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Abstract. Kinematicpositionsof low Earthorbiting
satellitesequippedwith spaceborneGPS recevers
arewidely usedasinput for subsequengravity field
estimationproceduresPositionsrelying on reduced-
dynamicorbit determinationhowever, areoftencon-
sideredas inappropriatefor this task, becausehey
dependo someextenton the gravity field modelun-
derlying the orbit estimation.We review the princi-
plesof reduced-dynamiorbit determinatiorandgive
the mathematicabackgroundor a very efficient es-
timation schemeof reduced-dynamisatellitetrajec-
toriesusingleast-squaresiethodsSimulatedaswell
asrealdatafrom the CHAMP GPSreceverareused
to shawv the equivalenceof kinematicand reduced-
dynamicorbitsin thekinematiclimit andto presenta
highly reduced-dynamiorbit determinatiorscheme
asanalternatve to kinematicpoint positioning.

Key words. Low Earthorbiter, reduced-dynamior-
bit determinationkinematicorbit determination

1 Introduction

A new erain using datafrom spaceborn&PSre-
ceiverson boardlow Earthorbiters(LEOs)for grav-

ity field determinationwas openedin the frame-
work of the CHAMP mission(Reigberet al., 2002).
The combinedanalysisof high-low GPSsatellite-to-
satellitetrackingdataand STAR accelerometedata
(Touboul et al., 1999) enabledthe derivation of a
wholeseriesof high quality globalgravity field mod-
elswith unprecedentedccuray (seege.g.,Reigberet

al., 2003).

Due to the heary demandsposedon compu-
tational resourcesn the caseof classicalnumeri-
cal integrationtechniguesalternatve methodshave
beendevelopedand establishedas well, e.g., rely-
ing on satellitepositionsusedaspseudo-obsenbles
(see,e.q.,Visseret al., 2003).Gerlachet al. (2003)
usedkinematicCHAMP positions,which were pre-
cedingly derived by Svehlaand Rothacher(2003),
as pseudo-obsentionstogetherwith accelerometer
data and shaved that gravity field modelscan be
estimatedwith a quality comparableto the official

CHAMP modelsby meansof the enegy integral
method.Gerlachet al. (2003) reportedthat gravity
field modelsderived from reduced-dynami®rbits
(RD-orbits) are biasedtowards the a priori gravity
field modelusedfor the precedingorbit estimation.
This article focuseson both reduced-dynamic
andkinematicpreciseorbit determinatior(POD) for
the purposeof gravity field estimation.We analyze
so-calledhighly RD- (HRD-) and maximum RD-
orbits (MRD-orbits) as alternatvesto kinematicor-
bits. Simulatedandreal GPSdataof the CHAMP re-
ceiver are usedto investigatethe propertiesof such
orbitsandto assestheir valuefor a subsequerdrav-
ity field estimationwherethe mainissueconsistsof
clarifying dependenciesf orbital positionsand ve-
locitiesontheapriori gravity field modelsused.

2 LEO orbit determination

This sectionbriefly introduceskinematic, dynamic
andreduced-dynamiorbit modellingtechniquesp-
pliedto LEOsequippedvith onboardGPSrecevers.
The mainfocuslies on a brief review of a novel ap-
proachproposedby Beutleret al. (2005)for a very
efficient computationof any type of RD-orbits.RD-

orbit modelling techniquesare of particularinterest
becausé¢hey containthe two otherabove mentioned
techniquessspeciallasymptoticlases.

2.1 Kinematic orbit determination

The geometricstrengthandthe high densityof GPS
obsenations allows for a purely geometricalap-

proachto determineLEO positionsat the obsera-

tion epochsby precisepoint positioning(Svehlaand
Rothacher2004). The ephemerisarerepresentety

atime seriesof threekinematiccoordinateperkine-

matic epoch, which are determinedin a standard
least-squaresdjustmentprocessof GPS obsera-

tionstogethewith all otherrelevantparametersvith-

outusingary informationon LEO dynamics.

2.2 Dynamic orbit determination

The equationof motion of an Earthorbiting satellite
includingall perturbationgeadsin theinertial frame



as
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with a set of initial conditions »*)(t,) =
r®)(Ey, ..., Eg;to), k = 0,1 whereEy, ..., Es are
the six Keplerianelementspertainingto epocht,.
q, ---, qq denoted additionaldynamicalparameters
considerecgsunknavns,which describehe perturb-
ing acceleratioractingon the satellite.

Let usassumehatana priori orbit ro(t) is avail-
able,e.g.,from a GPScodesolution.Dynamicorbit
determinationmmaythenbesetupasanorbitimprove-
mentprocessi.e.,theactualorbitr(t) is expresseds
atruncatedrlaylor serieswith respecto theunknovn
orbit parameterg; aboutthe a priori orbit, whichis
representetly the parametevaluesp;o:
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where Ap; = p; — p;o denotethen = 6 + d cor
rectionsto be estimatedNumericalintegrationtech-
niguesmustusuallybe appliedto solve theso-called
variationalequationgsee,e.g.,Beutler 2004)to ob-
tain the partial derivativesof the a priori orbit r¢(t)
with respectto the parameters;, which allow the
solutionfor the correctionsAp; in a standardeast-
squaresaadjustmenprocesof GPSobsenationsto-
gethemwith all otherrelevantparametersEventually
theimprovedorbit maybecomputedaccordingo Eq.
(2). As the obtainedorbit is a particularsolution of
the equationof motion, the trajectoryfully depends
onthedynamicalmodeldefinedby Eq. (1).

2.3 Reduced-d ynamic orbit determination

We usepseudo-stochastarbit modellingtechniques
(Jaggiet al., 2005)asarealizationfor RD-POD(Wu
et al., 1991),which makes useof both the geomet-
ric strengthof the GPS obsenations and the fact
thatsatellitetrajectoriesareparticularsolutionsof an
equationof motion. Theattribute”pseudo”is usedto
distinguishour approachfrom methodsconsidering
the satellitemotion asa stochastigrocesswhereas
theattribute "stochastic"refersto theintroductionof
additionalparameterto thedeterministicequatiorof
motion, which may have a priori known statistical
propertiesIn this article we make useof two types
of additional parametersnamely instantaneouse-
locity changegpulses)andpiecavise constantccel-
erations.

2.3.1 Instantaneous velocity changes
Pulsesare attractve for RD LEO POD mainly be-

causea large numberof pulsescan be set up effi-
ciently. This is dueto the fact that a pulse-induced

orbital changemaybe expresseanly by achangen
theKeplerianelementgsee e.g., Jaggiet al., 2004a).
Therefore the partial derivative of the a priori orbit
with respectto a pulsev;; attime ¢; in directionj,
subsequentlglenotedas z,,;, may be expressedsa
linear combinationof the part|al derivativeswith re-

spectto theinitial conditionsEy, ..., Eg:
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Independentof the number of pseudo-stochastic
pulsessetup,only thesix variationalequationgefer
ring to theinitial conditionshave to beintegratednu-
mericallyto subsequentlgomputeall partialderiva-
tiveswith respecto the pulsesassimplelinearcom-
binationswith constantoeficients.

2.3.2 Piecewise constant accelerations

Pieceviseconstantaccelerationareattractvefor RD
LEO POD,aswell, becausea large numberof accel-
erationscanbe setup efficiently, aswell. Jaggiet al.
(2004a)xhavedthatthepartialderivative of thea pri-
ori orbit with respecto anacceleratioru; actingin
thesubinteral t;,_; < t < t; in directionj may be
written asa linear combinationwith time-dependent
coeficientsof the partial derivativeswith respecto
theinitial conditionsEy, ..., Eg:
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or, alternatvely, asalinearcombinatiorwith constant
coeficients of the samepartial derivatives and one
additionalpartialderivative with respecto aconstant
acceleratiorpointing in the samedirectionand act-
ing over the entire orbital arc. Therefore all partial
derivativeswith respectto the accelerationsnay be
constructedrom avery limited setof numericallyin-
tegratedpartialderivatives.

2.3.3 Normal equation system

We give a shortoverview of the structureof the re-
sultingnormalequatiorsystentor thestandardeast-
squaresdjustmenprocesof GPSobsenations.For
thesale of simplicity, we consideonly thesix orbital
elementandthepulsesn threeorthogonalirections
attimest;, i = 1,...,n — 1 asparameterd-oramore
detailedderivation,alsoconsideringdifferentparam-
etertypeslike piecavise constantaccelerationsand



additionalparametetypeslik e carrierphaseambigu-
ities, we referto Beutleret al. (2005).

The pulse-epochdglivide the orbital arc into n
subintenals. Let us write all n,, obsenation equa-
tionsof thesubinteral I; = [¢;,t;11) in aconvenient
matrix notation:

Ai-AE+A;i-) B Avn— Adi = pi,
m=1
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where A; is the first designmatrix with n,, lines
and six columns,AE the columnarray containing
the six incrementof the initial osculatingelements,
Bijr,;) = Bijr the matrix with six lines andthree
columnscontainingthe coeficientsof Eq. (3), Av;
the columnarraycontainingthe threepulsesat time
t;, A¢; the columnarray containingthe n,, terms
"obsened-computed”and p; the columnarraycon-
tainingthe n,, residualsNote thatall pulsessetup
beforethesubintenal I; remainactive andcontrikute
to the obsenationequationf subintenal I; aspre-
dicted by the linear combinationof Eq. (3). There-
fore, thelastsubintenal eventuallycontainghe con-
tributionsdueto all pulsesof theorbitalarc,provided
thattheinitial conditionsarestill referringto the be-
ginningof theorbital arc.

To study the structureof the resulting normal
equationmatrix, it is instructie to usethe contriku-
tions N; = AT P; A; persubintenal to the normal
equationmatrix of dynamic POD, i.e., POD with-
out pulses.Obviously, thesecontributions form the
completenormalequatiormatrix of dynamicPODas
N =Y ATP;A;, butthey arealsothebuilding
blocks of the complete,symmetricnormal equation
matrixin the presencef pulseswhichreadsas

n—1 n—1
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n—1 n—1
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(6)

Equation(6) illustratesthatthe normalequationrma-
trix (andalsothe correspondingight handsideof the
normalequationsystem)hasa simple structure but
grows monotonicallyafter having processedll ob-
senationsof onesubintenal. Notein particularthat
it is notpossibleo pre-eliminatehepulsesatary ob-
senationepochwhichis indicatedby the uppersum-
mationlimit. Beutleret al. (2005) madefull useof

the structureof Eq. (6) andfoundthatfor alargeva-
riety of applicationsthe solution vector andthe as-
sociatedull variance-cwariancanformationmaybe
computedwith sufficient efficiency. However, when
striving to thekinematiclimit, i.e., pseudo-stochastic
parametersetup at a rate closeor equalto the ob-
senationsamplingrate,the procedure®ecomenef-
ficient dueto the unavoidably large normalequation
matrix, which hasto beinverted.

2.3.4 Transformation of Keplerian elements

Rearrangingall obsenation equations(Eq. (5)) of
the subinteral I; shows that the orbit may be rep-
resentedvithin this subinteral by only six Keplerian
elements:

2
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wherethe term in parentheseslenotesthe column
array containingthe six orbital elementspertaining
to epochtq, but characterizinghe trajectorywithin
this particularsubintenal. This setof elementssub-
sequentlydenotedas AE;, is simply relatedto the
setof element®f the previoussubintenal by:

AE; = AE; ; + B; - Av; . (8)

It is instructive to apply the transformatiorgivenin

Eq. (8) eachtime afterhaving processedll obsera-
tions of onesubinteral. The resultingnormalequa-
tion matrixthenreadsas:
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The solution vector obtainedfrom the transformed
normalequationsystemcontainsthe samepulsesas
the untransformedsystem,but the set of elements
AE, _, referringto the last subintenal (insteadof

AE, referringto the first subintenal). A compar

ison with the untransformedhormal equationma-

trix (compareEg. (6)) revealsthe benefitof the ap-

pliedtransformatiobecausé is now possibleo pre-

eliminatethe pulsesafter eachsubintenal asthe up-

persummatiordimits in Eq.(9) indicate Beutleret al.

(2005)madefull useof the structureof Eqg. (9) and
proposeda very efficient pre-eliminationand back-
substitutionschemefor different types of pseudo-
stochastigparameterswhich allows it to efficiently

realizethe kinematiclimit with RD-orbits.
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Fig. 1. Daily (1-dim.) RMS of differencedor AIUB kine-
matic and IAPG kinematicorbits w.r.t. corventionalRD-
orbitsfor days071/20020 070/2003.

3 Processing of real CHAMP data

The GPSfinal orbits and the 30s high-rate satel-
lite clock correctionsfrom the CODE analysiscen-
terwereusedtogethemwith attitudedatafrom thestar
tracker on boardof CHAMP provided by GFZ (Ge-

oForschungsZentrurRotsdamyandthe gravity field

model EIGEN-2 (Reigberet al., 2003) to corven-
tionally processundifferencedCHAMP GPSphase
tracking datacovering a one yeartime period from

day 071/2002to 070/2003.For a subsetof track-

ing data,covering GPSweeks1173-1176,10s GPS
satellite clock correctionswere generatedn order
to perform testswith several kinds of HRD orbit

parametrizationAll computationswere performed
with adevelopmentersionof theBernesésPSSoft-

ware(Hugentobleget al., 2001).

3.1 Results of kinematic POD

Figure 1 shows daily (1-dim.) RMS valuesof or-
bital differencesderived from our kinematic orbits
(AIUB) with respecto corventionalRD-orbitswith
pseudo-stochastiparameterset up every six min-
utes.As a referencethe differencesemeging from
thekinematicorbits (IAPG) computedy Svehlaand
Rothacher(2003) are displayedas well. The two
curvesshaw, on theonehand,thatboth setsof kine-
matic orbits are of similar quality, but, on the other
hand, they reveal for both solutionsa considerable
numberof poorly determinedrajectoriesmainlydue
to dataquality issues As a consequencef the very
low degree of freedomper epoch,kinematic posi-
tions reactvery sensitvely to the densityand qual-
ity of GPS obsenations. This makes a robust pre-
processing greaterchallengethanfor corventional
RD-POD.

3.2 RD-POD at the kinematic limit

The estimationschemepresentedn section2.3.4
males it possibleto efficiently approachthe kine-
matic limit with RD-orbits. For one particularday
Fig. 2 (top) puts the cross-trackdifferencesfor the
kinematicorbit togetherwith the differenceemen-
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Fig. 2. Cross-tracldifferencesof the kinematicanddiffer-

entHRD-orbitsw.r.t. acornventionalRD-orbit(top) anddif-

ferenceqradial/cross-traclshiftedby 5 mm) betweenthe

kinematicandthe MRD-orbit (bottom)for day198/2002.

ing from two HRD-orbits,i.e., orbits which arerep-
resentedby six initial conditionsand three uncon-
strainedpulsessetup every oneandevery threemin-
utes, respectiely. We seethat the HRD-orbits ap-
proachthekinematicorbitwhenthenumberof pulses
increasesBecausehedifferencesor the MRD-orbit
would completelyoverlapwith thedifferencegor the
kinematicorbit, Fig. 2 (bottom) displaysthe differ-
encesbetweenboth orbits separatelyand confirms
theirequivalenceto the numericalprecisionprovided
by the SP3orbit file format, apartfrom a few excep-
tionswhicharediscussedh thefollowing paragraph.

3.2.1 Properties of MRD-orbits

Theleast-squareadjustmenprocesdor the estima-
tion of a MRD-orbit, eitherbasecon pulsesor accel-
erationsresultsin a regularnormalequationsystem
likein the caseof kinematicPOD.lt is instructive to

have a closerlook at MRD-orbitsin orderto empha-
sizepossiblebenefitsof HRD-orbits.For the sale of

simplicity we confineourselhesto discusgheresults
achievedwith pulses becauseMRD-orbits basedon

accelerationslo not provide moreinsightin this re-

spect.

For MRD-orbits, three unconstrainegulsesare
setup at all n,;, obsenationepochsgexceptfor the
very first andthe very last one. Therefore together
with the six initial conditions,a total number of
3-ngps Orbit parameterareestimatedyhichis obvi-
ouslythesamenumberof unknovnsasin the caseof
akinematicorbit. Providedthatatleastfour GPSob-
senationsareavailablefor every obsenationepoch,
all epochparameterganbe determinedor both ap-
proachesi.e., threepulsesandthreekinematiccoor
dinatesrespectiely, andarecever clock correction.
Both orbit ephemerisare equivalentat the obsenra-
tion epochsasillustratedin Fig. 3 (top).
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Fig. 3. MRD-orbit (solid line) basedon pulsesn compari-
sonwith thetrue orbit (dottedline) (top) andimpactof an
increasedamplingrate (bottom).

The trajectory of the MRD-orbit is definedin-
betweenthe obsenation epochsaswell. The posi-
tionsattheleft andattheright boundaryepochsro-
vide the necessargix conditionsto definea trajec-
tory betweenthesawo points,whichsolvestheequa-
tion of motion (Eq. (1)). Note that the positionsat
the obsenation epochsare completelyindependent
of the force field, but the trajectoryin-betweenand
in particularthe orbital velocity is given by the a-
priori force model. It is thus not possibleto derive
more independeninformation concerningthe force
field from a MRD-orbit thanfrom a kinematicorbit.
The samestatemenholdsif accelerationaresetup
with thehighestpossibleresolutionwherethetrajec-
tory in-betweenis allowed to have large excursions
("slalom”-orhbit).

If therearelessthanfour GPSobsenationsavail-
ableatacertainepochjt is notpossibleo estimateall
threepulsesFigure2 (bottom)includessuchepochs
wherethe filtering due to the dynamicorbit model
startsto affect the MRD-trajectory which is respon-
sible for a few larger differences A closerinspec-
tion shaws thatthis effectis limited to the neighbor
ing epochsof intervals with few obsenations.For a
few days,however, we alsofound deviationslasting
longer, acaseto beinvestigatedurther.

3.2.2 Properties of HRD-orbits

Section3.2.1shoved that MRD-orbits may be con-
sideredas equialentto kinematic orbits. In order
to make useof filtering effectsassociatedvith RD-
orbits, it is thusnecessaryo setup pseudo-stochastic
parameterst subinterals of length T}, longerthan
theobserationsamplinginterval T;. Becausd, de-
termines,in essencethe achiezable resolutionfor
a subsequengravity field recovery procedure,T
shouldberatherdecreasethanT), increasedFigure
3 (bottom)illustratesthis for pulsesn comparisorto
thecaseof maximumresolution(top). Thetrajectory
is filtered with the force modelbecausel’; < T,
which leadsto atrajectorywith areducedscatterAs
adrawback,however, theresultsshov a dependeng
on the force modelasillustratedin Fig. 3 (bottom),
evenif the orbital positionsareevaluatedonly at the
pulseepochsA simulationstudyin sectior4 is used

Table 1. OverallRMS of velocity differencesw.r.t. conven-
tional RD-orbits(GPSweeks1173-1176).

Solution  30sGPS-sampling 10sGPS-sampling
(mm/s) (mm/s)
kinematic 0.19 0.23
30spulses (0.15) 0.24
30sacc. (9.26) 0.30
60spulses 0.14 0.15
60sacc. 0.17 0.15

to establishthe relationshipbetweenthe additional
forcefield dependengandthereductionof noise.

3.3 Results of HRD-POD

Commonly used gravity field recovery procedures
do not only use the orbital positions as pseudo-
obsenables.The enegy integral method, e.g., re-
quiresinstantaneousrbitalvelocitiesto computedis-
turbing potentialvaluesalongthe orbit (Foldvary et
al., 2004).Table 1 gives an impressionof the scat-
ter of four weeksof CHAMP orbital velocitiesob-
tainedfor differentsolutionswith respecto corven-
tional RD-orbit velocities. The solutionsin paren-
theses(e.qg., the "slalom™-orbit, see section 3.2.1)
have no value for gravity field recovery and are
listedjustfor completenesdn generalwe recognize
that pulse-basedolutionsshav a smallerRMS than
acceleration-basezblutionsfor high resolutionsput
would encounteran oppositebehaior if the resolu-
tion wasfurtherdecreasediVe have to keepin mind,
however, thata smallnoisefor pulse-basedolutions
doesnotnecessarilyndicatea betterqualificationfor
gravity field recovery, e.g.,dueto dependenciesn
theapriori gravity field model.

The resultslisted in Table 1 arein good agree-
mentwith the expectationgrom the simulationstudy
following in section4, with two exceptions.First,
the 10s kinematicvelocitiesareslightly noisierthan
the 30s basedvelocities, even if the same7-point
Newton-Gregory interpolation was applied to the
kinematic positions (Foldvary et al., 2004). This
might indicate a problemwith the 10s GPS satel-
lite clock corrections,in particular becausean al-
mostidentical RMS of 0.20mm/sresults,if the ve-
locitiesareevaluatedevery 30s only. Secondlysim-
ulateddatapredictonly aslightly largerRMSfor 30s
acceleration-basegelocitieswith 10s samplingthan
for the 10s kinematicvelocities. This predictionis
not confirmedby the obsened RMS of 0.30mm/s
andneeddo beinvestigatedurther.

4 Simulation study
A 24h dynamicCHAMP orbitin atruegravity field,

definedby thegravity field modelEIGEN-2upto de-
greeand order 120, sened asthe true orbit to sim-
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ulate undifferencedGPS phaseobsenations,which
were generateckitherfree of noiseor, alternatvely,
with awhite noiseof 1 mm RMS error. A differenta
priori gravity field modelwasthenusedo reconstruct
the true orbit with differentPOD stratgjies. Eventu-
ally, Fourier analysistechniquesvere usedto study
the differencesf the estimatedrbital positionsand
velocitieswith respectto the true valuesin the fre-
gueny domain.A ratherpoor a priori gravity field,
realizedby the EIGEN-2 modeltruncatedat degree
andorder20, wasusedto reconstructhetrue orbits.
In addition,the low degreeand ordersphericalhar
monic coeficients(< 20) wereslightly modifiedac-
cordingto theformal errorestimateprovidedby the
EIGEN-2model.

4.1 Fourier analysis of orbital positions

Figure4 shavs amplitudespectraof orbital position
differencesover oneday emeging from HRD-orbits
basedon pulses(top) andaccelerationgbottom),re-
spectiely, with T, = 30s andT},, = 60s. Theampli-
tudespectradenotedas’a priori signal’ characterize
theresidualimpactof thea priori gravity field model
in anoise-freesimulation.Theamplitudespectrade-
notedas’noise signal’ characterizéheimpactof the
1mm GPSphaseobsenationnoisein absencef ary
gravity field modelerrors.Fig. 4 confirms,n essence,
that orbit differencesignalswith periodsT < 2 - T},
(indicatedby a verticalline in all spectrayaredomi-
natedby thea priori gravity field modelasthe a pri-
ori gravity field inducedsignalamplitudesxceedthe
apparenamplitudescausedy theobsenationnoise,
which is strongly reducedin the highestfrequeny
rangedueto the RD-filtering. The effectillustratedin
Fig. 3 (bottom),hawever, explainsthatthe impactof
the a priori gravity field modelis not only restricted
to periodsT' < 2 - T,, asonemight expectfrom an
ideal filter, but also leaksinto the lower frequeng
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Fig. 5. Noisespectrgtop)for 10sand30skinematicorbits
andHRD-orbit basedon accelerationsvith T = 10s and
T, = 30sandspectrundueto forcemodelerrors(bottom).

rangelt is in particularpossiblefor RD-orbitsbased
onpulsesandlargervaluesof T, thatthesignalspec-
trum exceedghe noisespectrumalsofor few periods
largerthan2 - T,. As expected accelerationshav a
slightly betternoisereductionanda greatlyreduced
dependeng on the a priori gravity field model over
the entirefrequeng range,becauseahe unexplained
gravity field signalis notonly absorbedtcertaindis-
creteepochs.

Figure5 showvs analoguespectraor the morein-
terestingcasewith T; = 10s andT},, = 30s basedon
accelerationskigure 5 (bottom)indicatesa negligi-
ble influenceof the a priori gravity field signalin
comparisorto the noiselevel, at leastover the con-
sideredbne-daytimeintenal (seesectiord.3).Figure
5 (top) alsoshows the noisespectraof 10s and30s
kinematicorbits. Takinginto accounthatthelevel of
thelastmentionedspectrumis only apparentlyhigher
by v/3 becausef its lower samplingwe seethatthe
HRD-orbit exhibits a betternoisecharacteristi¢than
bothkinematicorbitsin the highestfrequeng range
andstill aroundtheregion of interestat 2 - T}, = 60s.

4.2 Fourier analysis of orbital velocities

As mentionedin section3.3, gravity field recosery
proceduredik e the enegy integral methodalso re-
quire instantaneousrbital velocitiesas input data.
This is the motivationto performan analogueanal-
ysis for velocitiesasit wasdonein section4.1 for
positions Notethatorbital velocitiesareby-products
of all typesof HRD-orbits,whichmaybeobtainedoy
taking the time derivative of Eq. (2). For kinematic
orbits, however, only approximateprocedurescan
be appliedto the kinematicpositionslike a 7-point
Newton-Gregoryinterpolationproposecdy Foldvary
et al. (2004).

Figure 6 shavs amplitudespectraof orbital ve-
locity differencesver onedayemeging from HRD-
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orbits basedon pulses(top) and accelerationgbot-
tom), respectrely, with 7; = 10s and T,, = 30s,
i.e., spectracorrespondingo the situationshavn in
Fig. 5 (bottom).Figure 6 (bottom)indicatesfor the
acceleration-basaatlocitiesangyligible influenceof
the a priori gravity field signalin comparisonwith
the noiselevel, at leastover the considerecbne-day
time intenal (seesection4.3). The pulse-basede-
locities (top) shav a similar pictureif they arecom-
putedat the pulseepochsasthe meanvaluesof the
left- andright-handsidelimits of the discontinuous
velocity vectors.Note that the strongerdependeng
ontheapriori gravity field modelfavorsacceleration-
basedvelocitiesfor thetaskof gravity field recovery.
Comparingboth noisespectrain Fig. 6 implies, on
the other hand,that highly-resoled pulse-basedo-
lutions exhibit a more favorablenoisereductionfor
the highestfrequeng rangethanthe corresponding
acceleration-basesblutions,which wasalreadyob-
senedin Tablel for realdata.

Figure 7 shaws the amplitudespectrafrom Fig.
6 (bottom)amendecy spectraof kinematicveloci-
ties, which wereestablishedby the Newton-Gregory
interpolationfrom noise-freeand noisy 30s kine-
matic positions,respectiely. Taking the apparently
higherlevel of the last mentionedspectruminto ac-
count, we see similar noise for kinematic veloci-
tiesandvelocitiesfrom theacceleratiolasedHRD-
orbit, exceptfor the highestfrequeng range.There,
the performanceof the kinematicvelocitiesis better
dueto a moreefficient smoothingof high frequeny
signalsby the relatively long interpolation-interals.
Application of 60s piecevise constantaccelerations
would leadto a similar effect for the HRD-solution.
Note that comparableesultswould be obtainedfor
the kinematicvelocitiesif the same7-pointNewton-
Gregoryinterpolation(30s spacingoetweertheposi-
tionsusedfor interpolation)wasappliedto 10s kine-
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Fig. 7. Noisespectrumanalogudo Fig. 6 (bottom)andto-
tal spectrumfor 30s kinematicvelocities(top) and corre-
spondingmodelerrorspectrgbottom).

maticpositions put muchworseresultsif thespacing
of theusedinterpolationpointswaschangedo 10s.
Figure7 (bottom)givesthe correspondingoise-
free spectraseparatelyand shavs that the Newton-
Gregory interpolationintroducescomparablylarge
interpolation errors when comparedto the HRD-
spectrumalthoughthe absolutesrrorsdo not exceed
thelevel of 0.1mm/s.The discretespectralines are
notrestrictedo theperiodrangeshovnin Fig. 7 (bot-
tom), but continueto lower frequenciesiown to the
orbital frequeng. Figure 7 (top) shaws that someof
theselines even exceedthe noiselevel of the total
spectrunof theconsiderednedaydataset.

4.3 Impact of data accum ulation

All gravity field recavery proceduresnake useof the
accumulatiorof individual (daily) solutionsin order
to reducerandomerrorsfor a mostreliable estima-
tion of gravity field coeficients.Figure 8 illustrates
for the mosttrivial errormodelhow the HRD signal
andnoisespectradrom Fig. 6 (bottom)would look if
datahadbeenaccumulatedver400days.lt is simply
assumedhat all systematicerrorsare not reduced,
whichwould bethe (worst) casefor adaily repeabr-
bit, whereagandomerrorsarereducedy thesquare
rootof the numberof accumulatedolutions.
Figure8 indicatesthatfor long datasetsthe sys-
tematicerrorswould becomenoreimportantthanthe
randomerrorsunderthe abore mentionedassump-
tions, becausehe impactof the ratherpoor a priori
force field (truncatedat degree and order 20: right
vertical line) startsto exceedthe noiselevel in the
lowerfrequeng rangelt remaingo be seerwhether
suchbiasestowardsthe a priori modelwould actu-
ally occurin real gravity recovery experimentslt is
just aswell possiblethat small systematicerrorsare
reducedn a combinatiorlike randomerrorsdueto a
permanenthchangingorbit geometry
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Fig. 8. Amplitude spectrarom Fig. 6 (bottom).The noise
spectrumis downscaledo simulatetheworstcaseeffect of
dataaccumulatior{seetext).

To getan impressionof the impactof the a pri-
ori modelfor real data,we repeatedhe processing
describedn section3.3 with the gravity field model
EGM96 (Lemoineet al., 1997) insteadof EIGEN-
2 andcomparedhe correspondingrbital velocities
with eachother For themostinterestingsolutionwith
T, = 10s andT,, = 30s we found an overall RMS
of velocity differencesof 0.026mm/sfor pulsesand
0.016mm/sfor accelerationdueto thechangedorce
model,whichis comparablé¢o the simulatedresults.

5 Conclusions

We presenteavery efficientmethodto computeRD-
orbits basedon pseudo-stochastiparameterawvith
resolutionsT,, > T, andshaved that MRD-orbits
are, in essenceequialentto kinematicorbits. The
pre-processingf GPSdatawasfoundto bethemost
importantaspectwhen generatinghe one-yeardata
setof kinematicCHAMP positions.This problemis
of coursenotremovedwhengeneratindiRD-orbits.

An extensive simulation study shoved that not
only kinematicorbits but HRD-orbits,aswell, could
beinterestingasinput datafor gravity field recovery,
in particularfor the upcomingGOCEmission(ESA,
1999)whichis expectedo provide 1s GPSdata.The
influenceof interpolationerrorson kinematicveloci-
tieswasfoundto belargerthantheinfluenceof thea
priori gravity field modelonHRD velocities evenif a
very poora priori modelwasused.First experiences
gainedwith four weeksof real CHAMP GPSdata
confirmed,n essenceheexpectationgrom thesim-
ulation study However, the side-issueof generating
mostreliable10s GPSsatelliteclock correctionsand
theissueof alargervelocity noiselevel thanexpected
from simulationdfor the acceleration-basgdRD so-
lutionsneedto befurtherstudied.
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