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Abstract. SinceGPSweek1052,5 March2000,theIGS is
producinga new combinedorbit calledthe IGS Ultra rapid
product,IGU. The combinedIGS Ultra rapid productsare
beingmadeavailabletwiceeveryday, at3:00and15:00UTC,
with a delayof 3 hoursaftertheendof theincludeddatain-
terval, andarebasedon solutionsfrom up to sevendifferent
IGSAnalysisCenters.Themainreasonfor thegenerationof
theUltra rapid productsarethe requirements,in both time-
linessandaccuracy, for near-real-timeatmosphericmonitor-
ing, e.g.,weatherpredictions.Eachultra rapidorbit file cov-
ers 48 hours. The first 24 hoursof the orbit arebasedon
actualGPSobservations(realorbit), thesecond24hoursare
extrapolated(predictedorbit). Like theIGS Predicted(IGP)
orbits,theUltra rapidorbitsareavailablefor real-timeusage.
However, thequality of theUltra rapidorbitsshouldbesig-
nificantly betterbecausethe averageageof the predictions
is reducedfrom 36 hours(IGP) to 9 hours(IGU). Whenthe
quality of the IGU productsreachesa satisfactorylevel the
IGU productswill replacetheIGPproducts.

We will demonstratethat the accuracy of the IGS Ultra
rapidorbits is at the30 cm level, in a weightedRMS sense,
which is significantlybetterthanthe70 cm accuracy of the
IGSPredictedorbits.We will alsodemonstratethatwith this
orbit quality it is possibleto derive troposphericzenithpath
delayestimateswith aprecisionof 7 mm,whichcorresponds
to approximately1 mm precipitablewatervapor. This level
of precisionis only achievedwhen“bad” satellitepredictions
are(automatically)detectedandhandled.

1 Introduction

Thenumberof real-time(RT) andnear-real-time(NRT) ap-
plicationsof GPSaresteadilygrowing. At presentthemost
importantapplicationthe IGS hasto be preparedfor is the
troposphericandionosphericmonitoringfrom bothground-
basedandspace-basedGPSreceivers.In preparingthenear-
real-timemonitoringtheglobal trackingnetwork haspartly
switchedfrom a daily dataretrieval to anhourly retrieval in-

terval. For the nearfuture the generationof global (IGS)
productsmaybebasedon thesehourly dataretrievals. This
will allow for muchfasterIGSproducts.

During the 1999 IGS Analysis Centerworkshop,which
tookplacein June1999attheScrippsInstitutionof Oceanog-
raphyin LaJolla,California,thepositionpaper“MovingIGS
productstowardsreal-time”by GerdGendt,PengFang,and
Jim Zumberge,proposedthe generationof both morerapid
andfrequentIGS productsfor (near)real-timeusage.These
products,which will bedeliveredevery 12 hours(two times
perday),will containa48hourorbitarcfromwhich24hours
are real orbit estimatesand 24 hoursareorbit predictions.
The latency of theseproductsis 3 hours,which meansthat
thepredictionswill haveanaverageageof only9 hours.Like
the IGS Predictedorbits (IGP) these“Ultra rapid” products
areavailablefor real-timeusage,but their quality shouldbe
significantlybetterbecausetheaverageageof thepredictions
is reducedfrom 36to 9 hours.Thefirst AnalysisCenterultra
rapidsolutionswereprovidedby GFZby theendof October
1999.Thegenerationof acombinedIGSUltra rapidproduct
(IGU) startedin March2000basedoncontributionsfromup-
to fivedifferentAnalysisCenters.Within a few weeksseven
analysiscenterswerecontributing to the IGU productson a
regularbasis.

We will discussfirst resultsof the IGS Ultra rapid com-
binations. By comparingthe IGU productto the otherIGS
productswe will demonstratethe quality of this new prod-
uct. In particularwe will compareits quality to the IGP
(predicted)product.Besidesthesecomparisonswe will also
usethe differentIGS combinedorbit productsto processa
small GPSnetwork andcomparethe obtainedresults. The
focuswill beonthedifferencesin thetroposphericzenithde-
lay estimatesbecausethesearetheparameterswhicharethe
“driving force” behindtheIGSUltra rapidproducts.In addi-
tion weaddresstheimportantissueof detectingandhandling
satellitemodelingproblems. Basedon the comparisonsof
theIGS Predictedproductswith the IGS Rapid(IGR) prod-
uctsthequality of theIGP productsis estimatedto beat the
70 cm level in a weightedRMS (WRMS) sense.Because
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of themuchreducedprediction“age” thequalityof theIGU
productsis expectedto bewell below the70cmlevel.

2 Quality Assessment of the Ultra rapid products

In thissectionwewill try toassesthequalityof theIGSUltra
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 correspondingEarth Rotation
Parameters(ERPs)comingfrom theindividualIGSAnalysis
Centers(ACs) arecombined.This combinationservestwo
purposes.First,it providesveryvaluablefeedbackto theACs
aboutthequalityof theirsolutionscomparedto thesolutions
of theotherACs. Secondly, theresultingcombinedsolution
constitutesthe official IGS product. Thanksto having sev-
eralACs,giving a manifoldredundancy, thequality andthe
reliability of theIGScombinedproductsis veryhigh.

For the real orbit estimateslike, e.g., the IGS Final and
Rapid products,the orbit combinationsgive very realistic
numbersin termsof quality. For thepredictedorbitsthereare
severaloccasionsweretheACsmakesimilarerrors.In those
casethe combinedsolution may look very good but actu-
ally containsa few “bad” satellites.For thispurposetheIGS
Predictedproductsarecomparedto the IGS Rapidproducts
assoonas they becomeavailable(17:00UTC). This gives
a morerealisticfigureof thequality of thepredictedorbits.
For the samereasonthe IGS Ultra rapid productsarealso
comparedto theIGSRapidproducts.

Besidesusing the information coming from the routine
IGScombinationsandcomparisonswewill alsousetheIGS
Ultra rapidproductsto processsomeGPSdata.For thispur-
posewehaveselectedasmallnetworkof threestationswhich
areseparatedby 400 to 600km. This network we will pro-
cesswith all the differentIGS products:Final, Rapid,Pre-
dicted,andUltra rapid. Becausethe major interestin Ultra
rapidproductscomesfrom meteorologywewill focusonthe
troposphericzenithdelayestimatesfrom thisnetwork.

2.1 IGSCombinationsandComparisons

Twice every day the Ultra rapid solutionsfrom the differ-
entACsarecombined.Thesecombinationsareperformedat
2:55and14:55UTC to insurethattheIGSproductsareavail-
ableat 3:00and15:00UTC, respectively. All AC solutions
submitteduntil that time areusedin the combination.The
orbit combinationautomaticallydetectsbadsatellitesfrom
individualACs,usinga5 sigmathreshold,andremovesthem
from thecombination.All acceptedsolutionsarecombined
in a two stepprocedure.Thefirst stepis usedto determine
theweightsfor theindividualanalysiscenters.In thesecond
steptheseweightsareusedto give the actualcombinedor-
bit (SpringerandBeutler, 1993;Beutleret al., 1993;Kouba,
1999;Koubaetal., 1999).

In theUltra rapidcombinationthefull 48 hourorbit inter-
val is combined.This impliesthat thestatisticsof this com-

Fig. 1. Quality of AC Ultra rapid orbit solutionscomparedto combined
IGS Ultra rapidorbit. TheweightedRMS valuesfrom theUltra rapidorbit
combinationweresmoothedusinga7 dayslidingwindow.

binationarebasedon thecomplete48hourinterval. In prin-
ciple theusersof theIGU productswill only needto usethe
interval from 3:00to 15:00UTC for theproductsdeliveredat
3:00UTC. Fromtheproductsdeliveredate15:00UTC they
will only needtheinterval from 15:00to 3:00UTC thenext
day. Because,largeresiduals,mostlikely foundat theendof
thepredictioninterval (e.g. from 15 to 24 hours),dominate
theRMStheresultsfrom theIGU combinationmightbepes-
simistic.On theotherhandfor orbit predictionsACstendto
make similar errorsfor satelliteswith unexpectedbehavior,
aswe know from thepredictedorbits. Thesehave a signifi-
canteffectonthe“true” accuracy of theorbitsandonly show
up whencomparedto eitherthe IGS Final or Rapidorbits.
Takingthis into accountit is unclearwhetherthe(weighted)
RMS statisticsof the IGS Ultra rapid combinationis opti-
misticor pessimistic.

Figure1 shows theweightedRMS valuesof the IGU or-
bit combinationfor the individual ACs contributing to the
IGU product. For clarity the weightedRMS valueswere
smoothedusing a 7 day sliding window. We observe that
theagreementof theAC Ultra rapidsolutionsis at the10 to
40cmlevel. It is striking to seethattheGFUproducts(from
theGeoForschungsZentrum,Germany) consistentlyshow the
bestagreementwith thecombinedIGU products.Theagree-
mentbetweentheGFU andIGU orbitsis closeto the10 cm
level.

To clarify if the10 to 40 cm level of agreementasseenin
the IGU combinationsis optimisticof pessimisticwe take a
look at the resultsof the routinelyperformedorbit compar-
isons. In theseorbit comparisonsthe predictedorbits from
the individual ACs arecomparedto the IGS Rapidorbit as
soonas it becomesavailable. In this comparisonthe IGP
productsare also includedand sinceMarch 2000 also the
IGU productis included.TheIGR orbit coversonly 24hours
whereastheIGU orbitscover48hourswhichshiftby12hours
from productto product.Thismeansthattherearefour IGU
orbits which overlapwith any particularrapid orbit. From
thesefour IGU orbitswe includeonly theIGU productfrom
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Fig. 2. Qualityof real-timeIGS orbit products(IGP andIGU) comparedto
thecombinedIGSRapidorbit product.TheweightedRMSvaluesfrom the
Rapidorbit comparisonweresmoothedusinga7 dayslidingwindow.

which the24 to 48hourinterval overlapswith theIGR prod-
uct. From this particularIGU productthe userswould typ-
ically only needthe interval from 27 to 39 hours(i.e., the3
to 15 hourpredictioninterval). Hence,this comparisonwill
give a pessimisticestimateof the quality of the IGU prod-
ucts.

Figure2 shows theweightedRMS valuesof the IGP and
IGU combinedorbitscomparedto the IGR orbitsstemming
from therapidorbit comparisons.Again theweightedRMS
valueswere smoothedusing a 7 day sliding window. We
maydraw two conclusionsfrom thisfigure.First, thequality
of the IGU productsis alreadysignificantlybetterthanthe
quality of the IGP products.This wasexpectedbecauseof
the stronglyreducedlengthof the orbit predictioninterval.
Secondly, weseethattheIGU orbit quality is ata level of 30
to 40 cm. This is slightly worsethanthe10 to 40 cm agree-
mentobservedin theultra rapidcombinationbut this wasto
beexpectedbecausesomeproblemswith predictedorbitsdo
notshow upin thecombinationandbecausethiscomparison
givesa pessimisticestimatedasit usesthe full 24 hourpre-
diction interval insteadof only therequired12hourinterval.
In any case,anorbit qualityof 30cm,availablefor real-time
applications,is anexcellentachievement!

In Table1 we have summarizedthestatisticsof therapid
orbit comparisonfor theavailablereal-timeorbits;broadcast
(BRD), IGP, andIGU. Thesestatisticsinclude,besidesthe
meanweightedRMS andits variation,the meanandvaria-
tion of theestimatedtranslation,rotation,andscaleparame-
ters.Theorbit combinationsandcomparisonsalwaysinclude
a 7 parametersimilarity transformationto accountfor refer-
enceframe differences.From this tablewe may conclude
thattheIGU productsareclearlysuperiorto theotheravail-
ablereal-timeorbits(rememberthattheseIGU statisticsare
pessimistic). Clearly the performanceof the broadcastor-
bits (BRD) is muchworsethantheperformanceof bothIGS
products.BesidestheWRMSalsothetranslationparameters
of thebroadcastorbitsshow significantbiasesandvariations
(Springeret al., 2000). Themeanandstandarddeviation of

thetransformationparametersof theIGS real-timeproducts
is amazinglygoodat the1–2cm level. This meansthat the
IGSreal-timeproductsareverywell alignedto theITRF ref-
erenceframe. For the translationsandthe scalethe perfor-
manceis quitesimilar for theIGU andIGPproducts.For the
rotationsthe IGU productsperformsignificantlybetterthan
the IGP products.This is causedby the reducedprediction
interval whichis alsoimportantfor theEarthrotationparam-
eters.

2.2 Processingof GPSdata

To test the IGS Ultra rapid orbits for actualdataprocess-
ing we selecteda smallnetwork consistingof threestations:
Potsdam,Germany (POTS),Wettzell,Germany (WTZR),and
Westerbork,the Netherlands(WSRT). The baselinelenghts
betweenthesestationsrangefrom 400 to 600 km. For our
processingtestwe usedtwo weeksof data,GPSweek1065
and1066,andprocessedthedatawith all IGSorbit products:
Final, Rapid,Prediction,andUltra rapid. In theprocessing
the coordinatesof all threestationswereconstrained.For
meteorologicalapplicationsthereis no needto estimatethe
stationcoordinatesin theNRT process.Of course,evenfor
puremeteorologicalapplications,thereis a needfor moni-
toring thestationcoordinatesbut thatis beyondthescopeof
thiswork. Theestimatedparameterscontainthetropospheric
zenithdelays,wherewe estimatedpiece-wiseconstantval-
uesfor eachhour (24 parametersper stationper day), and
theambiguityparameters.It wasattemptedto resolvethein-
tegervalueof thedouble-differenceambiguitiesin all cases
with asuccessratioof 70–80%.An elevationcut-off angleof
�����

wasusedwith an elevationdependentweightingof the
observations. This processingstrategy is similar to the one
usedfor thegenerationof theIGSsolutionsfrom theCenter
of Orbit Determinationin Europe(CODE)(Rothacheretal.,
1999).Theprocessingwasdonewith theBerneseGPSsoft-
warepackage(RothacherandMervart,1996).

TheresultsobtainedusingtheIGSFinalorbitsweretaken
as“groundtruth” andall otherresultswerecomparedto these.
Because,meteorologicalapplicationsare the driving force
behindthegenerationof theIGSUltra rapidproductswefo-
cushereon the troposphericzenithpathdelays(ZPD) esti-
mates.Theresultsof thezenithpathdelaycomparisonsare
summarizedin upperpartof Table2. We seethattheresults
with theIGS Rapidorbitsarealmostindistinguishablefrom
theFinal results.TheRMSdifferenceis 1 mmwhich is well
below the3–4mm RMS agreementachievedin theIGS tro-
pospherecombination(Gendt,1998). This RMS difference
may be consideredto lay within the noiselevel of the esti-
mates.The resultswith the predictedandultra rapid prod-
ucts show significantRMS differences,IGP at the 30 mm
level,andIGU atthe20mmlevel. Theseresultsconfirmthat
the IGU orbitsarebetterthanthe IGP orbits,aswe already
concludedfrom theorbit comparisons.

However, for numericalweatherpredictionstheaccuracy
requirementfor theNRT ZPD estimatesis about6 mm,cor-
respondingto approximately1 mm precipitablewatervapor
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Table 1. Mean( � ) andstandarddeviation ( � ) of thedaily transformationparametersfrom thecomparisonsbetweenthereal-timeorbit productsandtheIGS
Rapidorbit products.Basedon theinterval from GPSweek1052to GPSweek1076.

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

BRD � 6.1 3.1 309.8 -0.25 -0.18 3.46 0.89 2696.4
� 110.2 105.2 139.9 1.36 1.86 3.83 3.55 611.0

IGP � 1.6 0.6 -7.9 0.01 0.00 -0.42 -0.04 707.8
� 8.1 7.5 17.8 0.72 0.96 1.86 0.32 1096.6

IGU � 3.8 0.9 -1.0 0.04 -0.02 -0.37 -0.03 352.3
� 8.6 8.7 15.7 0.44 0.58 1.28 0.27 450.4

(PWV). Clearly neitherreal-timeorbits delivers this accu-
racy. If we take a closerlook at the results,seeFig. 3, we
seethat the RMS is dominatedby a few “bad” days. On
thesedaysoneto threesatellitewerepredictedquiteinaccu-
rately in both the IGP andIGU products.This is oneof the
problemswhen using predicted(real-time)orbits. Several
approacheshave beenstudiedin the literatureover the re-
centyears,testhavebeenmadewith removing badsatellites,
weightingbadsatellites,andorbit relaxationfor all or only
thebadsatellites(Kruseet al., 1999;Geet al., 2000;Douša,
2000). Oneapproachsuggestedis to allow orbit relaxation
by estimatingan along-trackorbit parameterfor all satel-
lites. This shouldhandlethe problemswith the badsatel-
lites (Kruseet al., 1999). A similar, but moresophisticated,
approachis to iteratively determinewhichsatellitesneedor-
bit improvement/relaxation(Geetal., 2000).In this iterative
proceduretheconstraintson theorbit parametersis changed
from iterationto iterationuntil theprocessconverges.

Wehavetestedthe,relatively simple,approachof estimat-
ing one along-trackparametersfor eachsatelliteusing the
IGP and IGU orbits and the result aregiven in the middle
partof Table2. As expecteda clearimprovementis seenfor
boththeIGP andIGU orbitswhich now give anaccuracy of
approximately10mmRMSfor theZPDestimates.However,
in thesetestswenoticedthatfor “good” daystheresultswith
theIGU orbitsactuallydegraded.Thisindicatesthatthegen-
eralqualityof theIGU orbitsis suchthattheestimationof an
along-trackparameteractuallydegradestheorbitqualityand,
therefore,alsothequality of theotherestimatedparameters.
Herethe iterative orbit weightingapproachwould probably
havegivenbetterresults.

Secondlywe testedthe approachof removing badsatel-
lites. Ratherthanremoving badsatellitesit is alsopossible
to do anorbit relaxationfor thesesatellites.This, however,
will mostlikely give similar results.Basedon previousex-
perienceit is relatively easyto definea “normal” residual
RMS level. Bad satellitesarethendeterminedassatellites
for which the residualRMS exceedsthe normal level by a
factorof 3 to 5. If morethanonesatelliteexceedstheRMS
thresholdonly thesatellitewith thehighestRMSis removed
andtheprocessis repeated.Thisprocessis repeateduntil no
badsatellitesaredetected.This meansthat 3 to 4 iteration
might beneededon a “bad” day, but on averageonly oneit-
erationwill beneeded.This processcanbeautomatedvery
easily. The resultsusingthe IGP andIGU orbits areagain

Table 2. Resultsof zenithpathdelayestimatesusingdifferent IGS orbit
products.Thezenithpathdelaysobtainedusingthe IGS Final orbitswere
usedas“ground truth” to comparethe otherresultswith. All hourly ZPD
estimatesfor the14dayinterval wereincluded.

Product ZPDRMSDifference(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

given in Table2, lower part. It is interestingto seethat in
thiscasetheresultswith theIGPorbitshaveaslightly higher
RMS comparedto the orbit relaxationtest (11 vs 10 mm).
This indicatesthattheIGP orbit qualitymayactuallybeim-
provedusingthis smallnetwork. For theIGU thebadsatel-
lite rejectiongivesslightly betterresults(7 vs 8 mm) asex-
pectedbasedon our observationsfrom the orbit relaxation
tests.The7 mm RMS for theZPD is closeto themeteoro-
logical accuracy requirement.Hereonemustalsoconsider
the fact that the IGS Final resultsweretaken aserror free,
which is of coursenot true. Also the IGS Final ZPD esti-
mateshave somenoisewhich contributesto the7 mm RMS
observedfor theIGU results.

3 Conclusions

New Ultra rapid IGS productsareavailablefor (near)real-
time applications.TheseIGU productsaredeliveredtwice
every day at 3:00 and 15:00UTC with a 3 hour delay af-
ter the endof the includeddatainterval. We have demon-
stratedthatthequalityof theIGU orbitsis at the30cmlevel
or betterwhich is significantlybetterthantheIGS Predicted
products(IGP). This improvementis mainly accomplished
becauseof thesignificantlyreducedpredictioninterval. For
theIGU productstheaverageageof thepredictionis 9 hours
comparedto 36hoursfor theIGPproducts.

We have further demonstratedthat with the currentIGU
productsthe troposphericzenithpathdelays(ZPD) may be
acquiredwith anaccuracy at the7 mmlevel,RMS,for anet-
workwith adiameterof 600km. Thiscorrespondstoapprox-
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Fig. 3. Differencebetweenthe troposphericzenithdelaysestimatesfrom
usingthe IGS Final orbit productsandfrom usingthe IGS Ultra rapid or-
bit products.TheUltra rapidprocessingwasdoneonceusingall satellites
(upper)andonceusingtheiterative satelliterejectionmethod(lower).

imatelyanaccuracy of 1 mmPWV. Thisaccuracy shouldbe
sufficient for a meaningfulinclusionof GPSbasedZPD, or
PWV, estimatesin NRT numericalweatherpredictions.

It wasshown that with the IGU orbits, like with the IGP
orbits, it is necessaryto detectandhandlebadsatellitepre-
dictions.Wehaveshown thatthedetectionof badsatellitesis
relatively easyandcanbecompletelyautomated.To handle
the badsatelliteswe have selectedthe approachof remov-
ing the badsatellitesfrom the observations. A valid alter-
nativemaybetheorbit relaxationapproachwhich,however,
will give similar resultsasthesatelliteremoval approach.It
is clearthat theaccuracy codesin the preciseorbit files are
not reliablefor thepredictedorbits. Furthermore,thedown-
weightingof badsatelliteswill beusefulonly if it is imple-
mentedin a waywhichconsidersthesizeof thenetwork be-
causetheeffectof orbit errorsdependonthebaselinelenghts.
To our knowledgethis is currentlynot implementedin any
GPSsoftwarepackage.
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