The First Low Earth Orbiter with Precise GPS Positioning:Topex/PoseidonWilly Bertiger, P. Abusali, Yoaz Bar-Sever, Bruce Haines, Rodrigo Ibanez-Meier, Ron Muellerschoen, Tim Munson, H.J. Rim, Bob Schutz, Pascal Willis, Sien Wu and Tom YunckThis paper was presented at ION GPS 93 in Salt Lake CityUtah, September 1993 and will appear in the proceedings of thatmeeting.

BIOGRAPHIES Willy Bertiger received Ph.D. in Mathematics fromthe University of California, Berkeley, in 1976,specializing in Partial Differential Equations. Followinghis Ph.D., he continued research in maximum principlesfor systems of partial differential equations while teachingat Texas A&M University. In 1981, he went to work forChevron Oil Field Research. At Chevron, he worked onnumerical models of oil fields and optimization of thosemodels for Super Computers. In 1985, he began work atJPL as a Member of the Technical Staff in the EarthOrbiter Systems Group. His work at JPL has beenfocused on the use of GPS for high precision orbitdetermination . GPS studies have included: high precisiongeodetic baseline determination, software developmentand analysis for the Topex/Poseidon-GPS orbitdetermination experiment, and filter software andalgorithm development for gravity field determination.P.A.M. Abusali is with the Center for Space Research,University of Texas and has been involved in researchrelated to GPS applications and satellite orbit analysissince 1984. He received his M.S. and Ph.D. from the sameUniversity.Yoaz Bar-Sever received his Ph.D. in AppliedMathematics from the Technion - Israel Institute oftechnology, in 1987, specializing in Geophysical FluidDynamics. From 1987 to 1989 he was a post-doctoralfellow at the Department of Applied Mathematics atCaltech. In 1989 he joined the Earth Orbiter SystemsGroup at JPL as a Member of the Technical Staff. In 1993he received a M.S.E.E. degree from the University ofSouthern California, specilaizing in Signal Processing.His main interests are in modeling of spacecraft dynamicsand in geophysical applications of precise orbitdetermination.Bruce Haines received his Ph.D. in AerospaceEngineering Sciences from the University of Colorado in1991, after which he joined the Earth Orbiter SystemsGroup at JPL. He is a member of the Topex/PoseidonJoint Verification and Precision Orbit DeterminationTeams, and specializes in precise orbit and geodeticanalyses using GPS and in oceanographic applications ofsatellite altimetry.Rodrigo Ibanez-Meier received his Ph.D. in high-energy physics from Rice Univ. in 1992, and joined JPL’sTracking and Applications Section the same year. He isnow working in POD and several applications ofGPS/LEO systems, including Earth orientation, crustalmotion, atmospheric and ionospheric observations.Ron Muellerschoen received a B.S. degree in physicsat Rensselaer Polytechnic Institute and a M.S. degree inapplied math at the University of Southern California. Heis currently a member of the technical staff with the EarthOrbiter Systems at the Jet Propulsion Laboratory.Timothy N. Munson is a member of the technical staffat Jet Propulsion Laboratory.H. J. Rim received his Ph.D. from The University ofTexas at Austin in 1992.He is a ResearchEngineer/Scientist at the Center for Space Research, withprimary research interests in GPS.Bob Schutz received a Ph.D. in 1969. Currently, he isProfessor of Aerospace Engineering and EngineeringMechanics at the University of Texas-Austin, and holdsthe Gulf Oil Foundation Centennial Fellowship inEngineering. He is also Associate Director of the Centerfor Space Research and a member of the AppliedResearch Laboratory staff, both of which are componentsof the University of Texas-Austin.

Sien Wu received his B.S.E.E. degree from theNational Taiwan University, Taipei, Taiwan; and Ph.D.degree from the University of Waterloo, Ontario, Canada.He joined the Jet Propulsion Laboratory in 1975 and iscurrently a Technical Group Leader in the TrackingSystems and Applications Section. He has been involvedwith the development of various tracking systems fordeep-space as well as near-earth space vehicles, and theirapplications to precision geodesy. His current interest is inthe precision applications of the NAVSTAR GlobalPositioning System.Tom Yunck received his B.S.E.E. from PrincetonUniversity, and his Ph.D. in Systems & InformationScience from Yale University. He is currently DeputyManager of the Tracking Systems and ApplicationsSection at JPL, where he is involved in the application ofGPS to precise orbit determination and geodesy.Pascal Willis received his Ph.D. from EcolePolytechnique, Paris in 1983.and is head of the GeodeticResearch Lab at IGN. His principal interests are GPS andDORIS.ABSTRACTThe Topex/Poseidon oceanographic satellite waslaunched in August 1992 carrying a high performanceGPS receiver. The purpose of the receiver is to evaluateGPS for precise orbit determination of low orbiting Earthsatellites. Using GPS, we have obtained an estimatedradial orbit accuracy of 3 cm RMS for Topex/Poseidon,and estimated cross track and along track accuracies ofbetter than 10 cm.To obtain this accuracy, we have used specializedfiltering strategies that take advantage of the global 3-dimensional coverage provided by the GPS constellation.The particular family of filtering strategies used has cometo be known as reduced dynamic tracking. In thistechnique a small adjustment to an arbitrary 3-dimensional acceleration is made at each measurementtime to correct for mismodeled dynamics using thestrength of the GPS measurement system. Since eachadjustment is essentially local, the information needed tocompute the adjustment must come primarily from theinstantaneous measurement geometry rather than satellitedynamics.Orbit accuracy has been evaluated through suchtechniques as postfit measurement residuals, orbitdifferences between overlapping data arcs, orbitdifferences with traditional dynamic orbit solutionsderived from different measurement systems (laserranging and DORIS doppler) and different analysissoftware, and altimeter crossover statistics.INTRODUCTIONTOPEX/Poseidon, a US/French oceanographic missionlaunched in August 1992, carries two independenttracking systems to provide the operational precise orbitdetermination needed to meet the mission scientificrequirements. These include a French-built one-wayDoppler system known as DORIS (Doppler Orbitogaphyand Radio positioning Integrated by Satellite) and an SLR(satellite laser ranging) reflector arrary than canbe used byground-based SLR systems. In addition to theseoperational tracking systems, TOPEX/Poseidon carries asix-channel GPS receiver capable of making dual-frequency P-code pseudorange and continuous carrierphase measurements�the first of its kind to be placed inEarth orbit. The GPS receiver was placed onboard as aflight experiment to demonstrate the potential ofdifferential GPS tracking for very high precision orbitdetermination. GPS is the only tracking system capable ofproviding continuous 3-dimensional tracking of Earthsatellites.Fig. 1 Reduced Dynamic TrackingThe GPS experiment on TOPEX/Poseidon (Ref 1)presents the first opportunity to apply the reduceddynamic technique for precise orbit determination of earthsatellites (Ref. 2,3). The technique exploits the greatobserving strength of GPS to make local geometriccorrections to the satellite orbit obtained in a conventionaldynamic solution. This reduces orbit errors arising fromthe mismodeling of forces acting on the satellite, whileincreasing somewhat the effects of measurement error.The principle is illustrated in Fig. 1. The solid linerepresents a dynamic orbit solution in which the solutiontrajectory is described by a set of physical and empiricalforce models, which may have been adjusted in thesolution. The dashed line represents the observed orbit

0—90—180—9009018090Nominal Topex/Poseidon Tracking SitesAdditional Tracking SitesCanberraHartebeesthoekSantiagoUsudaMadridGoldstoneTahitiFairbanksTaiwanMetsahoviSt. John’sYaragadeeNy AlesundFig. 2 GPS Ground Tracking Networkembodied in the GPS data. The dynamic orbit solutionyields a set of postfit data residuals reflecting thedifference between the solution orbit and themeasurements. The size of that difference depends in parton the accuracy of the force models used in the dynamicsolution. Because the flight receiver typically tracks fiveor six GPS satellites simultaneously, at each time stepthere is sufficient residual information to constructgeometrically the 3D vector between the dynamic solutionand the observed orbit. Thus the observed orbit can befully recovered to replace the model orbit as the orbitsolution.This concept offers a continuum of possible solutionstrategies. At one extreme we can give no weight to thegeometric corrections and retain the dynamic solution. Atthe other extreme we can fully apply the geometriccorrections to obtain an essentially kinematic solution. Inthat case the underlying dynamic solution serves as apoint of departure but has little influence on thegeometrically determined orbit, and the effects of forcemodel errors aregreatly reduced. Inbetween we can givearbitrary relativeweight to dynamica n d g e o m e t r i c information byconstraining thegeometric correctionwith respect to boththe dynamic solutionand the previouscorrection, partiallyreducing dynamicmodel error. An�optimal� weightingwill tend to balancedynamic, geometric,and measurementerrors.The success ofthis experiment was made possible through the interactionof a large team which included groups at the JetPropulsion Laboratory (JPL) and the Center for SpaceResearch (CSR) of the University of Texas at Austin, anda scientist visiting JPL from the Institut GeographiqueNational (IGN, France). The JPL team focused on refiningthe reduced dynamic solution strategy, while CSR, whichhas a long history of precise dynamic tracking withsatellite laser ranging, adapted their software for dynamicorbit determination (Ref. 4) and tuning the Earth�s gravitywith TOPEX/Poseidon GPS data. The JPL and CSRanalysis systems were developed independently (Ref.5,6), though they share a number of common models.Comparisons between orbits produced with each systemserve as an important test of orbit accuracy and precision.IGN has expertise in the DORIS system as well as GPS.IGN and JPL worked closely together to adapt JPL’s GPSsoftware to process DORIS data as well. In addition to theefforts of our team, there is a large complementary effortunderway at Goddard Space Flight Center and CNES(Centre National d�Etudes Spatiale, in Toulouse) todetermine precise orbits with SLR and DORIS.DATASignals from up to six GPS satellites can be receivedsimultaneously by the GPS Demonstration Receiver(GPSDR) on TOPEX/Poseidon. For data taken before Jan.�93, at least 5 GPS satellites are observed 80% of the timeand at least 4 are observed 96% of the time. With moreGPS satellites now in orbit, these statistics are currentlysomewhat higher. Note that with 4 GPS being observed, ifno other parameters were adjusted one could determinethe satellite positionand clock offset ateach measurementtime. Of course thisis not the optimalstrategy, but it givesan idea of the basicpower of GPScompared to bothSLR and DORISwhich do not havecontinuous coverageor observations inmany directions atone time.In addition to theflight receiver, thereis a global network(Fig. 2) of Roguea n d T u r b o R o g u e receivers on the ground that establish the precise referenceframe and that serve to reduce a number of importanterrors. Each ground receiver (Ref. 7,8) can track up to 8GPS satellites simultaneously. For data taken before Jan.�93, each ground receiver typically observed 5 or moreGPS satellites 90% of the time and 6 or more 72% of thetime. Dual frequency carrier phase measurements onTOPEX/Poseidon are recorded every second, whilepseudorange measurements are smoothed and recordedevery 10 seconds. Carrier phase and pseudorange data arecollected simultaneously by the ground receivers at 30second intervals.

DATA PROCESSING SOFTWARE AND MODELSGIPSY-OASIS II, Dynamic, Reduced Dynamic ProcessingData processing at JPL for both dynamic and reduceddynamic solutions was performed with the GIPSY-OASISII analysis software (Refs. 5,6). The main components ofthe analysis software are a GPS data editor, orbitintegrator, measurement model generator, andfilter/smoother. The data editor operates on a combinedset of dual frequency GPS phase and pseudorangemeasurements and detects outliers and carrier phasediscontinuities(Ref. 11). A highly automated expertsystem ties all the modules together producing daily orbitsolutions unattended (Ref. 12). This system can produce areduced dynamic solution for TOPEX/Poseidon within twodays of on-board data acquisition with less than 6 hoursCPU time on a desktop workstation.The orbit integrator performs a numerical integrationof the satellite orbit using a nominal initial state and a setof high accuracy models of the forces acting on thesatellite. It also computes partial derivatives of thecurrent state of the spacecraft with respect to thedynamical and epoch state parameters. The initialtrajectory and partial derivatives are written to a file to beread by the measurement model program.The force models for TOPEX/Poseidon include theJGM-2 gravity model developed at the Goddard SpaceFlight Center and the University of Texas at Austinspecifically for TOPEX/Poseidon (Ref. 13), and models ofatmospheric drag, Earth albedo, solar radiation pressure,and thermal radiation emitted by the satellite (Ref. 14). Inaddition to these forces, there is an empirical accelerationparameter,

ra, of the form

ra = rC + rAi cosωit + rBi sin

i=12∑ ωit[1]where

rC,

rAi, and

rBi are constant vectors in thecoordinate system oriented in the nominal spacecraftalong track and cross track directions. The frequencies

ωi are once and twice per revolution of TOPEX/Poseidonand t is time past an epoch. Partial derivatives of thecurrent state with respect to the coefficients r C, Eq. 1), which are

TABLE 1. ESTIMATION SCENARIO FOR DYNAMIC FILTERINGOF TOPEX/POSEIDON ORBIT, GIPSY-OASIS IIData TypeData WeightGround Carrier Phase1 cmGround Pseudorange1 mT/P Carrier Phase2 cmT/P Pseudorange3 m(all parameters are treated as constants unless otherwise specified)Estimated ParametersParameterizationconstraintT/P Epoch State3-D epoch position3-D epoch velocity1 km10 cm/sT/P Empirical forces(cross track & along track)constant1- & 2-cycle-per-rev1 mm/s21 mm/s2T/P Antenna Phase Center Offsetradial5 mGPS States3-D epoch position3-D epoch velocity1 km1 cm/sGPS Solar Radiation Pressureconstant:solar pressure scale factorY-biasprocess-noise:X and Z scaling factorY-bias100 %2x10–3 mm/s21 1 hrs batch; 4 hrs correlation10 %10–4 mm/s2Non-Fiducial Station LocationECEF rectangular coordinates1 kmTropospheric delayrandom-walk zenith delay50 cm; 0.17 mm/s1/2Pole PositionX and Y pole5 mPole Position RateX and Y pole rate1 m/dayUT1 – UTC Rateconstant100 s/dayCarrier Phase Biasesconstant over a continuous pass3x105 kmGPS and Receiver Clockswhite-noise1 sectreated as process-noise paramerters. The latter are givena correlation time of 15 min with steady-state sigmas of10 nanometers/sec2 in the radial and 20 nm/s2 in the crossand along track directions for the 30 hour arcs. It is thegeometric strength of the GPS observations that allowsthese final stochastic adjustments to be made with highaccuracy.MSODP1 Dynamic Solution with GPS and UTOPIASLR/DORIS SolutionsMSODP1 is an independent orbit determinationsoftware package developed by CSR, with its heritage inthe high precision single satellite analysis package,UTOPIA. MSODP1 was used to produce GPS-basedorbits while UTOPIA was used to produce SLR/DORIS-based orbits for TOPEX/Poseidon. The force modeling isessentially the same as GIPSY-OASIS II, but filtering anddata editing are vastly different (Refs. 4,18).In the CSR analysis, GPS pseudorange data are used tocorrect the phase time tags and 30-sec double differencediononsphere free phase measurements are formed. TheL1 and L2 phase data are interpolated to account for timetag offsets between the TOPEX and the ground-stations tofacilitate the removal of Selective Availability in thedifferencing mode. Only double differenced databeteween TOPEX/Poseidon and one of the six nominalground stations were used in 24-hour arcs. The estimationprocedure employs a batch least squares filter, augmentedwith a square-root-free Givens solutions algortihm (Ref.19). The TOPEX/Poseidon radiation pressure modelincludes thermal forces (Ref. 14). Table 2 summarizesthe adjusted parameters in MSODP1.SLR/DORIS solutions have been performed usingUTOPIA, which has significant commonality at thesubroutine level with MSODP1, especially in the forcemodeling and numerical techniques. Extensive testsbetween UTOPIA and MSODP1 have been performedthat show agreement at the mm-level between the twoprograms. Although MSODP1 can process SLR data, theregular processing has been done with UTOPIA. TheTOPEX/Poseidon estimated parameters are the same asthose given in Table 2 for the epoch state and theonce/revolution empirical parameters. The pre-flightnominal values for SLR and DORIS reference points onT/P have been used, adjusted only for the changes inspacecraft center of mass.

TABLE 2. ESTIMATION SCENARIO FOR DYNAMIC FILTERINGOF TOPEX/POSEIDON ORBIT, MSODP1Data TypeData WeightIonosphere-free phase double differences2 cm(all parameters are treated as constants)Estimated ParametersParameterizationconstraintT/P Epoch State3-D epoch position3-D epoch velocitynonenoneT/P Empirical forces(cross track & along track)constant amplitude and phase of1-cycle-per-revnoneT/P Antenna Phase Center OffsetradialnoneGPS States3-D epoch position3-D epoch velocitynonenoneGPS Solar Radiation Pressuresolar pressure scale factorY-biasnonenoneNon-Fiducial Station LocationECEF rectangular coordinatesnoneTropospheric delayNew Constant every 2.5 hrsnoneDouble Difference BiasesConstant over a passnoneORBIT QUALITY ASSESSMENTFirst we examine internal tests within the GIPSY-OASIS II processing system. Then we will makecomparisons to the solutions produced by MSODP1 andUTOPIA, and to the precise orbit ephemeris (POE)produced for the altimeter geophysical data records whichare released to the science community. The POE iscomputed by NASA's Goddard Space Flight Center withSLR/DORIS data.Reduced Dynamic Internal TestsPostfit ResidualsAs one of the quality checks, the postfit reduceddynamic residuals on the ionospherically calibrated carrierphase and pseudorange measurements over the full arc areexamined. Anomalous data points are automaticallydetected and removed. In general, the phase residualshave an RMS value of less than 5 mm; and thepseudorange residuals have an RMS value of less than 70cm. These values are nearly equal to, respectively, thephase data noise and the combined pseudorange datanoise and multipath error. This implies no substantialmismodeling in the estimation process. The GPS data arein general of high quality; only 0.01% of data are detectedas anomalous and automatically removed from the filteredsolution.Orbit OverlapTOPEX/Poseidon data are processed in 30-hr arcscentered on noon (Fig.�3). This yields adjacent orbits with6 hrs of overlap. Although part of the data used arecommon in yielding the two orbit solutions in this overlapperiod, they are only partially correlated due to the largelyindependent determination of GPS dynamic orbits andground station locations for each arc. The orbit agreementin the overlap is therefore a rough (and somewhatoptimistic) indication of the orbit quality.To avoid the “edge effects” commonly encounteredwith reduced dynamic orbit determination, 45-minsegments from each end of the two solutions are omitted.Forty-five minutes corresponds to three times the timeconstant used for the stochastic accelerations. This leavesa 4.5-hr overlap between two consecutive days foragreement analysis. A sample of the orbit differenceduring the 4.5-hour overlap is shown in Fig. 4. The RMSdifference is 0.88 cm in altitude, 5.70 cm cross track and3.44 cm along track. Fig. 5 shows the RMS overlapagreement in altitude for twelve complete 10-day cycles.The RMS agreement is consistently below 2 cm, with anaverage of about 1 cm. The overlaps with reduceddynamic filtering are consistently better than those withdynamic filtering, which have an altitude overlapdifference as high as 5 cm with an average RMS of about3 cm.4.5-hr overlap fororbit comparison Day 1Day 230-hr arc centered @ noon day 130-hr arc centered @ noon day 26-hr data overlap

Fig. 3. Overlapping data arcs and orbit solutions

4.03.02.01.00.00.0–8–404812radial (RMS = 0.88 cm)cross track (RMS = 5.70 cm)down track (RMS = 3.44 cm)Time (hours)

TOPEX/POSEIDON Orbit Overlap (cm)

Fig. 4. Comparison of overlapping TOPEX/Poseidonreduced dynamic orbit solutions10-Day Cycle Number10141517181920212223242500.511.52 Average RMS Radial Overlap (cm)Fig. 5. TOPEX/Poseidon radial reduced dynamic orbitoverlapsfor twelve complete 10-day cyclesExternal TestsComparison with MSODP1 GPS and UTOPIASLR/DORISGPS orbits were generated with MSODP1 for Feb 8-18, 1993 (cycle 15) using JGM-2 and an experimentalgravity field designated JGM-2/TX-F. JGM-2/TX-F wasproduced by the CSR group using TOPEX/Poseidon GPSdata from Cycles 10, 15, and 17 in a procedure similar tothe derivation of JGM-2; data from 150 days of SLR andDORIS were also added to the JGM-1 normal equationsto obtain the experimental gravity field. In addition to theGPS determined orbit for TOPEX/Poseidon, UTOPIA wasused to compute SLR/DORIS orbits with both JGM-2 andJGM-2/TX-F. The differences between these four orbitsand the reduced dynamic orbit are shown in Fig. 6. Theexperimental gravity field moves the radial componentcloser to the GPS reduced dynamic solution in all cases.The SLR/DORIS solution is 1.8 cm closer in 3-D to thereduced dynamic solution with the experimental fieldwhile the GPS dynamic solution moves about 1.8 cmaway due mostly to the cross track component. Thereasons for these cross track differences are underinvestigation.02468101214Along Track GPSAlong Track SLR/DORISCross TrackGPSCross TrackSLR/DORIS

RMS Difference Feb. 8 - 18 (cm)RadialGPSJGM-2JGM-2/TX-FRadialSLR/DORISFig. 6 RMS difference between dynamic orbits, withJGM-2 and JGM-2/TX-F with the GPS reduceddynamic orbitsComparison with NASA Precise Orbit Ephemeris (POE)0246810121416

RMS Orbit Difference (cm)101415171819202110-Day Cycle NumberRadialCross Trackdown trackFig. 7. Comparison of TOPEX/Poseidon reduceddynamic orbit solutions with GPS against GoddardSpace Flight Center SLR/DORIS orbitsThe NASA POE is computed by Goddard Space FlightCenter for inclusion on the geophysical data recordscontaining the altimeter data. These orbits are producedby yet another software package, Geodyn, althoughextensive intercomparisons were performed between bothGeodyn and UTOPIA. Fig. 7 shows the RMS differencesbetween reduced dynamic orbit solutions from GPS dataand GSFC's dynamic solutions from combined laserranging and DORIS data over eight 10-dayTOPEX/Poseidon repeat cycles. The RMS altitudeagreements are all better than 4 cm, implying a 3 to 4 cmaccuracy for TOPEX/Poseidon altitude solutions for both the GPS and SLR/DORIS data types. The other twocomponents are slightly worse: 5-10 cm cross track and9-16 cm along track.Altimeter Crossover StatisticsAn additional method for assessing the radial orbitaccuracy relies on altimeter data collected by thespacecraft. TOPEX/Poseidon carries two nadir-pointingradar altimeter systems that can measure the range to thesea surface with an uncertainty of less than 4 cm rms (Ref.20). These range measurements can be used together withthe precise radial ephemeris to determine the geocentricheight of the sea surface. At the points in the ocean wherethe satellite ground tracks intersect on ascending anddescending passes, two such determinations of sea heightcan be made. In the absence of errors in the orbit and inthe media corrections to the altimeter range, the heightdifference at the crossing point location is a measure ofthe true variability of the ocean surface.Crossover observations from seven separate 10-dayrepeat cycles of the TOPEX/Poseidon ground track wereused for this analysis (Ref. 21). We used only the datafrom the U.S. dual-frequency altimeter in order to avoidcontending with any uncalibrated range bias between thetwo altimeter systems. As crossovers may occur daysapart, corrections for certain surface variations, such asthose attributable to tides and atmospheric pressureloading were applied. A confounding factor is theunmodeled sea height variation from changes in oceancurrents. Most of the important changes in oceancirculation evolve over time periods exceeding a fewdays. We thus restricted our analysis to crossoversoccurring within the individual cycles. We also identifiedtwo ocean regions where the current variation over shortperiods is known to be relatively low. Figure 8 gives thecrossover statistics in these regions, as well as globally,for the GPS reduced-dynamic orbits and the NASAprecise orbit (described in the previous section). Over30,000 individual crossovers occurring in the period fromJanuary 30 to April 29, 1993, are represented in the globalstatistic.The actual radial orbit error is difficult to quantifybased on these statistics since the residuals also containerrors in the media corrections, and unmodeledoceanographic effects. A large portion of the tidal andatmospheric pressure signal has been removed usingglobal models, but a sizable signal remains. Moreover,certain correlated errors in the orbit are not observable incrossover differences. These observations nonethelessprovide a powerful and independent tool for measuringorbit consistency and for gauging improvement. In thiscontext, we note that the GPS-based reduced dynamicorbits yield lower crossover residuals, suggesting that theyrepresent an improvement in the modeling of theTOPEX/Poseidon orbit. The 4 mm reduction in the globalrms crossover residual suggests an improvement of about2–3 cm in orbit height repeatability for the reduceddynamic orbits.

24030036003060-30-60Region No. NASA GPS POE R. D.Global 31618 11.0 10.6 Region I 1192 7.6 7.2Region II 765 10.4 9.2RMS Crossover Difference (cm)III Fig. 8. Summary of RMS altimeter crossoverdifference with NASA POE (SLR/Doris) and GPSreduced-dynamic solutions.CONCLUSIONSThe TOPEX/Poseidon GPS experiment hasdemonstrated the accuracy and utility of the reduceddynamic technique. Reduced dynamic tracking with GPSallows one to tradeoff model accurracy for measurementprecision and geometric strength. We have shown anaccuracy of approximately 3 cm in the radial directionthrough comparison with external orbits determined withSLR/DORIS. Altimeter crossover statistics suggestgreater overall accuracy for the GPS reduced dynamicorbits.ACKNOWLEDGEMENTThe work described in this paper was carried out inpart by the Jet Propulsion Laboratory, California Instituteof Technology, under contract with the NationalAeronautics and Space Administration.We would like to aknowledge Steve Nerem for hishelp in comparing to the precise orbit emphemeris (POE)produced by Goddard Space Flight center and John Riesof the University of Texas for his many helpfulcomments.REFERENCES[1] Melbourne, W. G., B. D. Tapley and T. P.Yunck, The GPS flight experiment onTOPEX/Poseidon, Geophys. Res. Lett.,submitted August 1993.

[2]Wu, S. C., T. P. Yunck and C. L. Thornton,Reduced-dynamic technique for precise orbitdetermination of low earth satellites, J. Guid.,Control and Dynamics, 14, 24–30, 1991.[3]Yunck, T. P., S. C. Wu, J. T. Wu and C. L.Thornton, Precise tracking of remote sensingsatellites with the Global Positioning System,IEEE Trans. Geosci. & Rem. Sensing, GE-23,450–457, 1990.[4]Rim, H., TOPEX orbit determination using GPStracking system, Ph.D. dissertation, TheUniversity of Texas at Austin, Austin TX,december 1992.[5]An Introduction to GIPSY/OASIS II, JPL CourseNotes, Boulder Colorado, July 19–23, 1993,edited by F. H. Webb and J. F. Zumberge.[6]Wu, S. C., Y. Bar-Sever, S. Bassiri, W. I.Bertiger, G. A. Hajj, S. M. Lichten, R. P. Malla,B. K. Trinkle and J. T. Wu, Topex/PoseidonProject: Global Positioning System (GPS)Precision Orbit Determination (POD) SoftwareDesign, JPL D-7275, March 9, 1990.[7]Thomas, J. B., Functional Description of SignalProcessing in the Rogue GPS Receiver, JPLPublication 88-15, June 1988.[8]Meehan, T.,T. N. Munson, J. B. Thomas, J. M.Srinivasan, D. J. Spitzmesser, L. E. Young, R. E.Neilan, “Rogue: A New High Accuracy DigitalGPS Receiver,” International Union of Geodesyand Geophysics, XIX General Assembly,Vancouver, BC, Canada, Aug. 1987.[9]Munson, T. N., E. S. Davis, L. E. Young, “In-Flight performance of the TOPEX / PoseidonPrecision GPS Receiver,” Fall AGU MeetingPoster, 1992.[10]Young, L. E., T. N. Munson, C. E. Dunn, E. S.Davis, “GPS Precision Orbit Determination:Measured Receiver Performance,” Geophys. Res.Lett., submitted August 1993.[11]Blewitt, G., “An automatic editing algorithm forGPS data”, Geophys. Res. Lett., 17, No. 3, 199–202, 1990[12]Wu, S. C., R. J. Muellerschoen, W. I. Bertiger, T.P. Yunck, Y. E. Bar-Sever, and T. N. Munson,“Automated Precision Orbit Determination forTOPEX/POSEIDON with GPS,” paper AAS 93-576, AAS/AIAA Astrodynamics SpecialistConference, Victoria, British Columbia, Canada,August, 1993.[13]Lerch, F., R. Nerem, J. Marshall, B. Putney, E.Pavlis, S. Klosko, S. Luthcke, G. Patel, N.Pavlis, R. Williamson, J. Chan, B. Tapley, C.Shum, J. Ries, R. Eanes, M. Watkins and B.Schutz, “Gravity Model Improvement forTOPEX/POSEIDON,” EOS Trans. AGU, 74, No.16, April 1993, p. 96.[14]Marshall, J.A., S.B. Luthcke, P.G. Antreasian,and G.W Rosborough, “Modeling RadiationForces Acting on TOPEX/Poseidon forPrecisionOrbit Determination,” NASA TechnicalMemorandum 104564, June 1992.[15]Kerr, D. A., “Technical Operating Report forNavstar Block II Satellite,” Volume IV: SolarForce Model, SSD81-0164-4, RockwellInternational, 1982.[16]Fliegel, H. F., Feess, W. A., Layton, W. C., andRhodus, N. W., “The GPS Radiation ForceModel,” Proc. First International Symposium onPrecise Positioning with GPS-1985, (ed. C.Goad), Vol. I, 113–120, National GeodeticInformation Center, NOAA, Rockville, MD.[17]Bierman, G. J., Factorization Methods forDiscrete Sequential Estimation, AcademicPress, Orlando, FL, 1977.[18]Schutz, B. E., B. E. Tapley, P. A. M. Abusali, H.J. Rim, “Dynamic Orbit Determination UsingGPS Measurements from TOPEX/Poseidon,”Geophys. Res. Lett., submitted August 1993.[19]Gentleman, W., “Least suares computation byGivens Transformations without square roots,” J.Inst. Math. Appl. 12, 329–336, 1973.[20]Fu, L.L., ed., TOPEX/Poseidon VerficationWorkshop, A summary report, JPL D-10815(Internal Document), May, 1993.[21]AVISO, "AVISO User Handbook: MergedTOPEX/Poseidon", AVI-NT-02-101-CN, Edition2, 1993.[22]Wu, J.T., Wu, Sien C., Hajj, George A., andBertiger, Willy I., “Effects of AntennaOrientation on GPS Carrier Phase,” vol. 18 no.2, Manuscripta Geodetica, 1993.