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THE GRAVIMETRIC GEODESY INVESTIGATION
by

Joseph W, Siry

ABSTRACT

The Gravifﬁetric Geoﬁésy mvéstigétion will utilize altimeter and satellite-
to-gatellite tracking data from GEQS-C, ATS-F, and other spacecraft as ap-
propriate to improve our knowledge of the earth's gravitational field. This in-
vestigation is interrelated with the study of oceanographic phenomena such as
those associated with tides and currents, hence the latter are considered together
with gravitational effects in preparing for the analysis of the data. The ocean-
ographic effects, each of the order of a meter or two in amplitude and with still
smaller uncertainties, will not seriously hamper the initial altimeter gravimetric
studies at the five meter level. Laser and satellite-to-satellnite tracking data,
-;vhen combined with the altimeter results, should provide the basis for such
studies over wide areas of the ocean surface. Iaser and conventional geodetic
tracking data from ISAGEX and succeeding campaigns will provide a valuable

framework for these analyses.

The use of submeter altimeter capabilities together withthe decimeter laser
systems being developed under the NASA Earth Physics Program will open up the
possibility of investigating tides and current meanders in areas such as the

Goddard- Bermuda-Bay of Fundy traingle, for example.
iii
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Satellite-to-satellite tracking between GEOS-C and ATS-F and also between
ATS and the Nimbus, Atmosphere Explorer and SAS~C spacecraft will make pos-
sible advances in the range from half to one order of magnitude in connection
with the spatial resclution of gravitational features. Improvements of the order

of perhaps a factor of two in acceleration resolution will also be locked for.
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THE GRAVIMETRIC GRODESY INVESTIGATION

L INTRO_DUCTION
The prinmpal obJectwe‘of ihe Grawmetrm Geodesy InVesngatmn ig to build
upon the achlevements of the Natlonal Geodetic Satellite Program (NGSP) by im-
provmg the knowledge of the earth’s grav1tat1ona1 f1e1d The NGSP goal is to
determine the gravitational field to five parts m a hundred million., It is antici-
pated that it will be reachéd by about 1974. This goal incllu:des, specifically,lthe -
determination of spherical harmonic coefficients of the geopotential through the
fifteenth degree and order with an accuracy such that they contributed no more
than 3 milligals root mean square error to the determination of mean anomalies
- at the Earth's surfice in regions which are 12 degrees-in latitude by 12 degrees -

in longitude. (CIf. Reference 1.)

The first goal of tﬁé -Gravimetric Geodesy Investigation is to utilize the new
types of data to be prov1ded by the alt1meber and the GEOS- C/A TS~ F satellite-
to- Satelhte trackmg system to improve the spat1a1 resolutlon of the graxflty f1eld
representation over large regions of the earth by a factor of two with comparable
or better accuracy, i.e., to determine parameters associated with anomalies in
six degree squares with accuracies corresponding to 1 to 3 milligals. The
longer vange goal 1s to achieve still another factor of two in resolution and an
increase of one to two orders of magnitide in aceuracy over the whole earth,

(Refs. 2-4.)



The objectives of thé investigation will accordingly include the analysis and
evaluation of the altimeter and the satellite-to~satellite tracking systems as
geodetic instruments. One of the primary aspects of the altime't:e:r caliﬁrdfiaﬁ
problem is the determination of the satellite‘positi;c)n, andi .c;ﬁe of the prmcmal
systems which will be used for this purpose‘ is thé sabellite—foﬁafeliite tragl.{ingl: ‘
system. ( Hence the gravimetric investigétion and the satfrallite-to-s'atellité. tré‘cl;:

ing and orbit determination investigation are inter-related.

The actual positions of the sea surfaces are aifected by a number of ocean-
ographic factors including, in addition to the geoid, the tides, the general circu-. -
lation, currents and their meanders, sea-state, winds, storm surges and
tsunamis. Therefore, in order to conduct the gravimetric in_ves_tigationfprqperly,_
it iz necessary to represent these oceanographic effects on the sea surfacez__
heights appropriately. As in the case of the gravitational field, these represen-~
tations will come illlitially from our pre-GEOS inf;orAmé.tic’)n.‘ They w111be imﬁroved
through the analysis of the GEOS-C altirhé.te:r daté.l Thus, fhe grav1metr1c and
oceaﬁographic invastigatioﬁs aré .also inte:rr'elatel-d; This polint"'i‘si dlscussed

further later.

The phase of the gravimetric investigation, per se, to be conducted before -
the launching of GEOS-C will involve the use of the additional satellite tracking. .
data including especially the laser data which will become avajlable in the inter-

vening years. This aspect of the investigation will involve the simultapeous . -



determination of gravimetric quantities and other environmental parameters
which. contribute to the observational residuals. The aimé of this part of the -
investigation will accordingly include the determination of tracking station loca-
tions, quantities such as the Earth's mass and radius, and coefficients repre-
senting atmospheric drag and radiation pressure effects. Consideration is being,
given, toé, to the possibility of equipping other spacecraft with the capability for
satellite-to~satellite tracking through ATS-F. The potential contributions of such

capabilities to the Gravimetric Geodesy Investigation is discussed.

1L EXPLOITATIION OF EXISTING DATA IN PREPARATION FOR THE
ANALYSIS OF ALTIMETER AND SATELLITE—TO—SATELLITE TRACK-
ING DATA FROM GEOS-C

A. '_General Considerationsw

Tﬁé'ﬁasic strategy of the investigation is to derive the greatest beﬁéﬁt from
the altir'ne.te.r and satellite-to-satellite tracking data from GEOS-C by analyzing
it together with all of the related data which can .contribute to the determination
of thé .Eart-h's éravi‘tational field. The determination of the characte;'istics of
the gravitatiéna_l .field will b<e based.upon the existing storeé of geodétie data as
well ;s the édditionai observational material which will become available in time
for use in the analyses of the new types of data to be furnished by GEOS-C. The-
fundamental body of data upon which our current knowledge of the gravitafional
field is based consists of approximately a hundred thousand precisely reduced

optical observations of some two dozen satellites, a substantial number of



Doppler measures, some range and range rate data, the beginnings of a supply

of laser range measurements, as well as the gravimetric and survey results of

classical geodesy. It is anticipated that, by the time the analysis of the new data
types from GEOS-C commences, this store will be enriched through the addition
of considerable numbers of laser observations obtained in programs such as the

ISAGEX campaign, and Earth Physics studies such as the polar motion and UTI

and fault motion experiments

It is contemplated that the interpretation of these collections of data will
involve general determinations of the gravitational field, resonance determina-
tions of geopotential coefficients, and studies involving representations in terms

of mass anomalies.

Recent activity in the field of geopotential analysis at several institutions
including Goddard is indicated in Tables I and II and discussed in referencesl 28
and 29 which include bibliographies. Results of comparisons of some of the geo-
potential models listed in Tables T and II are indicated in Table III and in Figure
1. These findings give some idea of the effective accuracies associated with
some of the models. Improvements obtained by the modeling of resonant terms

are also seen in Table [f1.

The hest published determination of the geopotential which is currently
available is the one included in the Smithsonian Astrophysical Observatory 1969

(I1) Standard Earih (18). This result was obtained through the use ol a general



General Determinations of Geopotential Coefficients

Table I

. Basis

Field Characteristics

Author or Year Reference Satellite Data
Designation Number Other
'Numbe.r of Tracking Systems Information Last term ix} Numl.)e.r of
Satellites Complete Portion| Coefficients
1. NWL 5E-6 1965 1 3 Doppler 7, 6 64
2. APL3.5 1965 2 5 Doppler 8,8 84
3. SAO M-1 1966 3 16 Optical 8, “122
4, Kanla K-8 1966 4 12 Optical, Doppler 7, D 99
5. Kaula C 1966 4 Determinations 7,2
1-4 ‘

6. Rapp 1967 5 16 Optical Gravimetry 14, 14 219
7.. Kohnlein 1967 6 16  |Optical Gravimetry 15, 15 " 250
8. Kaula UCLA | 1967 7 9 Ogptical, Doppler Gravimetry 8,- 8 .

9. Rapp 1968 8 16 Optical Gravimetry 14, 14
10. SAO COSPAR{ 1969 9 24 Optical, Range, Range Rate 14, 14 280
11. SAO Bé&.1 1969 10 24 Optical, Range, Range Rate 18, iﬁ

12. SAO B 13.1 1969 11 24 Optical, Range, Range Rate | Gravimelry 16, 16 314
13. SAO SF 1969 12 24 Optical, Range, Range Rate | Gravimetry _ 16, 16 316
14, GSFC 1,70 C | 1870 13 Determinations 15, 15 249
_ 1-9, 11, i2

15. SAO 69 (II) 1‘9":"0 14 21 Optical, Range, Range Rate | Gravimetry 16, 16 316




Table 11

Resonance Determinations of Geopotential Coefficients

Basis Field Characteristics
Author or Designation | Year Rﬁi?;sz:e Numbers and Types Reference Coefficients
Satellites Coefficients Determined
1. Wagner 1967 19 3 24-hour (2,2), (3,1), (3,3)
2, Gaposchkin and Veis | 1967 20 3 12th order SAQ M-1 (13,12), (14,12), (15,12)
3. Murphy and Victor 1967 21 2 12-hour 2,2), (4,4)
4, Yionoulis 1968 22 3 13th order (13,13), (15,13), (17,13)
2., Wagner 1968 23 2 12-hour (3,2), (4,4)
6., Murphy and Cole 1968 24 1 12th order (14,12), (15,12)
7. Wagner 1968 25 3 24-hour (2,2), (3,1), (3,2)
2 12-hour (3,3), (4,4)
8. Douglas and Marsh | 1969 26 1 13th Order Yionoulis, 1968 |(14,13)
9, Wagner 1969 27 4 24-hour SAO B13.1 (2,2), (3,2), (3,3), (4,4)
4 12-hour




|

TABLE II

Satellite Position Differences Aséociated with Various Gravity Models.

- Position (méters)

SAO. M:1 (modified*) GEOST . . - GEOST. -

s oL cross “Along TCross - Along

Radial ‘ Radial O It

. Track| Track | Total Track | Track | Total
SAO M-1 (unmodified) | 30.0 17.1 | 286.4 | 2885 | 22.3 | 103 | 232.2 | 234.2
SAQ COSPAR(no, 11th) | 8.9 128 | 205 | 33.4( 247 | 182 | 928 | 97.8. |
SAO 1969 8.3 135 | 269 | 31.2| 166 | 19.3 59.2 | 64.4
Kohnlein 16,4 16.1 |213,0 | 2142 | 201 | 169 | 129.1 | 1317
Kohnlein (modified) 9.2 10.9- | 28.0 | 314|118 | 151 ~| 418 | 461
Rapp 48,3 295 | 120.4 | 141.2 | 38,8 7.7 ] 187.6 | 166.6
Rapp (modified) 46.4 33.2 | 999 | 115.0 | 36.2 | 391 | "84.87| 1007
APL 3,5 6.1 46.8 ! 175.7 | 187.1 | 71.8) 55.2 674.3 | 680,4
APL 3.5 (modified) 42.5° 416 | 90.1 | 107.9 | 347 | 45.¢ . 88.1 | 105.2
NWL SE-6 16.3 16.6 | 204.0 | 205.3 | 46.4 | B0.5 | 374.6 | 386.1
NWL 5E-6 (modmed) 16,7 129 | 49.1 | 53.4! 263 | 80.0. |- 829 | 1182
Kaula- ‘ 325 2.2 | 114.1 | 1259 |. 476" | 435 |'232,8.( 241.4
Katla (modified) - 324 | 4251162 | 12241 487 | 420 | 1405 | 1546

*Gaposchkin & Veis (1967) 12th order terms for GEOS-1 and Yionoulis {1948)
and Douglas & Marsh {1968) 13+h order terms for GEQS-11,

perturbatlon theory of satellite motion. Geopotential coefficients and tracking

station coordinates were ad;usted to prowde a best representatmn of observa—

tlonal data from twenty—one satellltes and from gravimetmc analyses. |

B. Tesseral Harmonic Coefficieﬁts ‘

The-Gravimetric Geodesy Investigation proceeds along geveral ii’nes,.of-;

Taat

attack. The immediate aim of one of the approaches is to derive a new gener-‘aii

determination of the geopotential using a body of observational material whieh _

is more extensive than the one upon which the SAOQ 1969 (II)

andard Earth

model is based. The additions include a large body of material developed iﬁ'

the analysis of synchronous and semisynchronous satellites, i.e., those having

T
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Figure 1. Along Track Position Differences GEOS-I July 11-16, 1966



periods near a day.and half a day, respe‘ctively. This effori ha.s been carried on
over a number of years at Goddard and represents the principal contribution to
the analysis of the motions of these types of satellites and of the corresponding

features of the earth's gravitational field.

Some of the results obtained by Wagner, Murphy and Victor are contained
in references 19, 21, 23-25, and 27 summarized in references 28 and 29 and

indicated in Figures 2 through 5 and Tables 1V and V.
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The present general solution for the geopotential will be carried out by means
of a special perturbation theory of satellite motion uging a program system de-
scribed in reference 25. This method is fundamentally different from the bne
employed by SAO, hence this effort provides a unique opportunity to conduct an
indepenilent comparative anﬁlysis of the data used in the SAO solution. Inraddi-
tion, incfeased accufac‘j should also be'_more readily achievable by means of

the approach employed here.
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TABLE IV

Solution for Gravity Coefficients From 24-Hour Satellite Data

ﬁlégl?)q (3’)2‘\;?8) (RA};’;SSAY: NI 1058, 108C,, 1058, 105C;, 10583, 10, 1088,,
1 |UNADJUSTED, UNWEIGHTED| 19.8 1.590 £0.04 [-0.970 +0.04 |
2  |UNADJUSTED, UNWEIGHTED|  5.54  |1.578 £0.011]-0.936 £0.012 0.051 0608 0. 155 +0.009
3 UNADJUSTED, WEIGHTED 3.57  ]1.562 +0.011]-0.932 £0.011 0.066 0, 0O 0. 168 £0, 007
4 ADJUSTED, WEIGHTED 2.61  ]1.558 +0.012]- 0,928 +0,012 0.064 +0,007 0. 171 +0. 008
5 UNADJUSTED, WEIGHTED 3.08 {1,543 £0,011}-0.920 0,012 - 0,57 +0.83(~ 1,38 +0.58|0. 027 +0.013 |0. 148 +0.008]
s ADJUSTED, WEIGHTED 2.49  |1.547 20.015}-0.913 +0.014] 0.28 +1.00|- 1.47 +0.74]0, 028 0,017 0, 155 +0. 011
1 UNADJUSTED, WEIGHTED 3.55  ]1.551 0,013} 0,921 £0,014 0,064 £0, 0100, 160 £0,010{- 0, 29 £0.87 |~ 1.28 £0. 90
8 ADJUSTED, WEIGHTED 271 |1.559 +0.016{- 0,927 £0.018 0,086 +0.012 [0. 170 £0.011{-0. 15 £0.83| 0,18 £1.08
9 UNADJUSTED, WEIGHTED 3.12 [1.546£0,012[-0.88 0,05 | 1.8 £3.3 |-2.6 1,3 {0,038 £0.0210.133 20,018]- 1.8 £2.1 | 0,23 £1.4
10 ADJUSTED, WEIGHTED ©2.25  |1.551'20.014[-0.86 20.08 | 3.4 23.5 [-3.5 +1.4 |0.039 £0,024[0,127 £0.021)-3.1 22.3 | L1 s17
a1 ADJUSTED, WEIGHTED 2.43  [1.546 £0.015|-0.916 40.013] 0.06 £0.98|- 1,64 <0, 72]0.025 £0.017[0. 154 s0.011|  KES** ‘(ALsO H,)
12 ADJUSTED, WEIGHTED 315 }1.585 £0.015|. 0,951 20,014 K66+ * ~ |e.087 +0. 0080, 184 +0. 010, K68**  (ALSO Ky, )
NOTES * S - ESTIMATE OF STANDARD ERROR (RMS RESIDUAL) FOR GRAVITY so:,unou ow:a ALL THE DATA.

**+ COEFFICIENTS FIXED FROM A\lsﬁﬁ DETERMINATION OF KAULA . . . k
BEST RESULTS (FROM SOLUTION 8 WITH BOUNDS E\IC‘REASED DUE TO LIKELY MODEL FRRORS):

109C ;7

1065Cy, = 6.3
108C,; = 0,02
10°3,, = 1,80
1083, = i.5
1043, = 0,16

135 dets,,
TO.08 L rotsy,
.04, Ay
+zl')g T
(003 0

=1.850 *2-388. 085, =

~0.8

-1.5

0,155

-15,3
- 79

26.4

15 20.025

1.2
-1,5

+0. 030
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TARLE V

Resonant Longitude Gravif:y Coefficients* from Recent Studies

Caz 822 Car | 82y {Ca2 _ S32 C33 | S33 | Cys Sa2 Cas | Saa

Geoid . . ‘ _ %
{10°) C{(10°%) (1ot (105 (10°°) @0°%) |10 %Y (100 (1078} (107%)] (1079 {(107)

K('ihnlein 2.38 . 1-1.35 . 1.71 0.23 10.84 -0.51 0.66 11.43 0.351 0.48 0.04 10,30
Kaula ['1966]'2.42  f-1.38 1.79 | 0.18 {0.78 0.75 0.57 {1.42 | 0.30| 0.60 |-0.06 }0.32
Wagner 240 + .03]-1.43 +.03|-0.42 |-1.58 |0.69 = .20| -0.53 + .20 0.16 {1.10 0.0 0.0 6.02 (0.70

* . F
Fully normalized coefficients.




Table VI .
. Weighted rms Residuals in Two Combined Arc Solutions.

with 12~ and 24-Hour Satellites (12 Ares) . .

" Strongest Resonant Gravity' ¢
Coefficients Used

Gravity | Weighted (unnormalized): 107 Other
X Resonant
Field | rms | Coefficients

Used |Residual 2,2 3,2 3,3 4,4
C ) N ) oo _‘_:_..___,Used;
c|s|{c|s|c|s]|] c |s
' 3,1 4,2 for
24-hour sat-
ellites: all
‘ through 6,2
1 L4
SAO 69 5.90 1.55|-.91].29(~.22],111}.180|~.0021}.0075]10,6 giving
B13.1. | % & _ mal R Rl R B i
stronges{
effect for -
12-hour
“I'satellites - -
BI3.1 4 4,99 |[1.58]-.91|.30{-.21].007|.198 |-, 0016, 0075 |2™e 35
cor—- - . i R N . A - s above"*
rected

Where appropriate, however, in the case of resonances, for exaniple, use
will be made of general perturbation approaches such as tl;os_e discussed in

references 21, 24, 428‘an:d 31.

* An examplé of results of such a determination of resonant hariohic coef- *
ficients based on Mihitrack data is'indicated in Figure 6. Results of this type
will also be reflectéd in the overall gétieral solution. = -
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C. Zonal Harmonic Coefficients

Zonal harmonics have also been determined by means of a general perturba-
tion technique 31-33. It is planned to extend this effort and also to use special
perturbations to defermine zonal harmonics on the basis of data from some

twenty satellites.

Resonances have also been determined by means of a numerical integration
approach. Results of this kind are indicated in Figures 7 and 8 in reference

26.

It is )anticipated ‘that the progress toward the solution will be sufficient to
provide a‘. ﬁeasonable basis for the analysis of the data to be generated in con-
nectio:n with Project ISAGEX. The program to determine and refine thg general
soluti—on'fpi; the earth's gravitational field ﬁsing the constantly increasiﬁg supply
of dété wiil be coﬁtinued with the éim' of providing a éound foundation for the | _

analyéis,. of ‘;the new altimeter and satellite-to-satellite tracking data from GEOS-C.

D. GM a;nd- the Radius éf the Eé.rth
" The best ;léfei;mination of the fundamentalggravitat'iopal parameter of the
earth, its Ihésé,g wi:iiéh has been made s¢ far has resulted fi"om work which has
proceeded entirely independently of the determination of all the reét of the g'ravi-
tational quantities, The mass is determined best using data from deep space
probes travelling toward and beyond the moon from which the Earth appears

more like a gravitational point mass. The higher harmonic coefficients, on the

16
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other hand, are best sensed by close earth satellites. Analyses of data from

the spacecraft at these two kinds of distances have proceeded separately up-to
now. This point and some of ii:s‘.iihpliéatic;ﬁs: are discussed in reference (29).
The objectives of the Gravimetric Geodesy Investigation also include the deter-
mination of the fundamental gravitational quantity, GM, along with the other geo-
potential parameters and the earth's mean equatorial radius at the same time.
Use will be made of accurate range data from spacecraft at seve;r'al altitudes

including some in the one to two thousand kilometer range, :sx‘cl:q;rxej at :é.ynchronous

heights, as well as others at still greét.e‘r‘ ‘disté.nce's frbfnh,th‘e earth, ;__Lunar

transfer trajectories for which USB tracking data are available are éxpected to

be of special value in this connection.
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E. Tracking Station Locations

The determination of geopotential coefficients ultimately will be achieved
simultaneoﬁsly with the detefminatioh of tracking station ﬂlocations. An extensive
program for adjustment of tracking station locations has been carried out at

Goddard (cf\."reféreﬁcesﬁ34-37).

In particular, dynamical solutions have been carriéd out to determine loca-
tions of a number of Goddard tracking stations. Some indications of the cover~
age provided by the thirty thousand observatibns employed is indicated in Tables

7 and 8 and Figure 9. Results are presented in references 36 and 37.
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Table VII

Number of Optical Observations Per Station Used in Dynamical Estimation

STATION A OBSERVATIONS STATION OBSERVATIONS
BLOSSOM POINT, MD. {1021) 650 TANANARIVE, MADAGASCAR (1043) 339
FT. MYERS, FLA, (1022) 680 UNIV. OF N.DAKOTA, N.D, (7034) 548
WOOMERA, AUSTRALIA (1024) 152 EDINBURG, TEXAS (7036) 1109
VSANTIAGO, CHILE (1028) 264 COLUMBIA, Md. (7037) 1540
MQJAVE, CAL., (1030) 932 BERMUDA (7039) 448
JOHANNESBURG, UN. OF SO, AFR. (1031) 623 SAN JUAN, P.R, {7040) 475
ST. JOHNS, NEWFOUNDLAND (1032) 179 GREENBELT, MD. (7043) | 158
E. GRAND FORKS, MINN, (1034) 542 DENVER. COLO. (7045) 573
WINKFIELD, ENGLAND (1035) 400 JUPITER, FLA, (7072) 516
" ROSMAN, N.C. (1037, 1042) 1015 SUDBURY, ONTARIO (7075) 699
ORRORAL, AUSTRALIA (1038) 482 KINGSTON, JAMAICA ('7076) 388



Table VIII

GRARR and Iaser Arcs Used in Solutions

1968 ARCS
. B _ uLAsKR | MADIGATR _ ROSRAN __WALLAS _ GDDLAS Optteal*
Tate No. of Cbs. hN?_ ?f_l?is; - Wo. of 035:__ Nol; of o of ‘l\g]}-.‘sor . a[‘

" ‘ﬂange" Rna;;gee !:Bsifszi Runge RI:‘;‘E: S:s.’sfs Range ]}f;g; g;x;s?:s B(:msg‘e Pasacs vRang‘e Passea
«uz-‘a/sg_hﬁmhzﬁl_ﬁ T 3 Tle0 aea 3 485 2 o a4
4/26-27/68 w6 8 - ns M -4 18 1 320
s/7-8/68 . 1T2 172 z tez w1 7 a8o z 172

" 5/21-22/68 12 13 z 167 166 1 492 2 351
6fe-l0/68 | 262 262 2 277 217 - 4 : 203
6/11-12/68 18z 182 3 456 456 5 ses 3 T " sz8
6/14-15/68 - 238 8L 4 C.o1 T 3 641
6/16-11/68 136 . 13¢ 2 105 14 a’ 814
&/21-22/88 2 3 269 21 4 azz 3 154
8/23-24/68 PR S 229" 228 4 T 20
9/24-25/¢8 : ) 11 11z 2 ’ 69 1 122
9/27-28/68 183 193 3 - 57 z 38 1 89
10/4-6/68 . 200 - 200 - & 105 107 2 75 1 286
10/6-rse8 ¢ b b S 5 4 ‘186 188 4 - 308
10/8-9/68 a7 &7 1 197 188 4 318 2 507
10/21-22/68 132 - 132 4 312 2 4435
Jo/E3-24/68 202 202 3 ' - 8T 2 346
TOTALS 3108 zag0 48 T . 65U 14 2376 2393 an 256 13 1247 g’ 1821
1969 ARCS .
= vl _camvor T cnmad T GODLAR e
Date * No, of Obs. Ro. q{ OBS; : No' al, No. of —
. T Ramge 1\{0. af ST Range Ne. of Obs. Na. of Cha! | Nowof Na. of
Razmge, ‘.., Passes Range 7\, o Passes Range Passes Range Passes | Db,
a/2-3/68 127 127 5 158 194 4 Toy 2 o4, ! 130
HE-6/89 124 124 3 oz 129 2 221 ] 368 4 60
3/11-12/88 98 99 3 132 ‘ez 4 190 3 108 2 a4
3/13-14/68 150 150 5 314 a7y & 199 3 g 1 285
3/17-18/69 de 196 O B T 5 214" L 234 3 171
3/29-30/69 92 o2 5 170 170 s ’ - ' 225
3/31-4/1/50 164 163 4 102 206 1 101 2z 23¢
4/3-9/89 75 73 2 167 176 4 146 2 94 3 386
4/310-11/69 " 1z TR 5 a0 143 2 321 4 3 1 248
a/r4-15/68. 183 123 3 9 12 a 271 4 230
‘4/94-25/69 - 199 199 3 150 178 3 251 2 158 1 152
5/6-6/69 163 163 4 219 280 3 216 4 544
TOTALS 1684 1888 47 2115 2414 43 2235 23 1127 16 2822
*Station coardinates hedd fixed. : CoL '
SUMMARY
GRARR Ng. of Obs.
range 9862
range rate 106133
number of passes 186
Laser
Tange 7205
number of pagses 71
Optical 11643
Total 38843
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III. THE ANALYSIS OF GEOS-C DATA

A. Satellite-to-Satellite Tracking Data

1. The Satellite—tolsatell'ite‘ Traching System

The satellite-t o—satelllte trackmg ‘experiment mvolving a geodetlc satellite
calls for the tracking of GEOS~C via ATS-F. The quant1t1es to be ohserved are
the range from a ground statmn through ATS—F to GEOS—C and the correspond—
ing range difference over a small time interval, which 1s ofl:en referred tc-- as
range rate The use of these data mvolves the analys1s of the I‘D.OthIlS of both
the GEOS—C and the ATS—F spacecraft It will be possible to make independent
measurements of the range and range rate from the ground tmcking.r station-f.to
ATS-F using the basic ATS tracking system. It is anticipated that .the‘ATS-F
spacecraft will be fitted with laser corner reﬂectors, and hence that this accurate
tracking system can also be used to obtain the range from the ground station to
ATS-F. SLmultaneous laser observations of ATS from three Wldely separated
points on the Earth's surface can, in fact, perm:t the determination; of the position
of ATS-F by entirely geometrw means. Such data together with the continuing
analysm of synchrcnous satelhte motmns being conducted as part of the Gravi-

metric Geodesy Investlgation, prov1de a basis for 1dent1fy1ng the contrlbutlons of

ATS effects to the ATS— ¥/ GEOS—C satelllte-to—satelhte trackmg data‘ reslduais.

The increase In dccurady resulting from the use of lader tracking of the
ATS-F spacecraft by means of a corner reflector array mounted on it is indicated

in Figure 10 (38). The circles denote estimates of the errors obtained if
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the tracking is done only with the ATS electronic range and range rate systei.
The values assumed for the uncertainties in terms of the noise and bias qdanti-

ties are also indicated.

The tracking of GEOS-C from ATS-F will be analogous in many ways to
the tracking of lunar skatel.lites from stations on the earth. The data from lunar
orbiters were originally anelﬁzed in conventional ways in terms of spherical
harmonic coefficients. It was realized after a time that many of the lunar

- satellite range rate trackmg data: remdual anomahee corresl;on;ied to mascons
or sgr,faice" ‘densa,ty d;strlbutions. This interpretational approach is perhaps one
L of 1:hew most str1k1ng features of recent research relatmg to g'rawtatlonal fields.
(Cf. Figure 11.) Both the traditional and the new approaches have.been used at

Goddard as is pointed out in references 39 and 40.

A eafel_lite experiencing an anomalous acceleration of about four milligals
over fifty seconds will underge a velocity change of a couple of millimeters |
per second. Increments of this order should be detectable with the aid of
satellite~to-satellite tracking equipment now being de\feioped, which will have a
resolution of about 0.35 millimeters per second. Such an acceleration could’
 correspond, for example, :to.a surface gravity anomaly of the order of ten milli-
gals. ’I‘hls pomt ig discussed by Vonbun., A typica,l case is mdlcated in Flgure 12

"‘which is presented in reference 41.
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Figure 11. Doppler residuals from Lunar Orbits of Apallo VIl on December 24, 1968.. The upper.and.
lower portlons of the figure depict residuals obtained in the nmghborhood of Sinus Aesttium during ‘the
first and seventh revalutions, respectively. The residuals are plotted vs. position along the retragrade orbit.
The positions in the two revolutions are indicated by surface tracks which are correspondingly markéd in
the central portion of the figure. The Apollo Lunar landing sites are also shown.
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Figure 12 S

The tracking of a low altitude satellite such as GEOS- C from ATS-F is
expected to yield information ahout the gravitational field wﬁich is more detailed
in terms of space resolution than thaf obtainable from the- ekiéfziﬂg séts of
satellite data. | The degree to which meaﬁ 'gmvity anomalies in adjacent squares
on th_e eal_'th' ] surface can be separated on the _pasis of satéilité-to—satellite
tracking data of the ATS/GEOS-C type is a function of the altitude of the low

satellite,

The dimensions of such a' square are roughly comparable to the altitude

of the low satellite. This problem has been studied in some detail by Schwartz (42).
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Figure 13 depicts the relationship he found between the gatellite altitude and the
size of the square in which gravity anomalies can be identified by means of
satellite-to-satellite tracking techniques. Extrapolation of this result to the
general altitude region now planned for GEOS-C, i.e., the neighborhood of 900
to 1000 kilometers, leads to an estimate of approximately six degrees for the
spatial resolution capability of the GEOS-C/ATS-F experiment.

The magnitudes of the effects are indicated in Figuve 14 for a satellite ina

700 km altitude orbit. It is presently estimated that the ATS-F/GEOS-C tracking
700
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Figure 13
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system will have an accuracy of about 0.35 mm/sec for a ten second integration
time. The corresponding resolution capability in terms of a mean anomaly ina
five~degree square for a satellite in a 700 kilometer altitude orbit is about 4.4
milligals, The implications of this for GEOS-C will be discussed further in

Section IV.

2. GEQS~C Orbit Selection Considerations

it ﬁras originally planned that the GEOS-C orbit would have an inclination
‘of about 20°. More recent thinking revolves around inclinations in the 40° to 65‘;
range. A number of the conclusions derived on the basis of analyses conducted
for the 20° case are valid also for higher inclinations. Some of these analyses,
accordingly, will be described here. The following discussion is intended to
indicate the different kinds of scientific objectives which can be met with a
particular sé'lection of a GEOS-C orbit. Most of these same tﬁoughts also apply

to inclinations in the 40° to 65° range.

It is assumed for the purpose of the case considered here that the GEOS-C
orbit will have an inclination of approximately 115°, i.e., 65° retrograde, ‘and a
mean altitqde in thg neighborhood of 200 fo 1000 kilometers, as;“}as indicated
above. The eccentricity will be taken fo be 0.005 or less, a range which will
simplify thé altimeter design. One is at Iibérty to adjust the mean altitude or
the period Within certain limits in the ati:enipt to a;zhieve as many of the scien-

tific goals as possible, The values finally selected will he governed partly by
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considerations brought.out in the following discussions.. They may be somewhat
different than those indicated here, however it is not anticipated that the prin-, .-
ciples underlying the present discussion will be fundamentally changed.

© .The spatial resolution obfainable with the satellite~to-satellite tracking.: -,
data ig an ‘experiment of the GEOS-C/ATS=F type is about 5,7 degrees, as.wag

indicated in the earlier discussions

Startmg from this po:int one can work out the followmg orhit parameters |
w‘meh wﬂl accommodate the ob]ectives of the Grawmetric Geodesy Investigation

LT

from the standpomts of the gathermg of both the satelhte to—satelhte trackmg

data and altimeter tracking data. It w111 be seen later that a nurnber of 1mportant
oceanographic ob;ectives can also be met With the orbit se]ection which is '
discussed here.

.+ An orbit-having:a 65° refrograde inclination, a mean altitude: of approxi- .
mately 1000 km and a corresponding period of about 105 minutes will .move wegt-

ward in longitude by about 26.2° each revolution. This orbit has ground track

equator crossings which Shlft to the west about 6. 3 degrees per day ’I‘he result—
1ng separation between the orbit traces, which is smaller by the faotor sin 1, is
R 7° which corresponds to the Value indicated abova. The deszred 5 7° survey

pattern is thus approximately traversed in fiﬂ:y-five revolutions of GEOS—C in

: ‘! '..'"‘.' " u-»

a bit more than four days. It mcludes a complete set of traoks crossmg the

i y . . . 3 = s e e
R : " st .‘n-’t“"' A i,.‘.*k: PR
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equator in both the ascending and descending directions, separated by about 5.7

degrees.

At the beginning of the -fifth day, the longitude of the ascending node of the
56th revolution is found to be displaced from that of the first revolution by about
a degree, i.e., about a sixth of the daily shift. (Cf. Fig. 15) This can be thought
of as the beginning of the phase in which the fine, or one~-degree, pattern is laid
down., The process continues for a total of 344 revolutions, at the end of which
the ground track repeats, i.e., it is planned that the ground tracks of the first
and the 345th revolutions will coineide. This, in fact, is the precise defining
criferion.for the orbit in the context of the chosen inclination, i.e., 65° retro~

| graae, and eccenfricity, namely, about 0.005. Thus, in something over 25 days,
such a GEOS-C orbit will provide for an altimeter survey with orbits separatea
by slightly less than a degree. Since the alfimeter cannot operate continuously;
due to power limitations, an actual survey of this type would take much longer,

on the order of a year, in fact. (43)

| Clearly other strategies are Ilaoss.ible, e.g.; by selecting patterns which
would gis}e sp‘acings of ahout 3°, 1.5°, .‘ etc. The example sketchet':l here ';wil'l suf-
fice for the pu.rposes of the present .discussmns, however. Resonances may he
assocmfed Wlth seme of these chelces. A prelumnary look at this ponﬁ: mdi..ates

that thege will not be unduly severe, however. The degree to which such a spe-

cific fine resolution can he realized depends upon the launch vehicle capabilities.
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3. Satellite~to-Satellite Tracking Data Requirements

a. Gravimefric Geodesy Analyses

'~ Thig inférmation about the orbit furnishes the basis for estimating
the data taking requirements, ' The 6.3 degree separation at the equator implies

tha_t_ some 57 passes will be trackable from ATS while it is in a fixed position.

* Half of thesé éorrespond to-ascending nodes, half to descending nodes. Each
pass ‘will'be about'58 mimites long, “Hence, a total of some'56 hours of satellite~
to-satellite tracking will complete thisl‘ six-degree survey. Redundant informa=
tion will be obtained near the maximum latitudes since the tracks are less than
6 degrees apart. In an initial experiment, however, it is prok;;.l;)ly ﬁse, e\;en S0,
to plan on contmuous satelhte to—sate]llte trackmg whlch shou.ld aid conmderably

in the interpretation of the data. =~
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ATS-F will be at 94° W longitude at first, and then at 35° E longitude. Thus
some 112 hours in all will be required to comﬁlete tﬁe Satellite-to—satellite
tracking surveys in these two regioﬁs. Again,. so;n; .II'ecliﬁn-dant information will
be obtained, since the coverage regions around 94°W and 35°E overlap some-

what. This will provide a valuable opportunity for checks and comparisons.

Some satellite-to-satellite tracking will also be done while ATS-F is en-
route between these 2 locations, This will, again, permit correlative studies
which will strengthen the overall results. Perhaps another 50 hours or so could

be devoted to this phase of the activity.

b. Orbit Determination Studies

The satellite-to-satellite orbit determination experiment can in-

volve data taking patterns such as thosel indicated in Figures 16 and 17. .

These data seguences couid presumably be‘ abSﬁacted frofn ihbée -indi‘é'élted" '
above for the scientific investigations. Accordingly, they would not necessarily
involye the additional use of the GEOS-C/ATS-T satellite-to-satellite tracking .

resources,

' B. Aitimetef Data '

1. Infrddﬁ'ctiorll
It was pointed out above that the altimeter will be usefal for both | S
gravimetric and oceanographic investigations and that, to'a certainextent, these

studies may be inter-twined,
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Revolution: 1 2 3 4 5 &7 89 10 11 12 .13 .14 15

"—" = One GEOS-C/ATS-F Satellite-to-Satellite Tracking Pass Spanning Half A
Revolution, ‘

Figure 16. Satellite-to-Satellite Tracking Data for Orbit Determination Analyses

ioa

"o '= A DNE-MINUTE GEOS-C/ATS-F SATELLITE TO-SATELLIYE ~
TRACKING PASS. THACKING PATTERNS SUCH AS THE FOLLOWING
WOULD BE OF INTEREST: BD, BCD, ACE, & ABCDE.

Fig'ure 17.‘ |
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For example, the portion of the gravimetric geodesy investigation which is
conducted with the aid of the altimeter will make use of the available knowledge
of all of the factors which affect ocean height representation. These include, in
addition to the gravitational field, the following oceanographic effects:

1. Tides

2. The CGeneral Circulation
3. Currents

4, Sea State

5. Storm Surges

6. Tsunamis

The following discussion is concerned partly with the representation of
these oceanographic effects using available information. It is anticipated that
each effect represented will also be investigated with the aid of the altimeter
data. Thus the above list of oceanographic topies is both a list of effects to be
represented, in connection with the gravimetric geodesy investigation, and a list
of investigations to be conducted with the altimeter data. These Avarious investi-
gations are thus inter-related. In principle, with enough data, it should be pos-
sible to separate the gravitational effects, whi_ch are nearly invariant over the
lifetime of the experiment, from the oceanographic ones, which vary with time
in one way or another. In practice, however, it may be some time before enough
data are available to make itlfeg.sible to effect such a sepa}‘ation without studying

the data with both gravimetric and oceanographic thoughts in mind. In other
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B words, it may be advisable that the gravimetric and oceanographic analyses be
viewed as coordinated or joint undertakings in some sense. ‘The - observational
as well as the analytical aspects of the gravimetric.and oceanographic investiga~
tions may also be approached jointly.  The-concept of a team of investigators
considering both the graviinetric and oceanographic-aspects of the. problem may

be appropriate here.

This discussion is aimed primarily at the gravimetric inﬁésﬁgﬁﬁéﬁ and ithe
representation of those oceanographic effects which are neceséary m order to
conduct the gravimetric investigation properly.. Poﬁions .of' the discussion that
seemed fo be especially likely to involve the posgsibility of joint plaiﬁning .such
as those concerned with the observational programs, for example, do include

suggestive thoughts relating to certain aspects of possible oceanographic

investigations.

aoa
¥

2. Ocean Surface Altitude and Satel_lite Position Represlentation
Thg representation of ocean surface altitudes and satellite positions
will be considered in terms of the theoretical formulation, the organization of
the caleulations, and the specification of physical features associated with the

gravitational and oceanographic aspects of the‘éaith.

a. Theoretical Formulation

The theoretical formulation of the problem can be ¢considered

conveniently with the aid of the following definitions and relatiozis:
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r (t) = spacecraft position vector
i {t) = vector normal to reference ellipsoid extending from reference

ellipsoid to spacecraft

h, = height of geoid above ellipsoid of reference
h5 = height of sea surface above geoid

R (t) =)~ h, O

h(t) =h, hi(t)

h(t) =h b} (t)

nt) =h,t) - bk t) - bt

h(t) = b))

Functional dependences can be indicated further as follows, where the

symbols have the meanings specified.

r(t)y=rcit, e GM, C ., S
Cpthy @Mt o, B
@, €, T, T VY,

p.m., UT1, Te},

e

where

e, = {a, e, i, f, w,my),
or o
o YLy Yo
GM GM = product of gravitational constant and mass of earth,

Com® Sop = co_sjne and sine coefficients of sph_erical harmonic potential

terms.
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o(B) 91 At 8], BL) = atmospheric  density as a functioh of:

h: height SRR CERE
g: latitude
R I R AL Tt I L AT I R TR
A: longitude .
roocpe e 9 T N N e R T A I SN L R fot B g srage -
t: time
O . . a3 AR SERIR T B R T L
o, solar activity ’
- AR - oo ' TR L 1 (R
B, magnetic activity
and where = | ‘ o
Ce R . B B . 3

o: solar gravitational field ) o L Y

c: lunar gravitational field

Aen by Dl Ul Crone g
o: radiation pressure
i precession ' :
v mutation 2
p.m.: polar motion SERL SAIMENE TUNFAR S .
y L . : o . \1 T R s P ,
UT1: earth's rotational position = Syre
: ’ P ST R i :);I“? | LT - ~
T,: éarth tides et o
Toipd _._ba ; -}?vg {Cnm’ nmt’ ,g(,?u i N 3 e
CaR T : R PR i LEE 3 Hiiin e Feopaiiiin
. N ,-Lk! g(qu‘q\ U_?Q}_‘, SIS, EV:.“{J‘ sroariincg Tty o o IR

where the

g(tp“ ) denote gravitational anomalies specified-in' terms of latitudé and
longitude regibn“si“‘the i, ‘denote gravitational anGmalies specified if teriis of &«
mascon parametérs; and the g( ¥ o Niy)denote gravitationalianomalies specified

.
A
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gither directly or in terms of equivalent geoid heights at a number of latitude

and longitude points.

Values at intermediate points are found by interpolation. The interval size
will be specified as an integral muitiple of a hundredth of a degreé. The interval
size may vary up to ten times over the range, and the interval patterns for
iatitude and longitude will be specified separately. Similar remarks apply to
the specification of the order of interpolation. It is estimated that up to ten sets
of the type g(v_ s A ) containing a total of 10° functional values might be needed
initially, and that each of these storage parameters might be an order of magnitude

iarger for more advanced studies.

The caleulation of geoid height quantities, which are based on gravitational
field expressions, could be implemented in more than one way. It could be done,
for example, by evaluating these expressions at each point of interest. It could,
alternatively, be done by evaluating these expressions atl?a specified set of times,

e.g., at the times corresponding to those employed in the numerical integration

processes, and by employing numerical procedures to calculate the geoid height
quantities at the points of interest. The method could be optimized keeping in

mind numerical analysis and computational efficiency considerations.

;... One or more specified sets of the quantities g, ( Pt ?&pq.), e.g. those associated
with features such as trenches, say, would be multiplied by factors, lgm, respec- .

tivelys which would initially have the value unity, but would be solved for as un-
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known parameters. Ten to a hundred such quantifies could be of interest. Thus,

e.g.,
h =h {Cnm, S B(®0 Mo Juk} Z Ky By (Ppqr Popg )
hs = hs {Te’ TU’ hU (q)pq’ }\PQ )}'

where T, denotes ocean tides and the h o{¥py ) denote he1ghts above the geoid
of oceano;nnp-luc- and nleteorologwal featurelo ouoh as currents tsunamls and
wind z;nd preo;uro filelds, Specified at a nnml)e;r of latitude ancl longitude points.
Tho.”ronlarlcé‘,-obont'lntox:nolal;ion,r;intor.xlals., la:rrays;. and unknoiar:ns:,' k , mnde in-
connectlon Wlththe functlons g( Lp L ), eto o apply in analogous fééhlbﬁ to the
funct1onsh0( opq,‘;-)\;; ),uetc:. Othen}lunctlons maf also be used to neoresent
oceanographic and meteorological phenomena. R (t) =R (t. R, f); where R,
detotes the méan dquatorial radius, and f dendtes the flattening.

The quantltles T, h h , and R w111 in general be funct1ons of unknown
parameters which can be identified or associated with the 1ndlcated "-a:rgfunientsz.
kThese unknowns, and any others invqlvod,- w111 .be de_note(__:l he_re _,glnnply lg_y X,
The partial differential ‘%9ef-,f%91%¥1*8t¢#9ﬁ% found it the aid of methods and
expressions employed in systems such as the GTDS, the Goddard General Orbit
Determination System, Geostar, etc. That which igu,opitalnalailo 1nvoll(o§, thg use
of numerical differentiation, numerical integration, or analytic theory, as
éppropriate.
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3 . %Bo o B 7
¥x, ox, = 9x. — ox %,
1 1 1
Here, for example,
Sh

€ .

ok gm((ppq’ qu)’

form=1,2,...,n1n

h/ ox, can be derived, for example, numerically by differenc-ing.over‘a
suitable time interval, e.g., one which corresponds to the measurer'n:ent 'interval.
The determination of the time to be associated with the defived guantity can bé |
made by an appropriate method. Alternatively, such a measure méy be régafded

directly as a height difference over a finite time interval and treated accordingly.

b. The Organization of the Calculations

-The organization of the partial derivative calculations is indicated
in Figure 18 and Table IX. 'The notation of Figure 18 corresponds to that em-

ployed in reference 33.

C. The Specification of Physical Features T T

Analysis of the altimeter data involves the representation of the gravita-
tional field and of the types of oceanographic effécts which were listed above in -

the introduction to this sectioti.
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Table IX

r B, h, by
aeilwM, v
GM v
c_8_ v v
oo v
o ¢ v
Y v/
PM UT1 v
Tides v v
Anomalies v
Regions 4 v
Mascons v v
Features v ,\/
Trenches v v
Ref. /
Currents v
Storm Surges 4
Tsunamis v
Winds v
Pressures v
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It will be assumed for the purposes of this portion of the discussion that the
GEOS- C altimeter will be Eca.pable of ingtrumental resclution at the. 2 meter level

in one mode and at the 0.5 meterlevel in a second mode. ... =~ . . -

i. The Geoid
The broad features of the geoid are given by satellite analysis.
The best representation currently available.is the one presented by SAO seen in

Figure 19... - - . -. o R L O B

Detailed studies of the geoid in certaiﬁ i-egions have been céndﬁctéd by a
number of investigators including Von Arx, Taiwéﬁi, Uotiié; Rapp, Strarigé,
.Vincent, ‘Berry, and Marsh.. (44-48.) An indication of the availability of results

in several regions of interest off the East and Gulf Coasts of the United States. is

" 400

o

-40* =

-60*F

0] L

1

1

90 =
-1B0* -t60° -140Q° -120° -100° -B0* -6Q* -40° -20" 0° +20° +40° +60° +BQ" +00* H20° +40° HEO" +H8Q*

4

Figure 19. Geoid heightsf'in meters of the new combination solution corresponding
to a reference ellipsoid of flattening f = 1/298.255."
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presented in Figure 20. An example of such a detailed geoid, and a satellite.
geoid for the same region, are seen in Figures 21 and 22. (49, 18.) Itis
understood that further detailed geoidal results will be forthcoming in the

relatively near future (50).

i, Tides
The departure of the ocean surface from the geoid can be thought
of in terms of tidal phenomena and the features of the general circulation, in-
cluding current patterns and more variable features associated with currents

such as the meanders of the Gulf Stream.

Tidal phenomena have been studied by Hendershott, Munk and Zetler (51, 52).
Hendershott and Munk describe a model involving a number of amphidromic
points which can be obtained by solving the Laplace Tidal Equations (LTE) in
the case where coasfal values are given. (Cf. Figure 23). Cotidal lines for the
Atlantic Ocean are given in more detail in Figure 24 which is due to Hansen (53).

The basic Laplace tidal equations are given by:

2u , -g  3(l-D
= (20 sin &) v T cos )

dy ; -g 3(1-0)
— 4+ (200 —=
3t+(2 sin &) u " =7

EZ,__I_ 1 J(ud) ' 3(vD cos G))_
9t acos @ \ 9¢ 36 N

46



L

20°)

[ ] Interpolared
Canagda 2°x1°

S

~ n 28
o O NABA-GSFC-TBHODS . !
TMISSION & TRAJECTORY ANALYSIS DIVISION T 20° |.
_ BRANCH 582 DATE  4/6/71 , - Ny
F BY +.G.MARSH. ~PLOT Wo. . 4009 - -
Lad -__.:li,_ .l‘nr.ll.{;&‘.ll;_il L1 WIS WS N .
e 125° 0" i e Iy 1997 95° 30° as°® a0” 75 n° 65° 60° 58° 50°

Figure 20. Area of Surface Gravity Coverage




8%

\ N DAY \l*l L EELE .K
R TR Sl N .
200 O ~7
RN R NP
) i ‘\\ \ LT T
AW Y ¥ Tt -
- . N T \‘\'\}\ ‘&\\\.‘;\ A S
y ! e ERNEER SR
NORTH AMERICA X \ NN
ATLANTIC : n BANEN
A OETAILED GRAVIMETRIC GEQID . - N N .\‘\"\ N ‘:\‘\'
S 1?§-—'v¢~'*-;:£*¢\-,,\} AN EUTRRATAN
- \.:\\‘\\:\?; e R A Lo W
—\“-.&‘ ‘\h ) - : "_ . f/; ' \\I ~‘k . 1
- Wb 7 0
ey, o : - RN N

Figure 21. Detailed Gravimetric Geoid



6¥%

%
1y

SRR ." /

NORTH AMERICA '} \
ATLANTIC !

ALY
!
N

SATEIUTE GEQID ) .

esrua mrchon e 4

F_igu re 22



Figure 23

They have been studied in a mumber of simplified forms.

Hendershott's recent research has extended them to include effects of solid

earth tides which he found to be significant (54).
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Figure 24. Theoreﬂcui 'ncles of Aflunﬂc Ocean
Full lines: co-tidal lines, referred to moon-tran-
sition through meridian of Grw., dashed lines: co- -
range.lines of the semi- dlurnal tide M ‘it m(ac-
cording to Hansen). ' :

iii. The General Circulation of the QOceans

Problems ‘associaf:qd'v?ith the general circulation have been dis-

'
H

cussed by H. Stommel, K. Bryan and Hahsiéh._ (Cf. ;éféréii_ces 55 and 56.)

A model for the world-wide general circulation has been presented by
Stommel. It appears in Figure 25. More detailed studies of particular regions

such as the North Atlantic are being conducted by Bryan and Hansen (56)}.
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Figure 25. Dynamic Topography of the Seo Surface relative to the 1000-Decibar Surface.




iv. Currents
The general circulation emﬁrecee a number of major current
systems including the Gulf Stream, the Kuroshio Current-near Japan, and the

Antarctic circumpolar current.

The Guif Stream is of special interest here for several reasons ;pc_luding

the fact that it Meandere.

e The Gulf Stream Meanders

: Coﬁsidei‘abl‘e effort has been devoted to the study of the me-
anders of the Gulf fStream. This research is discussed by Hansen (57). : The
Gulf Stream proper can be thought of as a Kelvin Wa’ve;* Departures frqﬁ this

model are also of interest here.

In the study described by Hansen, the position of the Gulf Stream between
Cape Hat‘beras and apprommately 60° west longitude was observed at 1ntervals
ranglng from a few days to a month. The 15° 1sotherm was chosee as an index
of the main thermal front at a depth of 200 meters, and henCe as ‘an 1nﬁ1cet10n of

the Gulf Stream pos1t1on (57).

' Wavelike_fee;:ﬁree having wavelengths of 200-:40‘0 km 'We}?e ebserved. Hansen
shows tﬂen}';in Figu_re 26, 'i‘he evolution pf the meande,rs m jterms of phase pro-
gression is in&ieafed ;in.nFigufe 27. 1t is seen tﬁel;'e thef the meanders::i_)rogress
at a rate of the order of a mean wavelength, taken to be 300 km, each couple of

months, This corresponds to about 5 km/day.
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Altitude variations across much of the Gulf Stream due to the geostrophic

effect are of the order of a meter.

Some information about its position will be available from sources other

than GEOS-C.

An inclination of a little over 40° would permit the studying of the Gulf
Stream meanders. and also of other western boundary currents such as the
Kuroshio current near Japan. An inclination in the neighborhood of 65° would
also make it possible to study the antarctic circumpolar current which is of
interest for more than one reason., It is the only continuous current which
corresponds to a closed circuit or curve on the globe. It is also the strongest
current being equivalent in terms of mass flux to five or six Gulf Streams. The
65° orbit would also provide good geometry for viewing the Gulf Stream. This

point is discussed in Section 1L, 4, C.

v. Sea State
It is eﬁ;pected that the problem of interpreting the range measures
in the presence of sea state effects will be attacked by an approach such as the

one offered by Pierson aﬁd his colleagues {58).

vi. Storm Surges

Storm surges, such as those associated with hurricanes, for
example, can have amplitudes of up to a couple of meters and wavelengths of

some fifty kilometers.
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Phenomena such as storm surges will be represented and/or observed

when and where they occur, to the. extent that this is practicable.

vii. ':l‘sunar‘n_iét
Tsunamis are fhougy}t to have amphtu.des of nearly half a meter
and wavelengths of perhapﬁithree hundred kilomete;is. Detailed theoretical
representation <§3f a tsuna”m? im}olves the ggprgsgptatjgn Of,- the ocean bottom
topography and fcomplex ra_y—tracing calcq}a!;iopsl to ap th the a:dvance of the
expanding wave.; The occurrence of a tsuz}arr_li in a region and at a time when it
might be obser&%ed by GEOS-C iwoql_q l;:)er_ a ;xfel_raigively rare v(_avgn_t. It could, how-

ever, be modeléd and studied 1n this way.

8. The Calibration of the Altimeter

.. 4. Short-Arc Tracking of GEOS-C in the Caribbean Area

The conglderation of short-arc and long-arc tracking error budgets

. Too
AL R

can begin with a look at the overall error problem. A typical error hreakdown
for the GEOS-C altimeter is indicated in Table X (59). Quantities associated
with Boto¥s Gtiir Hian The ‘orbit errors have an tms valud of approdinately 3

meteré. This léaves 4 metérs or :so: wh'iéh"béh be asmgnedto the calibration
process if the 5 meter rms overall accuracy goal is to be met. Allowing 1 or 2

metors for uncertainties associated with the géoid means that the wicertainties”

agsociated with the orbit determination process should contribute no more than

Ve e T .

about 3.5 meters,

oy cie et
SRR
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Table X

GEOS-C Mission Altimeter Evaluation

Satellite Altimeter System Error

Measurement Error Source (m)

Altimeter Instrumentati