On the principles of satellitdbased
Gravity Field Determination with special
focus on the Satellite Laser Ranging
technique

Christoph Forste Rolf Koni§ Sean BruinsnfaJearMichel
Lemoiné, Christoph Dahfe Frank Reinquiand Frank Flechtnér

1GeoForschungsZentrum Potsdam, D&todesyTelegrafenberg, 04473 Potsdam, Germang-(
mail: foer@gfzpotsdam.de)

2Groupe deRecherchesle GeodesieSpatiale 18, avenue Edouard Belin3E401Toulouse, France
(e-mail: sean.bruinsma@cnes.fr)

GFZ | |
20th International Workshop on Laser Ranging, Potsdany; 94. Oct. 2016

‘
Helmholtz Centre GRG S
‘GROUPE DE RECHERCHE DE GEODESIE SPATIALE

PorTspAm




Outline:
- Onthe Gravity Fieldf the Earth

- The principlesof globalgravityfield estimationusing
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At first glancethe shapeof the Earthsee
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Whenlookingmorein detail A The Earthsflattened

S

Y the gravitational attraction is larger at the poles than at the equator
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Y the gravitational attraction is larger at the poles than at the equator
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The Gravity Fielaf the Earth (interms of Gravity Anomalieg
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Deviationof the gravitationalaccelerationw.r.t. the gravityon the referenceellipsoid
(simplified: Thevaluesare betweencl00 placKk to +100 (vhite) millionths of the mean
gravitationalacceleratioron the 9 I NHuKa¥e{mgal). Individualvaluesare up to three times
larger




Thegravity field of the Earth (interms of Geoid* height)

Yk
&

B -100 -80 -60 -40 -20 0 20 40 60 80 100
Geographicatlistribution of the heightdifferencesbetweenthe Geoid*andthe
referenceS t f A Lbdlge&idhd cdeépressiond 0 Y
Thevaluesare betweencl110 m @larkblue) up to + 90 m darkred).

*Geoid =EFuipotential surfaceof the Earthgravityfield which coincideswith the
undisturbedseasurface
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Reasongor the fine structureresp.deviationsof the gravityfield:

- Variousmass/ densityinhomogeneitiesn the Earthinterior (mantle, lithosphereX 0
andnearresp. onthe surface

- Continentaland oceanbottom topography

- Oceancurrents

- XOO

B -100 -80 -60 -40 -20 0 20 40 60 80 100
Geographicatlistribution of the heightdifferencesbetweenthe Geoid*andthe
referenceS t f A Lbdlge&idhd cdeépressiond 0 Y
Thevaluesare betweencl110 m @larkblue) up to + 90 m darkred).

*Geoid =Eguipotential surfaceof the Earthgravityfield which coincideswith the
undisturbedseasurface




Themost commonmathematicalrepresentationof globalgravity field models
Expresse@sexpansionsuperpositior) of spherlcaharmonlcfunctlons
Sphericaharmonicfunctions=three-dimentionalspatialwa
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- Gravityfield determinationmeansestimationof sphericalharmoniccoefficientsG,, and
S, for the gravityfield of the Earth

- | a D NJ fddelés a dhta setbf sphericalharmoniccoefficientsgeneratedfrom
measurementswhich expresseshe Earthgravityfield in acertaln accuracy
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P, (sin) -Legendre polynomials (m=0), associated Legendre polynomlaIsQ)n
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Compositionof a gravity field model (gravity anomalieg
Examplefor the successivesuperpositionof sphericalhnamormics

EGM96(Lemoineet al. 1998) maximumdegredorder360A spatialresolutionof 50 km atthe 9 | NJHukaéel

ezgm96, nmax=360
&gz, 1°x1%, wrms = 34.5mgal
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Onthe principleof gravity
fleld determinationusing
satellites
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The main issue of global gravity field determination:
- Local (terrestrial) gravity measurements have a high accuracy
(Gravimetry, Airborne gravimetry, Superconducting gravimetry, Absolute gravimetry)

Y Applications i.e. in Geophysics, Geology, Exploration and Hydrology

- But: | t up ® now impossible to link/combine ground based gravity measurements
accurately over long and global distances

- A The accuracy of long-scale and global gravity field components based on local resp.

ground-based data is poor (height problem, height reference between continents,
accuracy of sea surface )

The solution: Gravity field determination from space by using satellites

A Basic principle: Evaluation of satellite orbit pertubations




1) Sphericakentral body ¢ Hliptical satellite orbit with fixed orientation

2) Rotational ellipsoidascentralbody ¢ Theorbit plane of the Keplerellipseis rotating
around the central body (node rotation)

3) The real Eartlascentral body ¢ Noderotation with further curvatores

1) )

Source: R. Rummel / TMunich




The main issue of global gravity field determination:

- Local (terrestrial) gravity measurements have a high accuracy
(Gravimetry, Airborne gravimetry, Superconducting gravimetry, Absolute gravimetry)
Y Applications i.e. in Geophysics, Geology, Exploration and Hydrology

- But: | timpmssible to link/combine ground based gravity measurements accurately over
long and global distances

- A The accuracy of long-scale and global gravity field components based on local resp.
ground-based data is poor (height problem, height reference between continents,
accuracy of sea surface )

The solution: Gravity field determination from space by using satellite

Basic principle: Evaluation of satellite orbit pertubations

- Applied since the launch of the first satellites (1957)
Photo-optical satellite tracking = Azimuth/Elevation angle measurements w.r.t. the starry
sky

- Improved accuracy by Laser tracking systems since ~ 1980
= Satellite Laser Ranging (SLR)

- Important A Qu a n t u mn theweoyraty has been achieved by continuous orbit
tracking using GNSS, since the launches of CHAMP (2000 - 2010) and GRACE (seit 2002)
= Position measurements (in principle), a few second sampling



Gravity field determinationusingsatellites(by evaluationof orbit pertubationg means
solving the equation afotion on the basis of precise orbit determination
T= ?(t,f,i‘)x’m= fg +f +f

ng emp

where f;, = Gravitationaforces(contains thespher harm. coefficients)

fng = Nongravitational forces
femp = Unknown residual forces

Butill Wracticallynot possibleto solvethis equationanalytically

Common numeric principles for solving the equation of maotion:
- Numerical integration (Dynamic approach)
- Kinematic orbit determination and taking the obtained positions/velocities as
observations for specific algorithms like:
- Energy balance approach
- Reduced dynamic approach
- Short arc approach

Estimation otthe spher harm. oefficients:

- Obtained from least squares adjustment

- Based on the functional dependency of the satellite orbit fromgpber harm.
coefficients

- Includes estimation of empirical parameters to consider uhn&nownresidual
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PoTrTsbpaAam

( forces
e 20th International Workshop on Laser Ranging, Potsdant 24. Oct. 2016 GRGS



Recengravitysatellitemissions
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Famougecentgravitysatellitemissions
- CHAMP (2009 2010)
- GRACEs(hce2002)
GOCE (20092013)
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The Satellite Mission CHAMP

(CHAMP = CHAllenging Minisatellite Payload)

Rummel, TU Munich

ContinousGP8measurementdo the high-altitude GPSatellites(GPSSST)
Measuringof the non-gravitativeforcesby a 3D accelerometer

Additional cclassical SLRrackingfrom ground

To o o I

Allowsfor much more precisedeterminationof the fine structure of the gravityfield than from
groundtrackingonly
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The Satellite Mission GRACE

(GRACE = Gravity Recovery And Climate Experiment)

Rummel, TU Munich

- Two CHAMP-type satellites (launched in 2002) in an altitude of about 500 km are flying one
after another in a distance of about 200 km

In addition to GNSS and SLR tracking:
- Ultra precise relative range and range-rate measurements between the satellites (Microwave
Ranging System of a few Micrometer accuracy)
A Measuring of differential orbit pertubations between the satellites
A Higher accuracy in gravity field determination than with single satellites like CHAMP

A GRACE is sensitive for large scale temporal variations in the gravity field and enables
monitoring of mass redistributions on the Earth surface (glacier melting, ground water
storage variations € )
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Electrostatic accelerometers in the GOCE gradiometer

obere Platte
~
1 ¥ = -

Quelle: ESA

The Satellite Mission GOCE

(GOCE = Gravity field and steady-state Ocean Circulation Explorer)

GOCE instrumentation:
- Three-axial satellite gradiometer

-

obere

Elektrodenplatte

Testmasse

y oder z Stc
Ringplatte ~ »

J x Stop

untere
Elektrodenplatte

Bodenplatte

The center of mass of the satellite is weightless.

But in short distances to the center of mass
differential gravity forces (gravity gradients) occur,
which can be measured as acceleration
differences

The GOCE Satellite Gradiometer:

LT
T

“‘l

3 pairs of accelerometers

(1 pair per spatial direction, distance 0.5 m,
measurement accuracy ~ 1012 ms2 = 100 x
more sensible as in previous satellite
missions)

An accelerometer sensor contains a 4cm x 4cm X
1cm large free-floating Platinum-Rhodium prove
mass which is kept in an electrostatically balanced
state.




The GOCE measurement principle:

- The acceleration differences along each axis can be taken as
second derivatives of the gravitational potential (gravity gradient)
in the respective direction

- This measurement principle means the direct measurement of a
functional of the Earth gravity field (instead of the indirect gravity
measurements via evaluation of orbit pertubations)

Remark:

- From theoretical point of view: A free-floating accelerometer ss of the satellite is weightless.
proofmass outside the s a t e |céntert okndass can be seen as a
small satellite flying in a slightly deviating orbit nces to the center of mass

y forces (gravity gradients) occur,

) ) i ) . ) asured as acceleration
A Satellite gravity gradiometry is nothing else than measuring

differential orbit pertubations (but on a different scale as GRACE)

N—

\N A | Sy meoucc oaellite Gradiometer:
Electrostatic accelerometers in the GOCE gradiometer / 3 pairs of accelerometers

RN Rkt (1 pair per spatial direction, distance 0.5 m,
. Testmasse S e Pl —~— measurement accuracy ~ 1012 ms-.2 =100 x
A - S, more sensible as in previous satellite
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e ;% | missions)

—
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s PaSisloy B platte 4 1cm large free-floating Platinum-Rhodium prove
g TN 1 < N mass which is kept in an electrostatically balanced
2 at Elcktrodenplatte untere Platte state.

Quelle: ESA Bodenplatte




Oneexamplefrom the resultsobtainedwith CHAMP, GRA@ERJ GOCE

. CHAMP (7 years, w2
= resolution ~ 300 km - (6 Ja
; ¢ resolution ~ 150 km




Listof recent Satellite-only gravity field models
from: http://icgem.gfz-potsdam.de

I:r Model 1 Yt:ar Degi]lree Data 11 Reference 11
157 (ITU_GRACE16 2016 180 |S(Grace) Akyilmaz et al, 2016b
156 ITU_GGC16 2016 280 S(Grace,Goce) Akyilmaz et al, 2016a
155 [EIGEN-654 2016 300 S(Goce,Grace,Lageos) Forste et al, 2016

151 |GGMO5G 2015 240 S(Grace,Goce) Bettadpur et al, 2015
150 |GOCOO05s 2015 280 S(see model) Mayer-Gurr, et al. 2015
149 (GO_CONS_GCF_2 SPW_R4| 2014 280 |S(Goce) Gatti et al, 2014

147 (ITSG-Grace2014s 2014 200 S(Grace) Mayer-Gurr et al, 2014
146 ITSG-Grace2014k 2014 200 S(Grace) Mayer-Gurr et al, 2014
145 (GO_CONS_GCF_2 TIM_R5 | 2014 280 |S(Goce) Brockmann et al, 2014
144 |GO_CONS_GCF_2 DIR_R5 | 2014 300 S(Goce,Grace,Lageos) Bruinsma et al, 2013
143 JYY GOCE04S 2014 230 |S(Goce) Yietal, 2013

| Purposeof Satelliteonly gravityfield models

ER—a—mm

Preciseorbit computationfor variousEarth observationsatellites(e.g. SAR
Interferometry, RadarAltimetry and other remote sensingechniques

Oceanographye.g.oceancurrentg
Regionapravityfield modellingtogetherwith terrestrial data

Xo

R T
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C
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134

ITG-GoceD2

2013

240

S(Goce)

Schall et al, 2014
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Further enhancement of the spatial resolution
by combination of satellite data with ground gravity data (Altimetry, Airborne and terrestrial gravimetry
340° 0’ 20° 40° 60° 80° 100°

o mm——-1 80°

GOCE (GO_CONS_GCF 2 DIR_R5)
Spatial resolution ~ 80 km (max d/o 300)
200 40° 60° 80°
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Combined model EIGEN-6C4 %
Spatial resolution ~ 9 km (max d/o 2190)




Listof recent Satellite-only gravity field models
from http://icgem.gfz-potsdam.de

T Model 11 Y?:ar Deg:lree Data 11 Reference 11
154 (GOCOO05¢c 2016 720 |S,G,A (see model) Pail, et al. 2016

153 |GGMO5C 2016 360 |S(Grace,Goce),G,A Ries et al, 2016

152 |GECO 2015 2190 |[S(Goce) EGM2008 Gilardoni et al, 2015
148 EIGEN-6C4 2014 2190 |S(Goce,Grace,Lageos),G A|Forste et al, 2015

104 [EGM2008 2008 2190 |S(Grace),G.A Pavlis et al, 2008

Thedevelopmentof EGM200&eta benchmarkin highresolutiongravityfield
modelling
All other modelsare improvementspasedon EGM200®y combinationof new satellite

data (incl. Altimetry) with the up to now unmatchedcontinentalgravity datafrom
EGM2008

Purposeof combinedgravityfield models

G-I_=

Regionabndglobalgravityfield modelling(e.g.heightsysten{(s) )
Geophysicamodelling

Oceanographye.g.oceancurrentg

X
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Applications of SLR data in the
context of satellite based
gravityfield determination
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Applicationsof SLRlata in the context of satellite based
gravity field determination:
1) Directusefor gravityfield determination(longwavelengthgart incl.
temporalvariation)

2) Validationof gravityfield modelsviaorbit computationtestsusingSLR
trackingdata

3) Validationof GNS&hasedorbits for satelliteswhichare usedfor gravity
field determination

GFZ1 (1995¢ 1999)

Altitude: 387-380 km
Diameter:22 cm
Weight 21 kg

60 LaserRetroreflektors

Altitude: 5858¢ 5958 km

Diameter:~ 60 cm
Weight 411 kg F
426 LaserRetroreflektors

"GFZ

Helmholtz Centre
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Validationof GNS®ased orbits for
satellites which are used for gravity
fleld determination

- Theorbits of Low Earth Orbisatellites(like GRACE, CHAMIRI GOCE)
are computedfrom GNS®neasurementdo the high-altitude GNSS
satellites

- Preciseorbits and clockerrors of the GNSSatellitesare needed
- Theaccuracyof the GNSSatellite orbits and clockerrors hasanimpact

on the accuracyof the LEQorbits andthus on the gravityfield
determination

F SLRbservationdo satelliteslike GRACE&anbe usedfor
Independentquality checksof LEGsatellite orbits

GFZ | |
20th International Workshop on Laser Ranging, Potsdany; 94. Oct. 2016
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Daily SLIResidualso GRACH orbits for 2008basedon GNS®rbits
and clocksfrom different IGSanalysiscenters(status2009)

A IndependentevaluationofGPSorbits
5 l 1 ﬁ; 1 1
O IG5 EMS=219cm
O GFZRMS=218ctm [
< JPLRMS=217 cm
*  Sl0:RMS=2.28 cm

SLR Residuals [cm]

0 a0 100 150 200 250 300 350

Day of Year (2008)

From:Z. Kang, Blapley S.Bettadpur H.Save (2009), Qualitf GRACE Orbitdsingthe ReprocessetlzcSProducts,
presentedat AGUFallMeeting 2009




Daily SLIResidualso GRACH orbits for 2008basedon GPS DD and
UD observationsisinglGSinal orbits andclocks (status 2016)

s —mm——————r———————7————————————

GRACE-A SLR Residual L[cnl

o S S S S S R

GPS UD

+ +
+

+* A Independentevaluationof GP&orbits

12/29/87 a1/85/88 a1/12/88 81/19/038

Date

GRACH & B SLR Residual RMS [mm]

Case name GRACRA GRACB
GPS DD 14.4 12.5
GPS UD 14.6 13.1

a81/26/88 a2/82/08

Improvementin orbit quality
w.r.t. the previousresultsfrom 2009

Courtesy of ZKang S.Bettadpur Centerfor SpaceResearch, Austin/TX, 2016



Validation of gravity field models via orbit
computation test using SLR trackhata

- Dynamioorbit computation and fit to SL&ata byadjustment of orbital
elements(andsome empiricafccelerations)

- Selected Example: Comparison of the following GCGiDEaining Gravity
Field models byusing STARLETTE and LAGEQOS orbits :

Model Max d/o Reference Includeddata

GO _CONS _GCF 2 DIR_R 240 |Bruinsmaetal. 2010 | GOCE + GRACE + LAGEDS
GO CONS GCF 2 DIR_§ 260 |Bruinsmaetal. 2013 | GOCE + GRACE + LAGEDS
GO _CONS GCF 2 TIM_H 250 |Pailetal 2011 GOCHBnly

GO _CONS_GCF 2 TIM_R 250 |Pailetal 2011 GOCHnly

GOCO03S 250 | MayerGurretal. 2012 | GOCE+GRACE+LAGERS

Starlette, StellaAjisai

References:

- Bruinsma S.L., Marty J.C., Balmino G., Biancale R., Foerste C., Abrikosov O. and Neumayer H, 2010, GOCE Gravity Field Recovery by Means of the Direct
Numerical Method, presented at the ESA Living Planet Symposium, 27th June - 2nd July 2010, Bergen, Norway; See also: earth.esa.int/ GOCE

- Bruinsma, S., Foerste, C., Abrikosov, O., Marty, J.-C., Rio, M.-H., Mulet, S., Bonvalot, S. (2013): The new ESA satellite-only gravity field model via the direct
approach, Geophysical Research Letters, 40, 14, p. 3607-3612. doi.org/10.1002/grl.50716

- Mayer-Glrr T., et al. (2012): The new combined satellite only model GOCOO03s. Presentation at GGHS 2012, Venice, October 2012

- Pail R., Bruinsma S., Migliaccio F., Foerste C., Goiginger H., Schuh W.-D, Hoeck E, Reguzzoni M., Brockmann J.M, Abrikosov O., Veicherts M., Fecher T.,
Mayrhofer R., Krasbutter I., Sanso F. & Tscherning C.C. (2011) First GOCE gravity field models derived by three different approaches. Jounal of Geodesy,

81:11, doi: 10.1007/s00190-011-0467-x.



Validation of satelliteonly gravity field models:
LAGEOQOSrDbit fit using GOCGHodels (2000&2010)
from Bruinsmaet al. 2013 presentedat EGU2013

RMS of LAGEOS SLR residuals {1 O-day arcs)

I:}Iue.-"dark blue = EGM- IJIHS.-"DIH-II red.n"nrange = El'.-'iM TIME.I'TIH# black = GDCDDES

2x10 10Gdayarcs

0.030 : : : :
<DIR3> = 11.0 mm .
| <DIR4>=11.0 mm * .
<TIM3> = 14.3 mm
<TIM4> = 15.1 mm . .
0025 «GOCO> = 23.1 mm RIS of LAGEOS SLR residuals (10-day arcs)
. 0,030 _Dlue/dark blue = EGM-DIRS/DIR4 ; red/orange = EGM-TIM3/TIM4 ; black = GOCO03S
. | <DIR3>=11.9mm I ol
| <DIR4>=12.0 mm '
0.020 <TIM3>=16.0 mm . 1
» <TIM4>=17.5 mm
3 e D025 F<GOCO>=24.Tmm . i
L
0.0151 . . L 1 >
. ]
- ¢| oo020r . -
* —
0.010} ¢ . 3 $ E I— . . .
] »
0015 * = i
L3 Y 1 i : ¢ N
The DIRmodelsschowa better orbit fit asthe TIM-models,sincethey contain LAGEOR8ata
0.010} M ¢ § o * -

models A the reasonisnot clear

GOCOO03&ontainsGRACENd LAGEOS bhowslargerorbit fit residualsasthe DIR

GFZ
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Days since 1/1950 (Jan-May 2010)
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Validation of satelliteonly gravity field models:

Starlette orbit fit using GOCiodels (2000&200pB
from Bruinsmaet al. 2013 presentedat EGU2013

RMS of Starlette SLR residuals iﬁ-dairnn:s}
blue/dark hlue = EGM- nln:ynln orange = EGM-TIM3/TIM4 ; black = GOCO03S 2x10 6d ay arcs
: ; : i :
-r:DIHS::- 33 3 mm
0.06 | <DIR4> = 28.0 mm . i
<TIM3> = 36.0 mm .
=TIMd= = 27.9 mm
- - RMS of Starlette SLR residuals (6-da arcs)
<GOCO> = 24.7 mm 0.030,_Dlue/dark blue = EGIA- DIH:L-’DIFIti g!nrange = Eﬁm-mlamm black = GOC0035
0.05 - -:DIHE::- 21.0 mm
<DIR4d>=15.0 mm
n - <TIM3>» = 25.1 mm "
* =<TIM4= = 20.2 mm
E 0.04 - 0.095 L <GOC0O>=14.1 mm . | |
[ 1 .
u n »
0.03F « = * . .
L ] » —
E 0.020f -
- L . - ! *
0.0zt . | . .
GOCO03schowsthe bestorbit fit residualssinceit containsSTARLET t&ata « -
[ ]
I:Ia:l . - * * o t
L ]
&+
Sl zuéain EDEISE'D zuésu Enfls?n zuéﬁu

GFZ

20th Internati
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Days since 1/1950 (June-August 2006)

20690




Onthe useof SLRJata
for gravityfield determination

- SLRallowsfor estimationof low-degredlow order sphericalharmonic
coefficients(incl. temporalariationsof a few of them):
- GyoandGM GeocentricGravitationalConstant)
- G Gy §;(coordinatesof centre of mass)

- 90S~ flatteningofthe Earthz

- G4, S;(meanpoleposition, i.e.principalaxisof inertia)
- Others partiallyup to degred order~ 100

- Forpresentdaygravityfield determination mainlySLRlatafrom the
famousocannonbaliisatellitesare used(LAGEOS®/-2, STARLETTE,

STELLA elc

In the following | focuse on recent examples from the determination of C,,

GFZ
20th International Workshop on Laser Ranging, Potsdany; 94. Oct. 2016
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Monthly variation of C20from SLRdata

26-10 CNES/GRG%ageos
CNES/GRG&ageos Starlette, Stella

l CSRTellug*: Lageos Starlette, Stelladjisai
| ﬂ
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* Cheng M., J. CRies and B. DTapley(2011), Variations of the Earth's figure axis from satellite laser rangin@GRACE,
J GeophysRes., 116, B01408¢i:10.1029/2010JB000850



http://dx.doi.org/10.1029/2010JB000850

Weeklyvariation of C,, from SLRlata
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C,, estimation from GRACE

GRACE GFZ RLO5a.v2
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C,, estimation from GRACE

GRACE GFZ RL0O5a.v2

GRACECSR RLO05

CNES/GRG&ageos Starlette Stella
CSRTellug: Lageos Starlette, Stelladjisai

- Estimationof G,y andits temporal variationfrom GRACE-Bandand GNS$latais not
satisfactory

- Theerror sourcedor the biasw.r.t. SLRare not yet discovered

F L (reB@mmendedbythe GRACE Science D&atem (CSR, JBhd GFZ})o replacethe
GRACbBasedC,, by valuesobtainedfrom SLR (e.dy the G, time seriesof CSR/Austin
(SLRTellus Cheng et al.)
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