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IMPROVEMENT IN THE GEOPOTENTIAL DERIVED FROM
SATELLITE AND SURFACE DATA
(GEM 7 AND 8)

C. A. Wagner

F. J. Lerch
Goddard Space Flight Center
Greenbelt, Maryland 20771

J. E. Brownd
J. A. Richardson
Computer Sciences Corporation
Silver Spring, Maryland 20910

Abstract. A refinement has been obtained in the earth's
gravitational field using satellite and surface data. In
addition to amore complete treatment of data previously
employed on 27 satellites, the new satelliie solution
(Goddard Earth Model 7) includes 64, 000 laser meas-
urements taken on 7 satellites during the international
satellite geodesy experiment (ISAGEX) program, GEM
7, containing 400 harmonic terms, is complete through
degree and order 16, The companion solution GEM 8
combines the same satellite data as in GEM 7 with sur~
face gravimetry over 39% of the earth, GEM 8 is com-
plete to degree and order 25, Extensive tests on data
independent of the solution shows that the undulations
of the geoidal surface computed by GEM 7 has an ac-
curacy (for commission errors only) of about 3m (rms).
The overall accuracy of the geoid estimated by GEM 8
(including short wavelength components not in the solu-
tion) is estimated #> be about 4-1/4m (rms), an im-
provement of aliwost 1 m over previous solutions. The
new combination solution is the first to show signs of
"econvection rolls' in the upper mantle below the Pacific
Ocean,

Introduction

The requirements of the National Aeronautics and
Space Administration's Earth and Ocean Physics Ap-
plications Program (EOPAP) call for a knowledge of
the geoidal surface at the sub meter level {Kaula et
al., 1969]. It is well known that current geopotential
models are far from this goal. The accuracy in these
range from 3 to 5m (rms) for all undulations down to
about 1000km (half wave length)[e.g., Gaposchkin,
1974, Lerch et al,, 1974]. Nevertheless, progress
continues to be made with more accurate and compre-
hensive observations Both from satellite tracking and
surface gravimetry. :

At Goddard Space Flight Center the emphasis has
been on using as much of all kinds of precise satellite
data as possible. Therefore we use numerical integra-
tion to compute precise satellite orbits and variations.
The growth of our data base in these solutions js shown
in Table 1.

Inthe models presented here (GEM 7 and 8), the sig-
nificant new observations are 64, 000 lasey ranges to 7 sat-
ellites in the International Satellite Geodesy Experiment
[Brechet, 1970]. However, considerable improvement
in the solutions are also attributed to: - (1) iteration of
the data from an improved earth model, (2) use of new,

Table 1
Tracking Data in Goddard Earth Models

Observatians Weekly Highest Complete

Model  Gufical  Electronic - Laser  Orbital Ares  Deree (Total No.
(Satellites) (Satellites) (Satellites) of Coeffs.)

GEM1 120,000 - - 300 12
(1971) (23) (240)
GEM 5 130,000 274,000 10,000 362 12
(1973) (24) (] (5) 241)
GEM 7 154,000 332,000 76,000 405 16
(1978) (400)

(24) )] N

more accurate one-way Doppler data on the GEOS 1 and
2 satellites, (3) utilization of all the previous Doppler
data in overlapping passes, (4) inclusion of shorter
wavelength gravitational terms and (5) correction of er-
rors in the computation of diurnal abberation and paral-
lactic refraction for the optical data, In particular,
this is the first GEM solution where the Doppler and
laser data has nearly full weight corresponding to rms
residuals of 4em/sec and 3m, The surface gravimet-
tric""observations', 1656 three hundred nautical mile
equal area means [R. H., Rapp, Personal Communica-
tion, 1974}, were based on 1° x 1° data covering 39% of
the earth, GEM 2 used 1° data with 32% coverage
[Smith, Lerch and Wagner, 1973].

Solutions and Results

The potential coefficients for GEMS 7 and 8 are
listed in Table 2. They refer to the definition of the
gravitational potential as:

o 2
T
ver{e Y 3 (3
r g=2 m=o0 ‘"%
+ngsinm7\]}

where u (398600, 8 km® /sec?) is the earth's mass includ~
ing the atmosphere, r, (6378.145km) is the earth's
mean equatorial radius, Elm is the fully normalized as-
sociated legendre function of degree £ and order m
[e.g., Kaula, 1966, p. 7] and v, ¢, \ are the distance
to the center of mass, latitude and longitude. Those for
GEM 7 have been derived from 562,000 condition equa~
tions representing differential corrections to GEM 3
[Lerch et al., 1972} for a maximum of 750 potential
coefficients, These equations have been solved by a

2
F&Zm (sin ¢) [CyycosmMA



Normalized Coefficients for GEM 7 and 8

Table 2

(units of 107%)

b

2 m GEM 7 GEM 8 2 m GEM 7 GEM 8 ¢m GEM 7 GEM 8
C 20 -484,1846 -484,1646 | C 16 1 0. 0156 0. 0136 S 16 2 -0, 0304 -0. 0479
cC 30 0. 9588 0.9584 | s 161 -0.0039 0.0057 | C 16 2 -0.0025 -0.0085
cC 40 0. 5400 0.5400 | C 171 -0, 0276 -0, 0273 S16 2 0.0231 0. 0324
C 50 0.0675 0.068L | 5171 -0.0196 -0,0095 | C 17 2 - -0, 0356
cC 690 -0,1507 -0.1505 | ¢ 18 1 -0. 0017 -0.0013 S172 - 0.0353
cC 70 0, 0941 0. 0933 S18 1 -0.0025 0.0024 | C 18 2 - 0, 0046
cC 80 0. 0503 0.0501 | Cc 191 - -0.0398 S 18 2 - 0. 0167
C 90 0. 0259 0.0262 | s191 — -0.0115 | C 19 2 - 0. 0469
C 100 0, 0542 0,0540 | C 201 — ~0, 0158 S19 2 — ~0.0340
c11 0 -0. 0452 -0.0444 | §201 - -0.0360 | C 20 2 _ -0.0230
ci12 0 0.0359 0.0377 | c211 — -0, 0052 S 20 2 - 0. 0587
c13 0 0. 0386 0.0365 | s 211 - 0.0218 | Cc 212 _ 0, 0044
C 14 ¢ -0, 0220 -0.0218 | c 221 — 0.0190 | S 212 - 0.0153
Ci6 0 0. 0078 0,0102 5§22 1 - 0.0096 | C 22 2 — 0.0136
c16 0 -0.0055 -0,0031 | C 23 1 — 0.0078 | S 222 - 0. 0088
cC170 0.0122 0.0108 S 231 - 0.0186 | C 23 2 - 0, 0203
C 18 0 0. 0082 0.006L | C 241 - -0.0068 | 5232 - -0.0282
¢c19 0 0. 0021 0. 6018 8241 — -0,0132 | C 24 2 - -0. 0850
C 200 0. 0194 0.,9181 | C 251 — 0.0189 | S 24 2 - 0.0149
c 210 0, 0506 0. 00228 5251 - -0,0082 | C 25 2 - 0. 0089
<280 -0, G023 0.0008 { C 261 . — §25 % — 0. 0169
¢ 230 -0, 0226 -0, 6241 826 1 — — C 26 2 - —
c240 ~0_ 0008 -0.0026 | © 57 1 — - 8 26 2 - —
C25 ¢ -0, 0028 -0, 0026 8871 -~ - c 272 — -

C 260 0.9082 0.9678 | €281 - —_ S 272 - -

270 0, 0039 6. 0045 8281 - — C 282 - -

C 3% 0 ~0. 0084 -0,06046 ;| C 291 -t —_ S 282 - —_

oo 0. 0021 4, 00831 5291 - — c 292 — -

C 300 - i ¢ 301 - - S 29 2 - -

c 81 -0, G031 =0, 8GOL gas1 — - C 30 2 —_ —

g 21 -0, 6069 0.0003 ' © 22 2, 4308 2.4345 | S 30 2 - -

c 31 2. U298 2.0817 | 8 22 ~1. 3946 ~1.3953 | € 33 0.7263 0.7162
5 81 0, 2502 G242 | C 32 0. 8972 6. 8977 8 83 1.4108 1.4169
Cc 41 -0, 5326 0,58 1 8 32 ~0. 6193 ~0,6233 | £ 43 0. 9837 0. 9854
S 47 0, 4721 ~0. 4738 | C 42 0. 3463 0.3493 | S &3 ~0.2023 ~0,1967
¢ 51 +0, 0634 W 8§ 42 Q.6023 6.6657 | ¢ B & -0.4588 -0,4617
Bo512 ~0. DB40 «~0.0885 | ¢ 5¢ 0. 6722 0.8618 | & 53 -D. 2152 ~0.2045
<6 ~0, 0748 0. 0714 | 8§ 52 +0, 3242 -0.8962 | C 63 0.0556 0.0516
8 61 0. 6815 4. 0300 T 62 {1, 048% 9.052¢ | 8 63 -0.0114 -0, 0003
c 71 a, 2652 0.2716 | § 62 -0, 3612 ~0.38%0 | C T3 0, 2452 0.2339
8 71 0. 067 0. 0892 { C 72 . 3263 0.8205 | 8 73 ~0.2412 -0.2176
¢ 81 . 0235 00888 | S 72 0. 1002 0, 08949 i C ©3 ~Q. 0324 -0, 0162
s &1 0, 0550 0,481 | ¢ §2 0. 0750 0:.0736 ! 8 &3 -0, 1104 -0, 0963 -
c s1 B, LELT G, 1hE5 1 % 82 0. 0504 .07 1 C 95 -0,1871 ~0,1754
8 91 0. 6272 9.0170 ; C 52 ¢, 0213 6. 5378 } £ g3 -0, 0627 -0, 0620
& 101 0. 0795 8.9901 , 8 92 {5, G827 -5, 02801 C 10 8 =0, 0154 -0, 0316
5191 -0,1838 -3, 101§ C 1092 -0, U758 -0, 6883 1 810 3 -0, 1581 -0,1387
& o3i L 0. B2ue 0. 0182 i §10 8 ~0, 0388 84,0512 | C 113 «0. 0193 -0, 0546
si1 1 0, 4261 ~0.0518 | C 11 2 9.0278 g.0140 | 811 3 -0, 1815 -0,1080
cig -4, 3659 ~0,0720 811 2 -0, 1044 -0, 1818 Y C 128 0. 0488 0. 0576
5ig 1 0. 45374 -0, 0561 | T 12 2 0, 0013 -5, 6734 1 §$12°3 0, 0232 0. 0230
C 18l -G, 05G2 ~6,0268 1§12 2 6.0123 0.0293 | C 133 -0, 0201 ~0. 0187
sig31 0. 6348 0,381 1 L 13 2 0, 0355 39,0144 | S8 8 £.11%1 0. 0636
¢ 141 -0, 0195 ~5 006 | ® 13 2 ~0. 0430 ~0.0355 | C 14 3 0. 0366 0. 0354
S i1 0, 0552 4.0372 1 C 142 0, 0427 (0281 | $14 3 0.0012 ~0, 0050
C 151 0, 0T8T UL RS ; §142 0, 0085 =0, QG627 15 3 =0, G042 0, 0251
8 15 3 &, o6 (LSRR I ol ~{1, 0058 0,001 1 815 3 =0), 0087 G, 0302



Table 2 (Continued)

OF POOR QU

£m GEM 7 GEM 8 £m GEM 7 GEM 8 fm GEM 7 GEM 8
C 16 3 -0, 0643 -0, 0173 S 18 4 - 0.0091 c225 - 0. 0090
S163 -0.0599 ~0.0330 C19 4 -— -0.0034 §225 - -0, 0037
c173 — -0.0003 S194 -— -0.0604 c235 - 0.0059
S173 —_ 0, 0033 C 20 4 - -0, 0235 5235 - -0, 0030
c183 — 0. 0226 S 20 4 — -0, 0457 C245 - ~0.0343
S183 - -0, 0035 c214 - 0.0203 S24 56 - ~-0,0086
c193 - 0.0059 S 214 -— 0.0393 Cc2556 - 0.0011
S193 - -0.0193 | C 22 4 - ~0. 0017 52565 - -0.0035
C 203 -_ -0.0305 S 22 4 - 0, 0059 C 265 - —
8203 - -0.0003 C 23 4 - -0.90131 5265 - -
c213 - 0. 0333 523 ¢ - -0, 0179 Cc27 56 - -
s213 — 0, 0076 C 24 4 - 0. 0061 5275 - -

Cc 223 - 0. 0223 S 24 4 - 0.0256 cza8 s - -~

S 223 -— -0.0054 C 254 - 0.0250 S 28 5 - -

c233 — -0.0339 S 25 4 — -0. 0051 C295 - -

5233 - ~0. 0072 C 26 4 - - S295 —_ -

C 243 — ~0.0026 S 26 4 - - c305 - o

5243 - -0.0016 Cc 274 - - 5305 - -

C 253 - -0.0005 S 27 4 - - C 66 0.0035 0.0109
5253 - -0.0037 C 28 ¢4 - - S 66 -0.2500 ~0.2593
C 26 3 - - S 28 ¢4 - - cC 76 -0.3569 -0.3492
S 26 3 - — C 29 4 - - 5 76 0.1276 0.1266
C 273 - - S 29 4 - - C 86 -0.0743 -0, 0628
5273 - - C 304 — - 5 86 0.3053 0.2953
C 28 3 - - 5304 - — C 96 0.0357 0.0514
5283 - - C 55 0.1685 0.1525 S 96 0.1933 0.1930
C 293 - - S 65 -0.6751 -0.6808 Cc10 6 -0.0179 ~0.0106
5293 - - C 65 ~0.2532 -0.2590 5106 =0,1022 -0. 0956
C 303 - - S 65 ~0.5254 -0. 5291 Cc116 -0,0393 ~0, 0229
5303 - - C 75 0. 0057 ~0.0084 s116 0. 0089 0.0151
C 44 ~0,1966 ~0.1954 S 758 0.0479 0.0371 c126 -0.0034 0.0038
S 44 0.3063 0.3053 C 85 -0.0188 -0, 0210 5§12 6 0.0353 0.0178
C 54 -0.2859 ~0.2823 S 85 0.0868 0.0807 C13 6 -0.0785 ~-0,0668
S 5¢ 0. 0497 0.0618 C 95 0.0297 0.0063 513 6 -0.0128 - 0.0115
C 614 -0.1051 -0.1020 S 95 -0, 0560 -0,0532 Cl46 -0.0360 -0, 0252
5 64 ~0.4583 -0.4562 c10 5 -0. 0282 -0.0610 S 14 6 -0.0175 0. 00569
C 74 -0.2816 -0.2673 S105 -0.0571 -0. 0451 C15 6 0.0231 0. 0444
8§ 74 -0.1102 -0.1243 c1ii 5 0.0749 0.0358 5156 -0.0594 ~0.0589
C 84 -0.2467 -0, 2341 S11 5 0.0962 0.1010 C16 6 -0.0413 ~-0.0015
S 84 0. 0645 0. 0680 C12 5 0.0706 0.0428 S 16 6 0.0027 -0, 0384
C 94 ~0.0097 -0. 0090 §12 5 0.0183 ~-0. 0025 Cc 17 6 - -0.0635
S 94 0, 0057 0.0125 C13 5 0.1350 0, 0705 S17 6 - ~0. 0248
C 10 4 ~0.1140 -0.1113 S13.5 0.0729 0. 0540 C 18 6 - -0.0126
5104 -0.0642 -0. 0889 C1l4 5 0. 0920 0.0350 S 18 6 - -0. 0220
C11 4 -0, 0504 -0, 0448 514 6 -0, 0452 ~0. 0454 C19 6 - 0. 0389
S 11 4 ~0. 0407 ~0, 0904 C1l55 0.0622 0.0100 5196 — 0.0625
Cl2 4 -0.0514 =0, 0628 S156 5 0.0399 0.0528 Cc-206 - 0. 0440
S12 4 -0.0167 -0. 0254 C1l6 5 ~-0. 0386 ~0.0326 5206 - -0. 0140
C13 4 0. 0046 -0.0040 S16 5 ~0,0114 0.0003 czaLé - 0. 0023
S1314 -0.0186 -0.0126 C17 5 - -0.0209 | 8216 - ~0.0145
C 144 -0.0310 -0.0078 8175 - 0.0086 C 226 - ~0.0044
S 14 4 0.0192 ~0.0089 Cc1i8 5 - 0.0127 5226 - 0.0047
C15 4 -0. 0668 -0, 0358 518 5 - ~0.0118 c236 - -0.0365
5154 0.0063 -0.0137 C19 56 - -0.0228 S 236 - 0.0124
C 16 4 0.0395 0.0373 519 5 - -0.0214 c246 - ~0. 0290
S 16 4 0.0005 0,0477 Cc205 - -0, 0195 8246 - 0.0261
C 17 4 — -0.0179 S 205 - 0, 0224 C 256 —_ 0.0237
517 4 - 0.0629 Cc215 - 0. 0027 5256 - ~0.0106
C 18 ¢4 - 0.0098 8215 - ~0.0079 C 266 - -

ORIGINAL PAGE 18 3



Table 2 (Continued)

4

2 m GEM 7 GEM 8 £m GEM 7 GEM 8 fm GEM 7 GEM 8
526 6 - - Cc10 8 0.0256 0.0461 | S 18 9 - 0.0356
c276 - - S10 8 -0.1090 -0.0935 [ C 19 9 - -0.0164
S 276 - - C 118 0. 0011 0.0116 | 819 9 - -0. 0104
C 28 6 - - S118 0.0329 0.0679 | C 20 9 - 0. 0558
5286 - — c128 -0.0223 -0,015¢ | 820 9 - -0,0123
c296 - — 512 8 ~0.0010 0.0123 | c21 9 - ~0. 0087
S 296 - _ c13 8 ~0. 0072 -0.0027 | S21 9 - 0. 0275
c306 - - 513 8 0,0101 0.0L75 | C 22 9 - 0. 0096
5306 - - C 14 8 -0, 0341 -0.0172 | 822 9 - 0.0177
c 77 ~0. 0225 0.0133 | S 14 8 -0, 0067 -0,0267 | C23 9 ~ 0. 0027
s 77 0.0228 -0.0006 | C 158 -0, 0274 -0.0178 | 823 9 - -0.0118
Cc 87 0. 0669 0.0763 | 515 8 0. 0049 0.0337 | C2¢ 9 - -0.0214
5 87 0. 0754 0,0786 | C 16 8 -0, 0300 -0,025¢ | 82 9 - -0.0082
C 97 -0.1133 -0.0765 | S 16 8 -0, 0194 0.0064 |- C256 9 - -0.0103
S 97 -0. 0645 -0.0640 | C 17 8 - 0.0261 | S25 9 - ~0.0054
Clo7 -0. 0004 0.0175 | S 17 8 - -0.0348 | C 26 9 - -

S 107 -0. 0035 -0,0043 { C 18 8 - 0.0157 | S26 9 - —

Ccii17 -0, 0081 0.01290 | S 188 - 0.0252 | C27 9 - -

S117 -0.0681 -0,0774 | C 19 8 - 0.0238 | 827 9 - -

ci127 -0.0330 -0.0333 | S 19 8 - -0.0186 | C 28 9 - .

8127 0. 0422 0.0403 ; C 20 8 - -0.0168 | 528 9 - -

c137 -0, 0180 0,0023 t S 208 - 0.0573 | C 29 9 - -

S 13 7 0.0233 0.0039 . C 218 - 0.0097 | S29 9 - -

Cci4 7 0. 0146 0,0271 | s 218 — -0.0268 | C30 8 - -

S 14 7 ~0. 0225 0.0056 | C 22 8 - 0.000L | S3¢ 9 — -

c 157 0.0704 0.0604 . 52238 - -0.0142 | C 10 10 0,3007 0,1018
8167 -0.0114 0.0302 | C 23 8 - -0,0077 | S i0 10 -0.0163 ~0, 0233
C16 7 -0.0200 -0.0017 | S 23 8 - 0.0182 | C 11 10  -0.0449 ~0. 4461
S 16 7 0.0075 0.0015. | C 24 8 - 0.0056 | S 11 10  -0,0078 ~0. 0046
cir -~ 0.0325 | S24 8 - -0,0216 | C 12 10  -0,0021 ~(, 0033
sy - -0,025L | C 25 & - 0.0444 | 8§12 10 0,043 0.0471
c 187 - 0.0143 @ 5258 - -0.0067 | C 13 ¢ 06,0446 0. 0353
5187 - -0.0136 | C 26 8 - - S 1518 0 <0.0277 ~u, 0387
c197 - 0.0071 | 5268 - —_ € 14 10 0. 0505 0.0361
S197 - -0.0016 | C 27 8 - - 8 14 10 0., 0054 -0, 0062
c207 - -0.0166 | 827 8 - - C 15 10 0.03141 -0, 0033
s 207 - ~0.,0142 | C 28 8 - - $ 15 10 0.0127 0.0034
c2L7 - -0.9209 | S 28 8 - - C 18 40 -0.0041 0. 0109
s217 - 0.0217 | C 29 8 - - S 16 18 02,0279 ~0. 0047
c227 - 0.0083 | S 298 - — C - 0, 0055
s227 - 0.0202 | C 30 8 - - 817 10 - 0.025Y9
C237 - -0,0057 | S 30 8 - - ¢ 48 10 - 0. 0320
S237 — -0.015L | C 99 -0, 0547 -0,0482 | 819 10 - -0, 0041
C 247 - 0.0143 | S 99 0.0901 0.0886 | C'19 1D - ~0. 0284
S 24 7 - 0.02904 | C 10 9 0.1226 0.1237 | S % 10 - ~0. 0169
c 257 - -0,0159 | S 10 9 -0, 0559 -0, 0486 + € 26 10 - -0.0031
5257 - -0.0083 | C 119 -0, 0280 -0,0315 | S 20 19 - ~(1. B16E
C 267 — - s118 0.0471 0,0653 | C 21 1¢ -~ -0.0172.
S 267 - - c1z 9 0. 0542 0.0276. | 821 10 — -5.0221
carw - - s12 9 ~0. 0010 0,0058 | € 22 10 - =0, 0024
5277 - - c139 0.0347 0.0129 | S22 10 - 6.0431
C 287 - — $13 9 0,0702 0.0700 | € 23 10 - -0, 0011
S 28 7 - - C14 9 0.0710 0.0164 | §23 10 - 0.0113
c297 - — 5149 ~0.0049 0.0064 .| C 24 10 - . 0128
5297 - - C159 0. 0227 -0.0032 | 8 24 10 - ~0,0004
Cc307 - - 8159 0. 0586 0.0297 | €25 10 - 0. 0088
S 307 - - cC16 9 0. 0167 ~0.0086 | 8 45 10 - -0, 01189
c 88 -0,1341 -0,1088 | S16 9 ~0, 0708 ~0,0545 | € 26 10 - —

S 88 0. 1065 0.1106 i C 17 9 — -0,0435 | & 26 10 - -

Cc 98 0,2182 0.2432 | S17 9 - -0.051% | © 27 16 - -

5 98 -0. 0124 -0.0054 | C 189 - 0,008 | S 27 10 - -



Table 2 (Continued)

2 m GEM 7 GEM 8 2m GEM 7 GEM 8 2 m GEM 7 GEM 8

C 28 10 - - 518 12 -0, 0200 -0.0230 | C 30 13 - -

S 28 10 - - C 19 12 -0, 0174 -0,0201 | S 30 13 - —

C 29 10 - - S 19 12 -0, 0031 -0.0064 | C 14 14 -0,0518 -0, 0519
S 29 10 - — C 20 12 -0, 0105 -0, 0077 S 14 14 -0, 0072 -0. 0047
C 3010 - - S 20 12 0. 0287 0.0096 | C 15 14 0. 0021 0. 0052
S 30 10 - — C 2112 0.0023 -0.0065 | S 15 14 ~0.0248 -0, 0232
C 1111 0.0605 0. 0629 S 21 12 15,0369 0.0286 | C 16 14 -0, 0161 -0, 0158
S 11 11 -0.0692 -0.0462 | C 22 12 ~0. 0189 -0.0142 | S 16 14 ~0.0421 -0, 0390
C 1211 0. 0190 0.0142 S 22 12 -0, 0027 ~0.0146 { C 17 14 -0, 0097 -0, 0169
S 1211 -0.0062 -0.0046 | C 23 12 —_ 0. 0024 S 17 14 0.0135 0, 0117
C 13 11 -0, 0292 -0, 0300 S 23 12 - -0,0099 | C 18 14 ~0.0101 -0.012¢
S 1311 -0. 0055 0.0047 | C 24 12 - 0.0129 | S 18 14 ~0. 0049 -0, 0102
C 1411 0.0312 0.0292 8 24 12 - -0,0301 | C 19 14 ~0.0023 -0, 0005
S 14 11 -0, 0310 -0.0380 | C 25 12 - -0.0333 S 19 14 -0.0144 -0, 0159
C 15 11 0, 0162 0.0089 S 25 12 - 0.0112 | C 20 14 0.0181 0,0219
S 15 11 -0.0054 ~0.0145 | C 26 12 - - S 20 14 -0. 0065 -0, 0030
C 16 11 0. 0225 0, 0030 S 26 12 - — C 21 14 0, 0074 0, 0132
S 16 11 0.0050 -0.0096 | C 27 12 —_ - s 21 14 0. 0068 0.0113
C 17 11 0. 0081 0.0066 S 27 12 — - C 22 14 0.0027 0.0099
s 17 11 -0, 0413 -0,0172 | ¢ 28 12 - - s 22 14 0.0033 0.0127
C 18 11 -0. 0258 -0. 0269 S 28 12 - — C 23 14 ~0,0005 -0, 0008
S 18 11 -0. 0061 0.0074 | C 29 12 - — S 23 14 -0, 0076 -0, 0047
C 19 11 0. 0345 0. 0305 529 12 — - C 24 14 -0, 0181 -0, 0273
S 19 11 0. 0071 0. 0183 C 30 12 — - S 24 14 0, 0045 ~0, 0028
C 20 11 - 0.0226 S 80 12 — — C 25 14 -0. 0003 =0, 0273
S 20 11 —~ -0.0005 | C 13 13 -0, 0609 ~0. 0581 S 25 14 0,0195 0. 0067
C 2111 - 0. 0022 S 13 13 0. 0676 0.068L | C 26 14 0.0143 0. 0092
S 21 11 - -0.0309 | C 14 13 0. 0256 0.0325 | S 26 14 0.0310 0.0142
C 22 11 - ~-0.0013 S 14 13 0.0439 0.0403 | C 27 14 0, 0137 0. 0263
S 22 11 — -0,008¢ | C 15 13 -0, 0253 -0. 0232 S 27 14 0, 0010 -0. 0002
C 2311 - -0.0069 S 15 13 -0, 0031 -0.0039 | C 28 14 -0, 0409 -0, 0300
s 23 11 - 0.0100 | C 16 13 0. 0084 0.0143 S 28 14 -0, 0015 -0, 0050
C 2411 — 0.0168 5 16 13 0. 0016 -0.0023 | C 29 14 -0, 0312 ~0. 0406
S 24 11 - -0.0012 | C 17 13 0.0168 0.0175 | 529 14 -0, 0096 -0, 0091
C 25 11 - ~0.0042 S 17 13 0.0249 0.0274 | C 30 14 — —
52511 - 0.0189 | ¢ 18 13 -0, 0192 -0, 0106 S 30 14 - -

C 2611 - - S 18 13 ~0.0358 -0.0402 | C 15 15 -0, 0191 -0. 0240
S 2611 — - C 19 13 -0, 0094 -0.0086 S'15 15 -0, 0103 -0, 0065
C 27 11 - - S 19 13 ~0. 0202 ~0.0163 C 16 15 0.0078 0, 0087
S a7 11 - — C 20 13 0. 0029 0.0160 S 16 15 -0, 0267 -0, 0246
C 2811 —_ — S 20 13 0. 0082 0.0021 C 17 15 0.0069 0.0024
S 28 11 — — C 21 13 ~0. 0219 -0, 0188 S 17 15 0.0082 0.0183
C 29 11 - - S 21 13 0.0162 0.0159 | C 18 15 - -0, 0614
529 11 - - C 22 13 -0, 0243 -0.0114 | S 18 15 - -0, 0194
C 30 11 - - 52213 0.0193 0.0120 | C 19 15 -0.0329 -0, 0088
S 3011 - — C 23 13 ~0. 0070 -0.0062 | S19 15 -0, 0217 ~0.0305
C 1212 -0, 0071 -0. 0050 8 23 13 0, 0049 0.0022 | C2015. -0.0331 ~0. 0250
S 12 12 -0,0115 -0, 0121 C 2¢ 13 ~0. 0149 -0..0098 520 15 -0. 0329 =0.0117
C 13 12 -0, 0322 -0.0309 S 24 13 0. 0038 -0.0012 | C 2115 0. 0170 0.0272
813 12 0. 0889 0.0893 C 25 13 0. 0251 0.0166 §2115 0.0182 0,0138
C.14 12 0. 0095 0,0125 S 2513 0.0111 0,0157 | C2215 = — -0, 0070
S 14 12 -0, 0316 -0,0313 | C 26 13 0. 0051 0. 0039 S22 15 - 0.0219
Cc 1512 -0, 0347 -0.0330 S 26 13 0. 0040 0.0026 | C 23 15 - 0, 0175
S 15 12 0.0149 0.0131 | Cc 27 13 0.0164 0.0020 | 52315 - ~0.0045 -
C 16 12 0.0164 0.0164 | § 27 13 0, 0212 0.0317 | C24 15 - -0. 0208
S 16 12 0.0102 0.0044 | C 28 13 -0, 0559 -0.0641 | S 24 15 - 0.0013
C 17 12 0.0273 0.0277 S 28 13 0.0092 0.0104 | C 2015 - -0, 0047
S 17 12 6. 0229 0.0194¢ | ¢ 2012 -0. 0053 -0.0158 S 25 15 - -0.0076
C 18 12 -0, 0353 -0, 0263 S 28 14 -0, 0074 0.0023 | C 26 15 - —
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Table 2 (Continued)

2 m GEM 7 GEM 8 2 m GEM 7 GEM 8 ¢m GEM 7 GEM 8
S 26 15 - - C 27 17 - - S 20 20 - ~0, 0142
C 2715 - - § 27 17 — - C 21 20 - -0, 0036
S 27 15 - - C 28 17 - - S 21 20 - 0.0158
C 28 15 - - S 28 17 - - C 22 20 — 0. 0056
S 28 15 - - C 29 17 - - S 22 20 — 0. 0081
C 29 15 - - S 29 17 - - C 23 20 - -0.0285
S 29 15 — — I c8017 - - S 23 20 - -0, 0054
C 30 15 - - [ 83017 - — C 24 20 - -0,0126
S 30 15 - - i C18 18 - -0.0151 | S 24 20 - 0.0029
C 16 16 -0.0367 ~0,0204 | S 18 18 - -0.0416 | ¢ 25 20 - -0.0032
S 16 16 0. 0164 0,0009 | C 19 18 — 0.0660 | S 25 20 — ~0,0142
C17 16  -0,0813 -0,0258 | § 19 18 - 0.0180 | C 26 20 - -

S 17 16 0. 0045 -0,0024 | C 20 18 - -0.0038 | S 26 20 - —

C 18 16 — 0.0443 | S 20 18 — -0.0221 | C 27 20 — -

S 15 16 - 0.0161 { C 21 18 - 0.0355 | S 27 20 - —

C 19 16 - ~0,008L | S 2118 - 0.0023 | © 28 20 - -

S 19 16 - -0.0022 | C 22 18 — 0,0160 | S 28 20 —_ -

C 20 16 - -0,0029 | S22 18 - 0.0107 | C 29 20 — -

S 20 16 - 0,005¢ | C 23 18 - 0.0087 | S 29 20 - —

C 21 16 — 0.0049 | S 23 18 — -0.0069 | C 30 20 - -

8 21 16 - -0,0125 | C 24 18 - 0.0159 | S 30 20 — -

C 22 16 - ~0.0392 | S 24 18 — 0.0130 | C 21 21 - 0.0005
S 22 16 - -0.0099 | C 2518 - -0,0051 { S 21 21 — -0,0240
C 23 16 - 0.0543 | S 25 18 - 0.0007 | C 22 21 _ -0.0115
S 23 16 — -0,0057 | C 26 18 _ - S 22 21 - 0.0390
C 24 16 - 0.0120 | § 26 18 — - c 23 21 - 0, 0274
S 24 16 - 0.0161 | € 27 18 - - 523 21 - -0. 0362
C 25 16 — 0.0068 ; S 27 18 - — C 24 21 - -0,0271
S 25 16 - -0.0250 | C 28 18 - - S 24 21 - 0. 0501
C 26 16 —~ - S 28 18 - - C 25 81 - 0.0111
S 26 16 - . C 29 18 - - S 25 21 - -0.0367
C 27 16 — —_ 4 29 18 — - C 26 21 - -

S 27 16 - - ¢ 30 18 - - § 26 21 —_ —_

C 28 16 - — I 33018 - - C27 21 - -

S 28 16 - - C 19 19 - -0.0314 | S27 21 - -

C 29 16 - - 819 19 - -0.0199 | C 28 21 - -

S 29 16 - - C 20 19 - 0.0036 | S 28 21 - -

C 30 16 - - S AU Ly - 0.0070 | C 29 21 - -

S 30 16 —_— — C21.19 - -0,0403 | S 29 21 - -

C 17 17  -0.0221 -0.0458 | 521 19 - 0.0174 | C 30 21 - —_

S 17 17 -0.0022 -G, 0206 | C 22 19 - 0.0087 | S 50 21 - -

C 18 17  -0,0439 0.0068 | S22 19 - -0,0001 | C 22 22 —_ -0.0039
S 18 17 ~0.0192 0.0030 | C 23 1y - 0.0200 | S 22 22 - -0.0055
C 19 17 - 0,0424 | §23 19 — 0.0080 | C 23 22 - 0. 0056
519 17 - -0,0346 | C 24 19 - -0.0279 | 8 23 22 - 0. 0296
C 20 17 - -0.0246 | S 24 19 - -0.0166 | C 24 22 — -0, 0217
8 20 17 - 0.0810 | C 25 19 - -0.0048 | 5 24 g2 . -0. 0203
C 21 17 - 0.0109 | S 2519 - 0.0202 | C 252 - 0.0044
S 21 17 - ~0.0008 | C 26 19 - - 825 22 - -0, 0009
C 22 17 _ 0.0408 | S 26 1Y - - C 26 22 _ —

S 22 17 - ~-0.0511 | € 27 18 - - S 26 22 - —

C 23 17 - ~0,0181 [ 827 18 - -~ C 27 22 — —

S 23 17 — . 0068 | C 28 19 - - S 27 22 - —

C 24 17 — ~0,0290 | 528 19 - — C 28 22 - -

S 24 17 = ~0,0031 | C 29 19 - - § 928 22 ~ -

C 25 17 - ~0,0070 | 328 19 - - C 29 22 - -

S 25 17 — 0.0053 | C 30 19 —- - 8 29 22 - -

C 26 17 — - $ 30 19 - - C 30 22 - L

S 26 17 — - C 20 20 ~ 0. 0020 S 30 22 —-— —




'Table 2 (Continued)

2m GEM 7 GEM 8 2 m GEM 7 GEM 8 2 m GEM 7 GEM 8
C 23 23 - -0,0105 C 28 24 - —_ C 29 26 0,0155 0. 0157
523 23 - -0, 0229 S 28 24 - - S 29 26 ~-0.0386 -0.0388
C 24 23 —_ 0, 0096 C 29 24 - - C 30 26 - -

S 24 23 - 0. 0017 529 24 - —_ S 30 26 — -
C 25 23 - 0.0223 C 30 24 - - C 27 27 0. 0027 0.0022
S 25 23 - -0.0146 S 30 24 - - S 27 27 -0. 0084 ~0.0066
C 26 23 - - C 25 25 = -0. 0000 C 28 27 -0.0063 -0, 0043
S 26 23 - - S 25 25 - 0.0193 S 28 27 0.0015 0. 0016
C 27 23 - - C 26 25 - - C 29 27 - —
S 27 23 - - S 26 25 - — S 29 27 —_ -
C 28 23 - — C 27 25 - — C 30 27 - —
S 28 23 —_ — 5 27 25 - - S 30 27 - -
C 29 23 - - C 28 25 — - C 28 28 0.0109 0,0126
S 29 23 — - S 28 25 - - S 28 28 0.0043 0, 0017
C 30 23 —_ - C 29 25 - - C 29 28 - -
S 30 23 - - 529 25 - - S 29 28 - -
C 24 24 - ~0.0040 C 30 25 - - C 30 28 ~0.0078 -0.0084
S 24 24 - 0.0013 S 30 25 - - S 30 28 0.0015 0.0001
C 25 24 - 0.0258 C 26 26 - - C 29 29 - -
S 25 24 - 0.0074 S 26 26 - - S 29 29 - -
C 26 24 - - C 27 26 0.0059 0. 0060 C 30 29 - -
S 26 24 - - S 27 26 ~-0,0254 -0.0261 S30 29 -— -
C 27 24 - - C 28 26 0. 0107 0.0106 C 30 30 —_ -
S 27 24 - - S 28 26 -0.0033 -0.0033 S 30 30 - —

least squares adjustment of 400 harmonic coefficients,
369 station coordinates, and 5000 electronic pass-
biases. The observing stations consistedof 3200 orbit
parameters, 24 T .iker-Nunn cameras, 31 minitrack op-
tical test site cameras, 6 international cameras, 33
tranet Doppler receivers, 5 Goddard range and range
rate antennas, 7 C-band antennas, 14 minitrack arrays,
3 French lasers, 6 Smithsonian lasers, and 6 Goddard
lasers.

The new satellite solution is superior to GEM 5 in
performance on the 362 data-arcs common to both mod-
els‘. This is due mainly to the reiteration of the data

and the finer detail of GEM 7, Sensitive tests on in-
dependent data also attest to the superiority of GEM 7.
Figure 1 shows the results of orbital reductions of 22
short (6 hour) arcs of one station, 4-pass laser ranges
tothe BE-C satellite, The ‘noise" level of these ranges
is 50 cm and is closely approached only with the use of
GEM 7. All three models shown use considerable
amounts of BE-C data, though not this set. Figure 2
shows results of similar reductions of one day arcs of

L_ SAD SE 3
400 11 em/sec
16 [~
7 300}~ K]
2 X SAQ 58l
E SE3 he
Z R . 246em 2
g ]
- 7 GEM 6
< v v 4] 6|~
) 5.5emisec
3 2001 a 4
2 £ |
b i
1)
H al- GEM 7
3.4cmisec
GEM &
100 X
X 32emfsec
IX\L“ . X v/ \ z X 2/ X=X T2em {Average}
7 Al SRR VR TIRTE e A GEM B 2=
X 73em
{Average) }
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Figure 1, Godlas Range Residuals to BE-C with
Recent Geopotentials (Arcs are 6 Hours Long)

Figure 2. S-Band 2-Way Doppler Residuals
(11 Daily ERTS Arcs)



data on the earth resources technology satellite (ERTS)
from 10 worldwide S~band stations. Yere the orbit algo
is new to all models (99° inclinutirn, 900km altitude).
Ionospherie refraction uncertzinting limit the useful-
ness of these measurements to 2 em/sec, Again, this
limit is approached with GEM 7.

The improvement of GEM 7 is also seen with re-
spect to the gravimeiry used in GEM 8 [Figure 3],
(GEM 8 esgentially absorbs all the gravimetrie infor~
mation.) There is striking evidence here that, in spite
of the improvement at shorter wavelengths GEM 7 i3
still relatively weak there., The furmal precision of the
GEM 7 coefficients also confirms this weabness in all
but the zonal and resonant terms.

Indeed the improvement of resorant terms in GEM
7 and 8 is confirmed {rom comparisons with lincar con~
straints developed from long term tracking of deep res-~
onant orpits external to these models (Table 8). 1tis
encouraging that the gravimetor data improves even the
lowest order harmonics., The absolute accuracy of
these fields, quoted in the abstract, is based primarily
on the comparisons with the resonant and gravimetric
data. This accuracy is also confirmed hy coinparison
with independent zonal coefficienis obtained from lor, -
term orbit perturbations by Cazenave ef, al, 1871 and
Wagner, 1973.

The overall features of the gravity field have not
changed substantially in10 years {Figures 4 and &) but
thereis new detailin GIL & that has nei been seeninpre-
vioug solutions. Tigure ¢ shows the portionof its unomaly
field from 13 through 22nd degree, presumably arising
fromirregularitiesintheuppermantle, In two regions
of the Pacific, westof lawaii and west of Peru, run strong
lines of alternating avroralics trending westward with
the apparent motion of the Pacific and Nazee plates (B.
Marsh, Private Compwaication, 1975; EOS, 56, 1063,
Dec. 1975). These may be evidence of convective xrolls
in the mantle (Richter and Parsons, 1975) below these
rapidly moving plates, They do not seem fo be ephem-
eral features of a weak solution, a full 30, 30) field
with the same data shows the snme Jeaiures, 3ut gravi-
metry ig sparse in the Pacific. Confirmation of these
anomaly trends waits on utilization of altimetry from
the GEOS 8 satellite.

7]

Table 3

Residuals Using Independent Resonant Data
(Accelerations and Lumped Harmonics)

RESONANT ORDER

FIELD - st
Lupd 2% ger o qgee jles 125% 3en panr TQTAL®*

GEM § 13.3 160 373 3da S61- 8BR 49 239
GEM 7 33 120023 iy 178 7R 558 9.t
GEM 8 A% S T ST AT I 0 S N 7.1
Resonant ” . : y

(Using Data) 1.2 56 62 15 1428 08 1.3
(No.of Constrzintsy (110 (i) - th 24 M (W) (24 (224)
*Data is RMS Residuat in ugiits of 1’)'“.@:, d,«}': sdriit ot 24 hour-satetlite)

**Data is RMS Residual fu aaits of 1077 fnonaadized leinped petential vocfficient;
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Figure 3, Gravity Anomaly Residuals with Truncated
Geopotentials (Observations are Mean Gravity
Anomalies for 1352 5° Equal Area Blocks)
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