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Fig. 1| lllustration of how in the future relativistic geodesy might be done with clocks. The geoid is an
equipotential surface of the Earth’s gravitational potential, indicated by the black line. While the mean
ocean surface is closely aligned with the geoid, the surface of land can significantly differ. Placing one
clock at sea level and one at an inland location allows to determine the geoid height via a frequency
comparison between the clocks.
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2 AIHEODKRET &M EDRET HSXE 2016/10

INFETIE, KEFroEHIZ, 1 ROPNETHSE EINTE -, BHEHIX, 2ROFIED 10716
BEIZLIPROBVDNS,

o HiBR Mg = 6 x 1024kg, re = 6.4 x 10°m 12X LT, U/c? = 6.94 x 10710,
o KBy Mg =2 x 103%kg, rge = 1.5 x 10Mm I LT, U/c® ~ 1078,
BRI D FERHR D ERER TUE, FHEIE!

[ 2 2 _ 4 _ :
ds® = — _1 - c_2U ~ (\IJ — U2) + O(c 5)] d(ct)? + [—C—3Uj + O(c 5)] d(ct)dx’
+ (14 C%U — 0(0_4)] (dz? + dy?* + d2?) (14)

EAREZ dr &0, ds? =c?dr?. 7z, v=dz/dt £V,

2 2 4 1 2
2 2 2 , 2 2 742
dr? = — _1—0—2U—C—4(\IJ—U )} dt? — ZUpldt? + — !1+C—2U]v dt
201 2 .
= —|1- 6—2(5& +U) — C—4(Uv2 ~U?+ T - 2Ujv9)] dt? (15)
L7235 T, T .
dr = [1 —@(21)2 + U} LU U+ - 2Ujvj)] dt. (16)

ZDRABPEETOREI DA A dr & FEHEFEIE R D EER dt £ Dz 5, BEIIX, R L
HiBR B2 BT 2D 6, MFDEGRE DAL 5,

U mgAh

c2 c2

— ~ ~ mlkg]Ah[m] x 1071°

32



2 AIFEEORE &M EDRET HSXE 2016/10

INE T, FEtoFEwIE, 1 ROPNEHTHZZEINTEL, HEIZ, 2ROFIES 10710
BEIZLIPROBVDNS,

o HiBR Mg = 6 x 102%kg, re = 6.4 x 106m I LT, U/c? = 6.94 x 10710
o KBy Mg =2 x 103%kg, rge = 1.5 x 10Mm I LT, U/c® ~ 1078,
BRI D FERHR D ERER TUE, FHEIE!

[ 2 2 _ 4 _ :
ds® = — _1 — c_2U ~ (\Il — U2) + O(c 5)] d(ct)? + [—C—3Uj + O(c 5)] d(ct)dz’
+ 1+ C%U - 0(0_4)] (dz? + dy?* + d2?) (14)

EERHMZ dr & 30UL, ds? =c?dr?. £, v=dz/dt XV,

2 2 4 . 1 2
2 2 2 , 2 2 742
dr? = —_1—6—2U—C—4(\1:—U)]dt - SUpds +C—2[1+c—2U]vdt
- 2 1 2 2 2 2 ] 2
= ' 2 5 +U)—c—4(Uv - U +\IJ—2Ujv9)]dt (15)
L7235 T, . .
dr = [ —C—2(§v2+U)EC—4(Uv2—U2+W—2Ujvﬂ dt. (16)

DR ETORET DX A dr & FRUEFEIER O JEEERF[E] dt & DEZ RO B, BEICIX, AL
HER E2 R T 2 D% 6, WMEDEFRRDEIZR S,

2nd order Post-Newtonian term

33



34

HSXE 2016/10
3 Poisson AER Df#

ERDEHBED p(r') ICEX>THEU BENERT V¥V U(r) &, Poisson FEEZ

AU = —4nGp(r') (17)
IC ko TIRESI N, (0
p(r
=6 [ P (18)
&7’;%. T&T'@tﬁ‘g‘ﬁ?%@ 3’.‘3‘3’1’ ,
1 1< /r\"
] = nzz:o (;) P, (cos O). (19)

U(r) = GM {1 - ZJ ( ) P, (cos8) + Z (?)n(Cnm cos My + Spm sinmgo)PTT(cosé’)}(24)




U(r) =

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95, NO. B13, PAGES 21,885-21,911, DECEMBER 10, 1990

The Development and Analysis of Geopotential Coefficient Models

to Spherical Harmonic Degree 360

RiCHARD H. RAPP AND NIKOLAOS K. PAVLIS
Department of Geodetic Science and Surveying, The Ohio State University, Columbus

The GEM-T2 potential coefficient model (incomplete to degree 50) has been combined, in a least
squares sense, with 30 arc min mean anomalies, to obtain an adjusted set of coefficients and gravity
anomalies. The adjusted anomalies were then harmonically analyzed to yield a set of potential
coefficients to degree 360. The 30 arc min mean anomalies were estimated from terrestrial gravity data,
from altimeter-derived anomalies, and from 1° X 1° terrestrial anomalies where such data were
available. For areas devoid of gravity information, the anomalies were computed in two ways: (1) from
the GEM-T?2 coefficients and (2) from the GEM-T2 coefficients to degree 36 plus coefficients implied
by a topographic/isostatic model. These *‘fill-in’’ anomalies led to two potential coefficient models:
OSUS89%A and OSU89B. The new models were checked in several ways including satellite orbit residual
analysis, Geosat undulation comparisons, and Global Positioning System (GPS)/leveling undulation
differences. The orbit fits (carried out by NASA) showed improvement over GEM-T2. After correction
for sea surface topography, orbit error, and permanent tidal effects, the geoid undulations from the
OSU89B model have an RMS discrepancy with the Geosat-implied undulation of =59 c¢cm over a
complete 17-day exact repeat cycle. The comparisons with GPS information indicate the accuracy of
the computation of a relative undulation is of the order of 3—4 ppm of the distance between stations.
The new models represent a substantial improvement over previous high-degree expansions.
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Plate 1. Display of 30 arc min gravity anomalies from OSUS9B using light shining from the northwest.
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JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. B2, PAGES 2815-2839, FEBRUARY 10, 1994

A geopotential model from satellite tracking, altimeter, and surface
gravity data: GEM-T3

F. J. Lerch, R. S. Nerem, B. H. Putney, T. L. Felsentreger, B. V. Sanchez, and
J. A. Marshall

Space Geodesy Branch, NASA Goddard Space Flight Center, Greenbelt, Maryland

S. M. Klosko, G. B. Patel, R. G. Williamson, D. S. Chinn, J. C. Chan, K. E. Rachlin, N. L.
Chandler, J. J. McCarthy, S. B. Luthcke, N. K. Pavlis, D, E. Pavlis, J. W. Robbins, and S.
Kapoor

Hughes STX Corporation, Lanham, Maryland

E. C. Pavlis
Department of Astronomy, University of Maryland, Greenbelt, Maryland

Abstract. An improved model of Earth’s gravitational field, GEM-T3, has been developed
from a combination of satellite tracking, satellite altimeter, and surface gravimetric data. GEM-
T3 provides a significant improvement in the modeling of the gravity field at half wavelengths
of 400 km and longer. This model, complete to degree and order 50, yields more accurate sat-
ellite orbits and an improved geoid representation than previous Goddard Earth Models. GEM-
T3 uses altimeter data from GEOS 3 (1975-1976), Seasat (1978) and Geosat (1986-1987).
Tracking information used in the solution includes more than 1300 arcs of data encompassing
31 different satellites. The recovery of the long-wavelength components of the solution relies
mostly on highly precise satellite laser ranging (SLR) data, but also includes TRANET Doppler,
optical, and satellite-to-satellite tracking acquired between the ATS 6 and GEOS 3 satellites.
The main advances over GEM-T2 (beyond the inclusion of altimeter and surface gravity infor-
mation which is essential for the resolution of the shorter wavelength geoid) are some improved
tracking data analysis approaches and additional SLR data. Although the use of altimeter data
has greatly enhanced the modeling of the ocean geoid between 65°N and 60°S latitudes in
GEM-T3, the lack of accurate detailed surface gravimetry leaves poor geoid resolution over
many continental regions of great tectonic interest (e.g., Himalayas, Andes). Estimates of polar
motion, tracking station coordinates, and long-wavelength ocean tidal terms were also made
(accounting for 6330 parameters). GEM-T3 has undergone error calibration using a technique
based on subset solutions to produce reliable error cstimates. The calibration is based on the
condition that the expected mean square deviation of a subset gravity solution from the full set
values is predicted by the solutions’ error covariances. Data weights are iteratively adjusted
until this condition for the error calibration is satisfied. In addition, gravity ficld tests were per-
formed on strong satellite data sets withheld from the solution (thereby ensuring their indepen-
dence). In these tests, the performance of the subset models on the withheld observations is
compared to error projections based on their calibrated error covariances. These results demon-
strate that orbit accuracy projections are reliable for new satellites which were not included in
GEM-T3.
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Figure 5. Gravity model comparison with 1071 5° x 5° Seasat altimeter gravity anomalies. Anomalies are
corrected for truncation error above degree 50 with high degree and order gravitational field of Rapp and
Cruz (1986). The truncation error above degree 50 is 2.32 mGal.
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%091 R (CEH (8.8) T TOH, HIROEHART v Uy LOREAMEREE. & &22o7% Lerch 5 37
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1 1
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1 . .

—5(041 — 200)w'U — cpuw?Us; + O(/?),

(14 29U)dij + O(€?).
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Theory Arbitrary Cosmic PPN parameters
12 U ey functions matching ~ <
c c2 or constants  parameters Y B £ a1 o
General relativity none none 1 1 0 O 0
Scalar-tensor
1
Brans—Dicke WBD oo + WBD 1 0O O 0
2 4+ wBD
14w A
G I, f(R A 1% — 1 0 0 O
Vector-tensor
Unconstrained w, c1, Cy, C3, Cyq u ~' B’ 0 af of
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Parametrized Post Newtonian: 3L

Theory Arbitrary Cosmic PPN parameters
functions matching
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General relativity none none 1 1 0 O 0
Scalar-tensor
1
Brans—Dicke WBD oo + WBD 1 0O O 0
2 + wBD
14w A
1 A — 1
General, f(R) (p), V(p) ©0 T w + 1+ %0 0O 0 O
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