutionsarecombined
in atwo stepprocedure.Thefirst stepis usedto determine
theweightsfor theindividual analysiscentersin thesecond
steptheseweightsare usedto give the actualcombinedor-
bit (SpringerandBeutler 1993;Beutleretal., 1993;Kouba,
1999;Koubaetal., 1999).

In the Ultra rapid combinatiorthefull 48 hourorbit inter-
val is combined.This impliesthatthe statisticsof this com-
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Fig. 1. Quality of AC Ultra rapid orbit solutionscomparedo combined
IGS Ultra rapid orbit. TheweightedRMS valuesfrom the Ultra rapid orbit
combinatiorweresmoothedisinga 7 dayslidingwindow.

binationarebasedon the complete48 hourinterval. In prin-

ciple theusersof thelGU productswill only needto usethe
interval from 3:00to 15:00UTC for theproductsdeliveredat

3:00UTC. Fromthe productsdeliveredate 15:00UTC they

will only needtheinterval from 15:00to 3:00UTC the next

day. Becauselargeresidualsmostlik ely foundattheendof

the predictioninterval (e.g. from 15to 24 hours),dominate
theRMStheresultsfrom thelGU combinatiormightbepes-
simistic. Onthe otherhandfor orbit predictionsACstendto

make similar errorsfor satelliteswith unexpectedbehaior,

aswe know from the predictedorbits. Thesehave a signifi-

canteffectonthe“true” accurag of theorbitsandonly shav

up whencomparedo eitherthe IGS Final or Rapidorbits.

Takingthis into accountt is unclearwhetherthe (weighted)
RMS statisticsof the IGS Ultra rapid combinationis opti-

mistic or pessimistic.

Figure 1 showvs the weightedRMS valuesof the IGU or-
bit combinationfor the individual ACs contrikuting to the
IGU product. For clarity the weightedRMS valueswere
smoothedusinga 7 day sliding window. We obsene that
theagreementf the AC Ultra rapidsolutionsis atthe 10to
40cmlevel. It is striking to seethatthe GFU productgfrom
theGeoforschungsZentrungermaiy) consistenthshow the
bestagreementvith thecombinedGU products.Theagree-
mentbetweerthe GFU andIGU orbitsis closeto the10 cm
level.

To clarify if the 10to 40 cm level of agreemenasseenin
the IGU combinationss optimistic of pessimistiove take a
look at the resultsof the routinely performedorbit compar
isons. In theseorbit comparisonghe predictedorbits from
the individual ACs are comparedo the IGS Rapidorbit as
soonasit becomesavailable. In this comparisonthe IGP
productsare also includedand since March 2000 also the
IGU productis included.ThelGR orbit coversonly 24 hours
whereashelGU orbitscover48hourswhichshiftby 12hours
from productto product.This meanghattherearefour IGU
orbits which overlapwith ary particularrapid orbit. From
thesefour IGU orbitsweincludeonly the IGU productfrom
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Fig. 2. Quality of real-timelGS orbit productyIGP andIGU) comparedo
thecombinedGS Rapidorbit product. TheweightedRMS valuesfrom the
Rapidorbit comparisorweresmoothedisinga 7 daysliding window.

whichthe24to 48 hourinterval overlapswith thelGR prod-
uct. Fromthis particularlGU productthe userswould typ-
ically only needthe interval from 27 to 39 hours(i.e., the 3
to 15 hour predictioninterval). Hence this comparisorwill

give a pessimisticestimateof the quality of the IGU prod-
ucts.

Figure2 shows the weightedRMS valuesof the IGP and
IGU combinedorbits comparedo the IGR orbits stemming
from the rapid orbit comparisonsAgain the weightedRMS
valueswere smoothedusing a 7 day sliding window. We
maydraw two conclusiongrom thisfigure. First, thequality
of the IGU productsis alreadysignificantly betterthanthe
quality of the IGP products. This was expectedbecausef
the strongly reducedength of the orbit predictioninterval.
Secondlywe seethatthelGU orbit quality is atalevel of 30
to 40 cm. Thisis slightly worsethanthe 10to 40 cm agree-
mentobsenedin the ultra rapid combinatiorbut this wasto
be expectedbecaussomeproblemswith predictedorbitsdo
notshaowv upin thecombinationrandbecausehis comparison
givesa pessimistiestimatedasit usesthe full 24 hour pre-
dictioninterval insteadof only therequired12 hourinterval.
In arny caseanorbit quality of 30 cm, availablefor real-time
applicationsijs anexcellentachievement!

In Table1 we have summarizedhe statisticsof the rapid
orbit comparisorfor theavailablereal-timeorbits; broadcast
(BRD), IGP, andIGU. Thesestatisticsinclude, besideshe
meanweightedRMS andits variation,the meanandvaria-
tion of the estimatedranslation rotation,andscaleparame-
ters. Theorbitcombination@ndcomparisonsalwaysinclude
a7 parametesimilarity transformatiorto accountfor refer
enceframe differences. From this table we may conclude
thatthe IGU productsareclearly superiorto the otheravail-
ablereal-timeorbits (remembethattheselGU statisticsare
pessimistic). Clearly the performanceof the broadcasbr-
bits (BRD) is muchworsethanthe performancef bothIGS
products Besideshe WRMS alsothetranslatiorparameters
of thebroadcasbrbitsshawv significantbiasesandvariations
(Springeret al., 2000). The meanandstandardieviation of
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the transformatiorparametersf the IGS real-timeproducts
is amazinglygoodat the 1-2 cm level. This meanghatthe
IGSreal-timeproductsareverywell alignedto the ITRF ref-

erenceframe. For the translationsandthe scalethe perfor

manceis quitesimilarfor the IGU andIGP products.For the
rotationsthe IGU productsperformsignificantlybetterthan
the IGP products. This is causedby the reducedprediction
interval whichis alsoimportantfor the Earthrotationparam-
eters.

2.2 Processingf GPSdata

To testthe IGS Ultra rapid orbits for actualdataprocess-
ing we selecteda smallnetwork consistingof threestations:
PotsdamGermary (POTS), Wettzell,Germary (WTZR),and
Westerbork,the NetherlandgWSRT). The baselinelenghts
betweenthesestationsrangefrom 400 to 600 km. For our
processingestwe usedtwo weeksof data, GPSweek1065
and1066,andprocessethedatawith all IGS orbit products:
Final, Rapid, Prediction,andUltra rapid. In the processing
the coordinatesof all three stationswere constrained. For
meteorologicahpplicationghereis no needto estimatethe
stationcoordinatesn the NRT process.Of course evenfor
pure meteorologicabpplicationsthereis a needfor moni-
toring the stationcoordinatesut thatis beyondthe scopeof
thiswork. Theestimategarametersontainthetropospheric
zenithdelays,wherewe estimatecdpbiece-wiseconstantval-
uesfor eachhour (24 parameterper stationper day), and
theambiguityparametersit wasattemptedo resolethein-
tegervalueof the double-diferenceambiguitiesin all cases
with asuccessatioof 70—80%.An elevationcut-off angleof
10° wasusedwith an elevation dependentveightingof the
obsenations. This processingstratayy is similar to the one
usedfor thegeneratiorof theIGS solutionsfrom the Center
of Orbit Determinatiorin Europe(CODE) (Rothacheetal.,
1999). Theprocessingvasdonewith the BerneseGPSsoft-
warepackaggRothacheandMervart, 1996).

Theresultsobtainedusingthe IGS Final orbitsweretaken
as“groundtruth” andall otherresultsverecomparedo these.
Becausemeteorologicalapplicationsare the driving force
behindthe generatiorof the IGS Ultra rapid productswe fo-
cushereon the tropospherizenithpathdelays(ZPD) esti-
mates.Theresultsof the zenithpathdelaycomparisonsre
summarizedn upperpartof Table2. We seethattheresults
with the IGS Rapidorbits arealmostindistinguishabldérom
theFinalresults. TheRMS differences 1 mmwhichis well
below the 3—-4mm RMS agreemenachiezedin the IGS tro-
pospherecombination(Gendt,1998). This RMS difference
may be consideredo lay within the noiselevel of the esti-
mates. The resultswith the predictedand ultra rapid prod-
ucts shav significantRMS differences|GP at the 30 mm
level,andIGU atthe20 mmlevel. Theseresultsconfirmthat
the IGU orbits arebetterthanthe IGP orbits, aswe already
concludedrom the orbit comparisons.

However, for numericalweatherpredictionsthe accurag
requiremenfor the NRT ZPD estimatess abouté mm, cor-
respondingo approximatelyl mm precipitablewatervapor
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Table 1. Mean(u) andstandardieviation (o) of thedaily transformatiorparameterfrom the comparisondetweerthereal-timeorbit productsandthe IGS
Rapidorbit products Basedontheintenal from GPSweek1052to GPSweek1076.

Sol TX TY TZ RX RY RZ | Scale| WRMS
(mm) (mas) (ppb) | (mm)

BRD u 6.1 3.1 3098 | -0.25 -0.18 346 | 0.89| 2696.4
o | 110.2 1052 1399 | 136 186 3.83| 3.55 611.0

IGP  u 1.6 0.6 -79 | 0.01 0.00 -0.42 | -0.04 707.8
o 8.1 7.5 178 | 072 096 186 0.32| 1096.6

IGU  u 3.8 0.9 -1.0| 0.04 -0.02 -0.37| -0.03 352.3
o 8.6 8.7 15.7| 044 058 128 0.27 450.4

(PWV). Clearly neitherreal-timeorbits delivers this accu-
ragy. If we take a closerlook at the results,seeFig. 3, we
seethat the RMS is dominatedby a few “bad” days. On
thesedaysoneto threesatellitewerepredictedquiteinaccu-
ratelyin boththe IGP andIGU products.This is oneof the
problemswhen using predicted(real-time) orbits. Several
approache$ave beenstudiedin the literature over the re-
centyearstesthave beenmadewith removing badsatellites,
weightingbad satellites,and orbit relaxationfor all or only
thebadsatellitesKruseetal., 1999;Geetal., 2000;Dousa,
2000). Oneapproachsuggesteds to allow orbit relaxation
by estimatingan along-trackorbit parameterfor all satel-
lites. This shouldhandlethe problemswith the bad satel-
lites (Kruseetal., 1999). A similar, but moresophisticated,
approachs to iteratively determinewhich satellitesneedor-
bit improvement/relaxatio(Geetal., 2000).In thisiterative
procedurdhe constrainton the orbit parameterss changed
from iterationto iterationuntil the processornverges.

We havetestedhe,relatively simple,approachof estimat-
ing one along-trackparameterdor eachsatelliteusing the
IGP and IGU orbits andthe resultare given in the middle
partof Table2. As expecteda clearimprovements seerfor
boththe|GP andIGU orbitswhich now give anaccurag of
approximately 0mmRMSfor theZPD estimatesHowever,
in theseestswe noticedthatfor “good” daystheresultswith
thelGU orbitsactuallydegraded.Thisindicateghatthegen-
eralquality of thelGU orbitsis suchthattheestimatiorof an
along-trackparameteactuallydegradegheorbit qualityand,
therefore alsothe quality of the otherestimatecparameters.
Herethe iterative orbit weightingapproachwould probably
have givenbetterresults.

Secondlywe testedthe approachof removing bad satel-
lites. Ratherthanremaoving badsatellitesit is alsopossible
to do an orbit relaxationfor thesesatellites. This, however,
will mostlikely give similar results. Basedon previous ex-
perienceit is relatively easyto definea “normal” residual
RMS level. Bad satellitesarethendeterminedas satellites
for which the residualRMS exceedsthe normallevel by a
factorof 3to 5. If morethanonesatelliteexceedshe RMS
thresholdonly the satellitewith thehighestRMS is removed
andtheprocesss repeatedThis processs repeatedintil no
badsatellitesare detected.This meansthat 3 to 4 iteration
might be neededn a “bad” day, but on averageonly oneit-
erationwill be needed.This procescanbe automatedrery
easily Theresultsusingthe IGP andIGU orbits areagain

Table 2. Resultsof zenith path delay estimatesusing differentIGS orbit
products. The zenithpathdelaysobtainedusingthe IGS Final orbits were
usedas“ground truth” to comparethe otherresultswith. All hourly ZPD
estimategor the 14 dayintenal wereincluded.

Product | ZPD RMS Difference(mm)

POTS WTZR  WSRT

IGR 1 1 1

IGP 35 31 29

IGU 22 19 21
Along-trackpar all sats.

IGP 10 10 10
IGU 8 9 8
Iterative rejectionbadsats.

IGP 11 11 11
IGU 7 7 7

givenin Table 2, lower part. It is interestingto seethatin
this casetheresultswith thelGP orbitshave aslightly higher
RMS comparedo the orbit relaxationtest (11 vs 10 mm).
Thisindicatesthatthe IGP orbit quality may actuallybeim-
provedusingthis smallnetwork. For thelGU the badsatel-
lite rejectiongivesslightly betterresults(7 vs 8 mm) asex-
pectedbasedon our obsenationsfrom the orbit relaxation
tests. The 7 mm RMS for the ZPD is closeto the meteoro-
logical accurag requirement.Here one mustalso consider
the fact thatthe IGS Final resultsweretaken aserror free,
which is of coursenot true. Also the IGS Final ZPD esti-
mateshave somenoisewhich contritutesto the 7 mm RMS
obseredfor thelGU results.

3 Conclusions

New Ultra rapid IGS productsare availablefor (near)real-
time applications. TheselGU productsare deliveredtwice
every day at 3:00 and 15:00 UTC with a 3 hour delay af-
ter the end of the includeddatainterval. We have demon-
stratedthatthequality of theIGU orbitsis atthe 30 cm level
or betterwhich is significantlybetterthanthe IGS Predicted
products(IGP). This improvementis mainly accomplished
becausef the significantlyreducedoredictioninterval. For
thelGU productgheaverageageof the predictionis 9 hours
comparedo 36 hoursfor theIGP products.

We have further demonstratedhat with the currentiGU
productsthe tropospherizenith pathdelays(ZPD) may be
acquiredwith anaccurag atthe7 mmlevel, RMS, for anet-
work with adiameteinf 600km. This correspondto approx-
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usingthe IGS Final orbit productsandfrom usingthe IGS Ultra rapid or-
bit products. The Ultra rapid processingvasdoneonceusingall satellites
(upper)andonceusingtheiterative satelliterejectionmethod(lower).
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imatelyanaccuray of 1 mm PWV. Thisaccurag shouldbe
sufficient for a meaningfulinclusionof GPSbasedZPD, or
PWYV, estimatesn NRT numericalweatherpredictions.

It wasshawvn thatwith the IGU orbits, like with the IGP
orbits, it is necessaryo detectand handlebadsatellitepre-
dictions.We have shonvn thatthedetectiorof badsatellitess
relatively easyandcanbe completelyautomatedTo handle
the bad satelliteswe have selectedhe approachof remov-
ing the bad satellitesfrom the obsenations. A valid alter
native may bethe orbit relaxationapproachwhich, however,
will give similar resultsasthe satelliteremoval approacht
is clearthatthe accuray codesin the preciseorbit files are
not reliablefor the predictedorbits. Furthermorethe down-
weightingof badsatelliteswill be usefulonly if it is imple-
mentedn away which considerghesizeof the network be-
causeheeffectof orbiterrorsdependnthebaselinelenghts.
To our knowledgethis is currentlynot implementedn ary
GPSsoftwarepackage.
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