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PREFACE

GENERAL: This publication is one of a series of reports on achieve-
ments related to the rields of mapping, charting, and geodesy, and
1 their related arts and sciences. FEach report is written by a Defense
1 Mapping Agency Aerospace Center technician qualified by training and
exgerience to contribute knowledge and technology to the selected
subject.

PURPOSE: To contribute technical information to the field of geodesy
by describing the results of a study that employs a novel technique
to define a global terrestrial gravity model from available observed
data.

‘ DISCLAIMER: This report represents the research and experimentation
of the author and does not necessarily reflect the official sanction
of the Defense Mapping Agency Aerospace Center.

REPRODUCTION: This publication does not contain copyrighted material,
nor is a copyright pending. Reproduction in whole or in part is per-
mitted for any purpose of the United States Government.

DISTRIBUTION: General public release by the National Technical
Information Service, U.S. Department of Commerce, Springfield, Virginia
22151, is approved. Qualified requestors may obtain copies from

the Defense Documentation Center.
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ABSTRACT

A new way to estimate a composite earth gravity model,
representing 5% x 5%“equal area gravity anomalies, by
harmonic coefficients of the earth's gravity potential is
demonstrated. This earth gravity model represents a pure
terrestrial gravitaticnal potential, developed by conven-
tional mathematical foimulas. The observational data used
in the development was restricted to mean gravity anomalies
derived from surface gravity measurements. The mean gravity
anomalies representing the unsurveyed sectors adjacent to
surveyed sectors are allowed to take on values which are
determined from a previously derived potential function that
was developed from all previously established anomaly values
and from zero anomaly values for all unestablished sectors.
As each new potential function is developed from the already
established sector means, that function is used to compute
and fix the mean anomaly values for the next step of unsur-
veyed adjacent sectors. Thus, by successively fixing the
means of the adjacent sectors and by always holding to the
originally observed sector values, a full set of fixed means
and a final potential function can be developed.
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I.  INTRODUCTION

This paper presents a procedure for developing a spherical harmonic
function to represent the earth's gravitational potential. The obser-
vational data used in the development was restricted to gravity anomalies
derived from surface gravity measurements. The function was developed
to degree 36 and order 36. Five degree by five degree equal area
free-air gravity anomalies were used in the development of the coefficients.

The function has been named HARMOGRAV.

II. DETERMINATION OF 5° » 5° EQUAL AREA SECTORS
The earth is assumed to have a surface area of 510,070,290 km? [1].
Dividing the earth into 1660 equal areas, & 5° x 5° square at the equator

has a surface area of 307,350 km2. The equal area subdivision of the

earth is shown in Table 1, and in Figures 1 and 2. The centroid positions

of the squares were computed in accordance with square surfaces.

III. CONVERSION OF GRAVITY ANOMALIES FROM INTERNATIONAL FORMULA - POTSDAM
SYSTEM TO GEODETIC REFERkNCE SYSTEM 1967 (GRS 67) [2]
It was decided that BARMOGRAV would be referred to the GRS 67 Gravity
Formula - absolute system, but all mean free-air gravity anomalies available
at the start of the development were referred to the International Gravity ~
Formula - Potsdam System. To perform the conversion from the Potsdam
system to an absolute system, it was necessary to determine an absolute
gravity formula for the International El1lipsoid. The adopted correction
to gravity at the equator in the Potsdam system was -14 mgals. Adding
this correction, the gravity at the equator for the International Gravity

Formula is:




& - ¥

Table 1

F
F
‘;

Division of the Earth's Surface
Into Equal Area 5° x 5° Sectors

N NSQ Sector
i Latitude —{Longitude | Number of | Identification's
Band |_Maximum| Minimum | Centroid Width Sectors Number
In Degrees North [South | North South
1 90.0 85.1488 |86.5702 [120.0 3 3 1-3 1658-1660
2 85.1488| 79.8903 | 82.0737 36.0 10 10 4-13 1648-1657
3 79.8903| 74.8743 |77.1398 22.5 16 | 16 14-29 | 1632-1647
4 74.8743| 70.0933 |[72.3269 17.1428 21 21 30-50 | 1611-1631
! 5 |.70.0933| 65.0598 |67.4435 12.8572 28 28 51-78 | 1583-1610
6 65.0596 | 60.0008 ! 62.4237 10.5883 34 34 | 79-112 | 1549-1582
7 60.0008 | 55.0129 |57.4424 | 9.2308 39 39 |113-151 |1510-1548
8 55.0129 | 50.0388 |52.4562 : 8.1819 44 44 1152-195 | 1466-1509
9 50.0388 | 45.0407 |47.4809 f 7.3469 49 49 196-244 | 1417-1465
10 45.0407 | 39.9901 {42.465] : 6.6667 54 54 |245-298 | 1363-1416
1 39.9901 | 35.0306 |37.4698 ' 6.3159 57 57 1299-355 | 1306-1362
12 35.0306 | 30.0314 {32.4969 ' 5.9017 61 61 356-416 |1245-130%
13 30.0314 | 24.9631 |27.4687 5.5385 65 65 1417-481 |[1180-1244
14 24.9631 | 20.0180 |22.4689 5.4547 66 66 1482-547 11114-1179
15 20.0180 § 15.0055 |17.4949 ; 5.2175 69 69 |548-616 |1045-1113
16 15.0055 | 10.0350 }12.5086 5.1428 70 70 :617-686 | 975-1044 :
17 10.0350 | 4.9987 7.5097 5.0 72 72 1687-758 | 903-974 i
18 4.9987 1 0.0 2.4970 | 5.0 72 72 | 759-830 | 831-902 é
) 1660 |
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The gravity formula parameters : and . were determined using the

well known formulas of Clairaut [3]

v = 5/2c - f - 17/14 cf

-5/8fc + 1/8 f*

™
i

where
c = m2a
Ye
w = earth's angular velocity
a = semimajor axis of the ellipsoid

f = flattening of the ellipsoid
Then

J.00528851

ko
n

-0.00000587
The absolute gravity formula for the International Ellipsoid is, therefore
y = 978.035(1 + 0.00528851 sin2¢ -0.00000587 sin224) cm sec?

The following parameters are related to this formula

GM = 3.986273 x 10'" m3 sec™?
- _ -6

Cho = -488.3796 x 10
T, = 0.782267 x 10°°

40

- _i e e

e




A correction graph for converting gravity anomalies from the International

Gravity Formula - absolute system to the GRS 67 Gravity Formula is shown

in Figure 3.

IV. INPUT DATA
Gravity anomalies for this project were obtained from the DMAAC
tape file of 1° x 1° mean free-air anomalies dated Nov 1372. Only those
mean anomalies bearing the following code denctations were selected.
0 (Simple average from observation);
3 (Bouguer anomaly map estimates);
4 (Free-air anomaly map estimates);
A (Average of smaller size squares);
B (Modified simple average free-air);
M (Modified average free-air).
The accepted 1° x 1° mean free-air anomalies were weighted using the

formula

LAg X €OS3
ZCOS¢

to form equal area 5° x 5° mean free-air gravity anomalies. Over all th2
world, 1337 of the equal area sectors had observed gravity anomalies while

323 were void. Mean values for 225 sectors were rejected because they did

not contain a sufficient number of 1° x 1° values possibie within the sector.

Section V discusses the means used for the void and rejected sectors.

The geometric and gravimetric parameters of the GRS 67. as given below,

were used throughout the computations [2].
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a = 6378160m
b = 6356774.516m
f = 1/298.24717

3.98603 x 101"*m3sec™

o
=
i

1082.7 x 1076

(<)
N
il

y = 978.0318 (1 + 0.0053024sin’: - 0.0000059sin?2¢) gal

V.  THE FUNDAMENTAL ASSUMPTION

‘ It is necessary to accept a hypothetical solution for the gravity
anomalies which represent the sectors without values. The resulting
function will depend on the hypothesis which is utilized in this paper.
The mean gravity anomalies representing the unsurveyed sectors adjacent to
surveyed sectors are allowed to take on values which are determined from
a previously derived potential function that was developed from all

previously established anomaly values and from zero anomaly values for all

unestablished sectors. As each new potential function is developed from
the already established sector means, that function is used to compute

and fix the mean anomaly values for the next step of unsurveyed adjacent
sectors. Thus, by successively fixing the means of the adjacent sectors
and by always holding to the originally observed sector values, a full set
of fixed means and a final potential function can be developed. The

final function will reproduce the original mean anomalies with minimum !

distortion.

‘ - .
S - o e T .
T LI A YO TTY T Y g I A Y I S
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VI. PROCEDURE

The gravity values in this project were referred to the GRS 67 Gravity
Formula. ATl 1112 sector mean free-air gravity anomalies were converted
from the International Potsdam system to the GRS 67 absolute system.
These mean free-air gravity anomalies were then expanded into spherical
harmonic coefficients to degree and order 36. Starting with the 1112
sector gravity anomalies with non zero values and the remaining 548 sectors
with unknown values, which were assumed to be zero, the conventional

harmonics were computed as follows:

1660
- 2ntl .
Ao 1660 kZ] "9 Pro (sine)
B = 0

A
nm 1660
= 2(2n+1) (n-m)! : cosma
B 660 (ﬁiﬁ%T [ 89 P (sing) k

nm k=1 sinmxk
[

The potential coefficients, C and S, were computed from the formula




and the normalized coefficients were computed as follows:

Enm Cnm )t
Enm - Snm X (n+m)!
ﬁnm Anm (n-m)! (2n41)=
Bam Ban
where
8 = 1ifm=0
$ = 21ifm#0

The determined set of coefficients was then used to compute a new set

of gravity anomalies using the formulation
" a
Z (;) (Anmcosmx + Bnms1nmx) an(swn¢) .

The next step in developing the harmonic model was the recomputation of a
new set of harmonic coefficients using a new set of gravity anomalies which
consisted of the original 1112 sectors with the originally observed mean
free-air gravity anomalies, 68 sectors whose original zero values were
replaced with the values obtained using the first set of coefficients

(these sectors were between or adjacent to the observed or computed values),
and 480 sectors with zero values. The new set of harmonic coefficients
(36,36) were then used to establish a new of set of 1660 sector gravity
anomaly values. Values from this set were then used to replace the zero
values only for those sectors adjacent to the previously observed or adopted
values. This process of slowly replacing the zero values was continued
thru 12 more iterations. The final set of 1660 5° x 5° equal area

mean free-air gravity anomalies is shown in Appendix A.

10

Ry
. e
TR Rl e 3]
"y . _ Soantt Lo 0 et las

e o Y




e

VII. RESULTS

o ST R T e - e T e T

The standard deviation between the mean free-air gravity anomalies of

the final gravity model and the original set of input gravity data is 2.63
mgals.

, 1
¢ = [(new - 01d)?/1659]7%

The GCZO coefficient computed from the final set of gravity anomalies is

j ‘ 0.1608 x 10" 7, and the computed dynamical form factor of the earth is

GRS 67 adopted value Jo 0.001082700 [2]

i

correction -8C -0.000000016

20

This gravity model value J2 0.001082684

This result is in good agreement with the GRS 67 adopted value and
represents a flattening of 1/298.2493 (See Appendix B).

The final set of harmonic coefficients {36,36) given in Appendix C

was used to compute geoid heights worldwide (Figure_4). The geoid is
referred to an ellipsoidal flattening of 1/298.2493 with contours at
10 meter intervals. A geoid-map covering the United States and Central
Europe was constructed from the same set of harmonic coefficients with

a one meter contour interval (Figures 5 & 6). A1l geoid heights were

computed using the formulation

(Anmcosmx + Bnms1nmx) an(s1n¢)

N=2Rf

m=0

The Degree Variances for HARMOGRAV are given in Appendix D.
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GEOID MAP OF CENTRAL EUROPE

( CONTOUR INTERVAL = 1 METER
| COMPUTED FROM THE HARMOGRAV GRAVITY MODEL
FIGURE 6
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VIII. CONCLUSIONS

This study demonstrates a new way to estimate a composite earth
gravity model, representing 5° x 5° equal area gravity anomalies, by
harmonic coefficients of the earth's gravity potential. This earth
gravity model represents a pure terrestrial gravitational potential,
developed by conventional mathematical formulas. It is understandable
that this model is not final; however, noc model can be final as long as
the required observational data remains incomplete. As more data becomes
available, the method outlined above, can be used to develop improved
models.

In this study, it was decided that different weights should
not be given to the starting values for the sector anomalies, since there
was no apparent reason to do so. An equal weight system was used based
on the requirement that every input 5° x 5° sector cnomaly values shall

be computed from a minimum of 20 per cent of the possible maximum number

of 1° x 1° values distributed within the sectors.




REFERENCES

—
—t

Jordan, W., and 0. Eggert; Handbuch der Vermessung Kunde; Vol. 3,
pp. 274-277; Stutgart; 1948.

2. International Association of Geodesy; Geodetic Reference System
! 1967; Special Publication No. 3; Aug 1971.

3. Heiskanen, W. A., and F. A. Vening Meinesz; The Earth and Its
Gravity Field;

4. Heiskanen, W. A., and H. Moritz; Physical Geodesy; W. H. Freeman
and Company; San Francisco, California; 1967.

5. Zongolovich, I. D.; Outer Gravitational Field of the Earth and
Related Fundamental Constants; Transaction of the Institute of
Theoretical Astronomy No. 2; Moscow; 1952.

bhiviapiptibahalel

16




HARMOGRAV

Appendix A

Mean Free-Air Gravity Anomalies
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HARMOGRAY

Appendix B

Geometric and Physical Constants

Related to HARMOGRAV
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HARMOGRAY

Appendix C

HARMOGRAV Geopotential Coefficients

36 Degree 36 Order




! TABLE C-1
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree
and Normalized and Normalized
Order Geopotential Coefficients Order GCeopotential Coefficients
nom nm snm n.m Cnm Snm
‘ 2 0 7.1920-009 8§ O 3.4016-008

2 1 3.8714-010 -1.6143-008 8 1 -1.3414-007 1.3866-007
2 2 4.1636-006 -1.4744-006 8 2 2.3061-008 1.1521-007
3 0 2.8415-007 8 3 2.4980-008 1.0133-008
3 1 1.5287-006 -3.7002-007 8 4 -5.3437-003 1.5605-008
3 2 9.2610-007 -3.9012-007 8 5 -9.2533-008 1.4492-007
3 3 9.0414-007 1.7579-006 8 6 4.9123-009 1.2694-007
4 0 1.6526-009 8 7 -1.7269-008 1.2205-007
4 1 -1.5023-007 -2.6514-007 8 8 ~-2.4501-007 1.2567-007
4 2 3.6068-007 4.4729-007 9 0 1.1429-007
4 3 9.9917-007 -1.9502~-007 9 1 5.1022-008 -1.0490-008
4 4 -1.4010-007 2.8979-007 9 2 4. 3309-008 ~6.4226-00N9
5 0 2.0596-008 9 3 -1.9064-007 -6.6314-008
5 1 -3.4556-007 -2.3069-007 9 4 -~2.0907-008 -8.2533-008
5 2 6.3123-007 -2.1000-007 9 5 -1.3660-007 1.8452-008
5 3 -3.9246-007 -2.8620-008 9 6 5.2235-008 1. 4852-007
S 4 -1.4847-007 1.5858-007 9 7 -5.1761-008 4.3997-008
5 5 2.0088-007 -5.3066-007 9 8 2.4294-007 5.0860-1008
6 O -7.1803-008 9 9 2.1597-008 6.1243-008
6 1 1.9946-007 -4.6910-009 10 O 2.6942-008
6 2 3.4999-007 ~1.2167-007 10 1 4.7869-008 -3.7387-008
6 3 -1.2607-007 -8.1337-008 10 2 -1.1029-007 -1.0227-007
6 4 -1.3582-007 -4,5262-007 10 3 ~9,0147-00N8 -1.9897-007
6 5 -4.3390-007 -6.3805-007 10 4 -5.6412-008 ~7.4054-008
6 6 7.9459-008 -2.1712-007 10 5 4.2268-008 ~-8.7467-009
7 0 1.8260-007 10 6 -6.1336-008 -1.1662-007
7 1 2.6126-007 1.1136-007 10 7 1.2574-007 -3.3921-009

i 7 2 3.0426-007 2.5159-007 10 8 -7.5927-n09 -1.2414-007
7 3 1.3427-007 -2.13552-007 10 9 7.4967-008 -7.9619-008
7 4 ~2.7472~-007 -1.6816-007 10 10 8.5392-008 -1.3874-008
7 5 4.9288-008 8.5824-008 11 O -5.5152-008
7 6 -3.7947-007 1.5606-007 11 1 -7.5166-009 9.0523-n09
7 7 6.3297-008 -6.5358-008 11 2 ~-7.2434-008 -1.5291-907

* Represents 6 Values

.
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TABLE C-1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

' Degree Degree

. and Normalized and Normalized

| Order Geopotential Coefficients Order Geopotential Coefficients

; n = nm nm nom Cnm snm
11 3 9.5592-008 -1.3298-007 14 0 -2.1068-009 .
11 4 -7.8768-008 -1.3506-007 14 1l -4.2580-008 5.N677-n09
11 5 1.0825-008 -1.9851-009 14 2 -6.8550-008 4,1682-nNN9

: 11 -7.7134-008 -1.8640-008 14 3 2.1343-008 1.8188-008

! 11 ) 1.0356-007 -9.3104-008 14 4 4.6323-008 ~-9.9765-009
11 8 3.0171-009 6.8575-008 14 5 3.7946-008 -3.8937-008
11 9 ~3.3828-008 4.8479-008 14 6 8.2526-009 5.0343-008
11 10 -1.4914.008 -4.4214-008 14 7 2.4649-008 -3.1304-008
11 11 1.4070-007 8.1357-009 14 8 -1.9824-008 -2.4645-008
12 0 ~4,4590-008 14 9 1.5850~-008 7.3420-008
12 1 -1.0897-007 -5.7388-008 14 10 9.9278-008 -3.4855-008
12 2 2.1290-008 1.2000-008 14 11 1.8193-008 ~3.9388-00n8
12 3 6.8139-008 2.6953-008 14 12 2.5729~008 -7.7754-008
12 4 -7.5692-008 7.2521-009 14 13 7.7814-009 4.7394-008
12 5 9.1987-008 -3.8863-010 14 14 -5.9701-008 3.5530-008 ,
12 6 3.4284-008 -5.6109-009 15 0 -4.5103-008 i
12 7 -8.6973-008 4.6603-008 15 1 2.4732-008 3.0998-008 4
12 8 -8.2156-009 4.9523-008 15 2 -1.1782-008 -4.9191-nN8 1
12 9 1.0670-008 -2.6522-008 15 3 3.3258-008 5.0235-008 i
12 10 3.0414-008 -3.7557-008 15 4 -2.1177-008 9,9942-nN09 5
12 11 -2.7730-008 -1.6193-008 15 5 -7.8042-009 1.5587-nn8 5
12 12 3.0637-008 9.7006-009 15 6 2.5526-008 -8.7010-nNN8 ¢
13 0 -4.5883-010 15 7 3.1437-008 3.3045-008 3
13 1 8.5961-009 1.2455~-008 15 8 ~4.7953-008 4.3200-008 £
13 2 3.0577-008 -5.5277-008 15 9 ~5.9582~008 3.1683-008 .
13 3 9.2792-009 3.4575-008 15 10 7.0998-010 -3.6743-0n08 ¥
13 4 1.9891-008 1.6174-008 15 11 9,2789-009 -1.0833-008 X
13 5 6.4885-008 2.3887-008 15 12 -2.0387-008 1.1796-008 :
13 6 -8.5563-008 2.5221-008 15 13 -3.1750-008 1.9672-008
13 7 -2.5202-008 1.1764-008 15 14 2,1013-009 -2.0339~-008
13 8 -3.3410-008 -2.7398-008 15 15 -2.7551-008 3.7285-008
13 9 1.9269-008 8.8352-009 16 0 1.5517-008
13 10 1.1538-008 1.1958-008 l6 1 -3.7467-009 2.9770-009
13 11 -3.1525-008 3.9713-008 16 2 -5.0537-008 2.3940-nNN8
13 12 4.9529-009 9.4494-008 16 3 7.7898-009 3.7891-008
13 13 -1.2771-008 7.3414-008 16 4 4.0122-008 5.2490-008

J
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TABLLI C-1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree
and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients
nom cnm Snm non cnm Snm
‘ 16 5 ~2.2212-009 3.6898-008 18 5 -1.1868-008 2.3511-008
16 6 -2.1438-009 1.5548-009 18 6 -1.5466-008 -6.8291-008
16 7 ~1.7891-008 -3.7178-010 18 7 -1.9762-008 1.3016-008
16 8 ~1.8468-008 -2.1812-008 18 8 4,2446-008 -3.3737-008
16 9 ~7.6852-009 -1.5968-008 18 9 1.1654-008 4.2173-008
16 10 -9.3597-009 -4,3785-008 18 10 2.6615-008 -3.6699-208
16 11 ~1.4145-008 2.0365-008 18 11 1.4887-008 2.1456-008
16 12 1.6132-008 -2.1089-008 18 12 -1.4743-008 -1.4890-008
16 13 4.1841-008 ~1.4123-008 18 13 -1.5862-008 -2.0117-008
16 14 ~1.4074-008 -4.8666-008 18 14 1.6259-008 -3.0639-008
16 15 ~2.4810-008 -4,4174-008 18 15 -6.2292-008 =-2.4294-008
16 16 -8.8636-009 3.2076-009 18 16 2.2427-008 -1.0817-008
17 O ~1.1146-008 : 18 17 1.7065-009 -2.1401-008
17 1l -3.6177-008 -~2.2977-008 18 18 3.0055-009 -1.0035-008
17 2 ~-7.0630-008 8.8487-008 19 0 1.3429-009 ¢
. 17 3 ~3.0925-008 -1.7463-008 19 1 -2.0096-008 1.7013-008 d
} 17 4 -3.8571-008 4.1554-008 19 2 2.9497-008 1.5705-008 t
17 5 ~1.9796~008 1.8879-008 19 3 -2.8344-008  8.5305-009 :
17 6 ~1.9995-008 -3.3210-008 19 4 -4.3207-009 -1.4070-008 ;
17 7 -1.5727-008 -3.0862-008 19 5 -4.1578-008 2.8434-008
17 8 3.3068-008 7.0116-009 19 6 -1.0485-008 9.3369-009 A
17 9 2.1772-009 -2.5621-008 19 7 -1.8059-009 -3.2187-008 o
17 10 -1.4676-008 2.9771-008 19 8 3.7160-009 -1.0161-008 4
17 11 2.6064-008 6.3507-009 19 9 9.9400-009 -7.6231-009 é
17 12 -1.3485-009 5.1759-009 19 10 -2.2156-009 -5.1994-009 - 4
17 13 2.4318-008 2.8780-008 19 11 6.6759-009 2.3676-008 ‘
; L7 14 -6.3836-009 4.4531-008 19 12 1.1355-008 1.8224-008 i
L7 15 2.1080-008 3.7928-008 19 13 1.5365-009 -2.6816-008 ?
17 16 -2.1023-008 -1.3963-008 19 14 -4.9908-009 -1.7178-008 1
17 17 -3.5797-008 -1.8771-008 19 15 -6.1032~-009 -1.5788-008 ;
18 0 2.9864-008 19 16 -9.5493-009 1.8083-008 N
18 1 -8.8654-009 -5.9994-008 19 17 9.4525-009 -2.8147-008 '
,18 2 -9.0484-009 ~2.6031-008 19 18 6.0033-008 -1.2114-008 :
L8 3 -2.9580-008 ~2.3713-008 19 19 -5.4124-009 2.9867-008 |
, 18 4 2.8303-008 -~1.3323-008 20 O -1.0316-008 ’
: c-3




TABLE C-1 (Cont'd)
HARMOGRAV

EARTH GRAVITATIONAL MODEL

Degree Degree
and Normalized and Normalized

Order Geopotential Coefficients Order Geopotential Coefficients
n o= nm Sam no® nm nm
20 1 -1.7418-008 -2.0955-008 21 16 -8.3771-009 -2.6134-009
20 2 9.4963-009 -8.0889-009 21 17 ~3.5038-008 2.2762-008
20 3 -5.7805-009 ~1.6359-008 21 18 3.2934-008 1.8206-009
20 4 -1.5665-008 -~-2.0888-n03 21 19 ~2.7453-008 1.7474-008
20 5 -1.2548-008 1.7643-093 21 20 ~-2.7283-008 9.1455-009
20 6 -1.0068-008 6.4008-5.,2 21 23 ~-8.7230-011 -6.2872-009
20 7 -2.9473-008 -1.2293-703 22 0 -1.5974-009

20 8 6.1451-009  2.3091-008 22 1 1.1848-008 1.2336-008
20 9 3.1911-008  6.6984-009 22 2 -2.4683-008 -3,5287-008
20 10 -2.8362-008 9.6299-009 22 3 -3.2967-009 2.8121-008
20 11 3.3081~-008 -1.0844-008 22 4 -5.5473-009 -1.3751-008
20 12 -2.8854-008 -4.7186-009 22 5 7.4990-009 -6.1978-009
20 13 6.0616-009 1.1598-008 22 6 8.3672-009 -1.4775-008
20 14 6.8355-009 -3.3044-009 22 7 2.5807-008 -8.6492-009
20 15 -2.9058-008 6.1067-009 22 8 -4,4149-008 -1.7498-008
20 16 -2.1390-008 -1.6274-008 22 9 -6.0025-009 1.6457-008
20 17 2.7052-008 -3.0852-008 22 10 1.9279-008 1.4854-008
20 18 -7.6519-009 1.2186-009 22 11 5.2243-009 1.6772-009
20 19 2.2730-008 1.6787-008 22 12 -9.7359-009 1.6071-009
20 20 3.8663-008 -1.2543-008 22 13 -2.1144-008 1.1081-008
21 0O 2.9242-008 22 14 5.0141-009 4.9940-009
21 1 5.2445-009 2.2325-008 22 15 1.5570-008 -1.6196-009
21 2 1.1801-008 1.1687-008 22 16 -2.4987-008 -9.7202-009
21 3 -1.1478-008 3.3065-008 22 17 6.0414-009 -2,5014-008
21 4 -1.0583-008 -1.1850-008 22 18 -1.6601-008 -2.7089-008
21 5 1.8662-008 -3.0827-008 22 19 1.2538-008 -~5.6105-009
21 6 -5.2659-009 -2.2001-008 22 20 -2.9346-008 1.1652-008
21 7 8.7323-009  2.4199-008 22 21 -2.1960-008 1.8172-008
21 8 -1.3928-009 1.6743-008 22 22 1.0311-008 -1.3009-008
21 9 -5.2922-~009. 4.8252-008 23 0 -2.6431-008

21 10 2.8442-009 -9.8021-009 23 1 1.2477-008 1.0743-008
21 11 7.8057-009 -1.4645-008 23 2 -1.5902-008 -2.0174-008
21 12 1.0835-008 8.5969-009 23 3 1.2396-008 -4,5869-010
21 13 ~1.4503-008  4.4932-008 23 4 -1.4778-008 2.6743-009
21 14 2,1044-008 -1.3555-009 23 5 1.7239-008  1.2174-008
21 15 5.8021-009 7.9981-009 23 6 4.9269-009 2.8973-008

C-4
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TABLE C-~1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree
and Normalized and Normalized

Order Geopotential Coefficients Order Geopotential Coefficients

n n am snm n m cnm Smn

23 7 -1.2111~-008 -3.7799-009 24 20 1.1200-008 3.4819-009

23 8 ~-1.8470~-008 -9.1053-010 246 21 8.8613-009 2.2553-008

23 9 -8.5522-009  -1.9795-008 24 22 ~-9.4845-009 -6.6897-009

23 10 1.0512-008 1.9866-008 24 23 6.7092-009 -~1.7004-008

23 11 8.6822-009 8.7605-009 24 24 1.0639-008 1.1727-008

23 12 -3.9704-009 -2.7002-008 25 0 3.2418-009

23 13 1.1326~-009 1.9625--008 25 1 -3.9652-009 -1.2629-008

23 14 7.4903-009 4.4099-009 25 2 1.7510-008  1.6545-008

23 15 3.6550-008 -4.9531-009 25 3 -3.3126~-009 -8.6364-009

23 16 1.9223~-008 1.7404-008 25 4 8.9902-009 ~7.2478-009

23 17 2.0812-009 -1.6898-008 25 5 1.0812-008 -1.4120-008

23 18 2.0495~008 -2.0298-008 25 6 1.8316~008 5.8409-009

23 19 1.1146-~008 9.9380-009 25 7 5.5041-009 -~2,6680-009

23 20 ~2.1546~009 7.7723-009 25 8 8.3533~009 -1.1465-008

23 21 ~5.2480~009 1.8524-008 25 9 -2.5607-008 -~1.1078-008 11

23 22 ~2.7238~008 3.9817-009 25 10 1.6260~-008 7.3617-009 3

23 23 -7.3747-009 3.2453-009 25 11 ’1.5777-008 1.5648-008 B

24 0 -3.6683-009 25 12 -6.2836~009 7.1854-011 4

24 1 1.8342-008 -2.7231-008 25 13 9.7422~010 -~1.6997-008 E

26 2 -2.8784~009 1.1513-008 25 14 -2.9391-008 ~1.7484-008 ]

26 3 ~2.7279-009 -1.8000-008 25 15 1.2221~008 6.7515-009

24 4 -2.2584~008 4.2575-008 25 16 3.8250~-009  6.4274-009

24 5 ~-1.2203-008 -1.3556-008 25 17 -9.7660-009 -2.0804-008 1

266 -1.7521-008 2.0031-008 25 18 1.4608-008 ~1.7702-008 h

24 7 -4.3481-009  -1,8424-008 25 19 1.0868-008 -1.0202-009 3

24 8 1.6015~008 1.5331-008 25 20 -2.3209-008 -8.6558-009 N

26 9 -2.7803-008 -1.6291-008 25 21 3.4902~009 -5.9353-009

24 10 9.9306~-009 1.4979-008 25 22 -1.6868-008 1.6021-008 :

26 11 1.2295~-009 2.3273-008 25 23 9.6688-009 -2.0361-008 '

24 12 1.2214-008 -1.0603-008 25 24 ~7.6696-009 -1.5883-008 !

24 13 -3.1888-009 7.8907-009 25 25 2.7679~-009 1.1124-008 :

24 14 -3.6729-008 -2.0895-008 26 0 1.8229-008

24 15 1.0632~008 -4.0309-009 26 1 ~3.5776~010 -3,7371-010

% 16 8.2189-009 -1,8299-008 26 2 8.3373-009  3,3122-009

lza 17 -2.4956-008  -2.5183-008 26 3 ~7.6570-009  4,1728-009 ;

24 18 -5.1519~009 -1.8672-008 26 4 1.1299-008 1.0448-008 ;

( 24 19 ~2.0205-008  -1.4866-008 26 5 4.1258-010  3,5532-009

.
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1 TABLE C-1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree

and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients
n m § n m ) S

nm nm nm nm

26 6 3.3561-008  1.1238-008 27 15 -5.2865-009 ~1.8094-009
26 7 1.6282-008  1.0331-008 27 16 -4.0056-009 -1.1438-008
26 8 1.4793-008 -1.6226-008 27 17 2.1228-008  1.7322-008
26 9 -1.2468-009 1.5286-008 27 18 5.0024-009  1.3391-008
26 10 4.2411-009  -1.4889-009 27 19 1.2851-008 -3.3623-009
26 11 -1.2727-008  -6.1929-009 27 20 9.1964-009 -2.4259-009
26 12 -1.5311-008  -1.3256-008 27 21 1.7147-008  4.2131-009 ;
26 13 1.3532-008  9.8504-009 27 22 -7.1337-009  6.0866-009 :
26 14 2.1334-008  1.1606-008 27 23 -1.6322-008 -1.1016-008 ;
26 15 -7.3397-009  2.0053-010 27 24 -3.1128-008 -4.1018-009 !
26 16 3.8187-009  7.4777-010 27 25 -9.4192-009  1.3764-008 i
26 17 -1.0323-008  1.5200-009 27 26 -4.5843-009 -2.3274~008 :
26 18 -2.0224-008 2.4274-008 27 27 1.0615-009  3,4082-009 :
26 19 -1.0825-008 1.5530-008 28 0 -1.4255-008 .
26 20 -2.5342-010 -8.0817-009 28 1 7.1638-009  2.2896-008 :
26 21 -7.7322-009  -6.3184-010 28 2 3.6095-009 ~1.3565-008 ']
26 22 9.4859-009  -2.3009-008 28 3 -1.0572-008  9.6040-009
26 23 2.8110-008  3.7900-009 28 4 -2.1288-008 -~1.7622-010 t
26 24 2.0313-008  3.7516-008 28 5 ~4.9099-009 -6.7219-009 J
26 25 -1.0068-009  -8.1348-010 28 6 5.4139-009  1.0636-008
26 26 7.0669-009 8.1660-009 28 7 1.1936-008  2.6203-008
27 0 2.0738-008 28 8 4.0631-009  5.8303-009
27 1 8.8217-009 -2.3668-009 28 9 1.0979-009 -3.5548-009
27 2 9.4254-009  4.1037-009 28 10 -5.4397-009  7.7581-009 1
27 3 -2.3738-009 7.7361-010 28 11 2.3107-008  8.6482-009
27 4 2.0609-009 3.3575-008 28 12 7.5703-010  1.0443-008
27 S 2.7578-008  -7.3096-009 28 13 5.6288-010 -3.8194-009
27 6 1.7461-008  -5.2335-009 28 14 -2.4343-008 -3.6990-009 3
27 7 -8.0667-009  -1.9623-009 28 15 2.5368-010  1.0348-008 :
27 8 -1.3985-008 -3.7263-009 28 16 4.2013-009 -6.7259-009 ’
27 9 2.0466-008  5.1046-009 28 17 -3.4380-009 -7.6631-010
27 10 3.9199-009 1.3041-008 28 18 -6.1370-009 -1.1776-008
27 11 -1.9469-009  -1.9137-008 28 19 -1.3330-008  4.3750-009
27 12 9.9709-009  1.0107-008 28 20 -3.5478-009 -4.3041-009
27 13 1.0785-008  8.6297-009 28 21 6.1312-009  3,2599-009 i
27 14 -7.2241-009 8.1321-009 28 22 8.4227-010 1.5782-009 ;
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l TABLE c-1 (Cont'd)
‘ HARMOGRAV
l EARTH GRAVITATIONAL MODEL
Degree Degree
l and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients
' n m C B n m < S
nm nm nm nm
28 23 2.0838-008 -6.2203-009 30 0 -2.1770-008
28 24 2.7347~008  -7.8555-009 30 1 -3.3508-009 1.6023-008
28 25 -3.6277-009  -3.6037-008 30 2 -6.6860-009  -8.2487-009
28 26 9.6425~009 4.8878-009 30 3 -1.6291-008  -1.6935-008
28 27 1.0161-008  -6.3833-009 30 4 9.5883-009 1.6783-008
28 28 -5.6798-009 1.3429-008 30 5 -6.7281-010  -1.2530-008
29 0 -8.8958-009 30 6 9.3244-009 2.1910-008
29 1 1.6664~010 1.4109-009 30 7 1.5509-008 -5, 7838-009
29 2 -4.4202-009  4.7576~009 30 8 -6.5129-009 9.2913-009
29 3 1.6342-008 1.2629-009 30 9 -2.2258-009  -3.6670-009
29 4 -1.6994~008 -1.0952-008 30 10 -2.8472-011  -1.0943-008
29 5 ~2.6703~009 9.2807-009 30 11 -2.6419-009  -7.9973-009
29 6 -2.4386~009 8.7348-009 30 12 1.3099-008 1.5570-009
29 7 ~-5.9514~009  -1.5037-008 30 13 1.2507-008  8.6023-010
I 29 8 6.7723-010  5,4121-009 30 14 9.6729-009 -1.0610-008
29 9 -7.8356~009 5.9941-009 30 15 3.0713-009 1.3366-008 :
29 10 8.8283-009 2.9007-008 30 16 -1.2069-008  -1.9636-009 !
' 29 11 -6.9127-009  1.4687-008 30 17 -5.5086-009  -1.7811-008 ;
29 12 6.9948-009 9,8251-009 30 18 -8.3779-009  -1.6221-008 i
29 13 -1.7023-009  -2,9199-009 30 19 -6.6986-009 1.8758-009 '
‘ 29 14 8.5182~009 -1.3990-008 30 20 -1.1326-008 7.0701-010 i
29 15 -1.0760-008  1.0421-008 30 21 6.3691-009  -9.5149-010 ;
29 16 -1.1535-008  -2.9255-008 30 22 -6.0798-009  -8.5191-009
29 17 -5.6526-009  -8.5299-009 30 23 1.0700-009  5.3010-009 ;
l 29 18 -6.0275-009  5.4782-009 30 24 -3.8573-010  8.8377-009 §
29 19 -1.9800-008  7.8633-009 30 25 -8.7675-009  -3.3416-009 :
29 20 -4.6644-009 -8.8905-010 30 26 1.2245~008 -7.9151-009 x
' 29 21 -8.1826-009  -7.2600-009 30 27 2.5625-009 1.4940-008
29 22 1.4311-008 -2.5853-010 30 28 -1.1688-008  -8.7843-009
29 23 9.0159-009 1.6619-008 30 29 -1.6599-008 1.0277-009
29 24 -2.3351-009  4.2995-009 30 30 6.4634-009 9.6689-010 |
l 29 25 -2.9882-009  1.7205-008 31 0 -1.6932-009 L
29 26 -1.1839-008  4.7132-010 31 1 6.9002-009  -3,2871-008 .
29 27 -2.5322-008 -5.2973-009 31 2 8.9883-010 -1,8217-009 )
29 28 -4.6802-009 -7.6977-010 31 3 -2.1185-009  -1.1658-008 -
29 29 2.1593-008 -1.3481-008 31 4 -1.2365-010  -1,1493-008 i
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] TABLE C-1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree
and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients
n m C S n o m € S
nm nm nm nm
31 5 1.0080-008 -6.0146-009 32 9 3.7749-009 -1.2496-008
' 31 6 -5.0845-009 9.8456-009 32 10 7.2747-009 -1.1647-008
31 7 1.6923-009 -3.4212-009 32 11 -1.8228-009 1.2906-008
31 8 1.0732-008  3.5095-009 32 12 4.9806-009 2.4349-008
31 9 -4.6729-009  5.9928-009 32 13 -2.5182-009 -2.6293-009
3 31 10 -5.2176-009  9.2648-009 32 14 4.1561~009 3.3292-009
31 11 7.4209-010 1.7658-008 32 15 1.8037-008 -1.0397-008
31 12 1.2821-008 -1.5037-008 32 16 6.3821-009  -4.9940-009
31 13 9.2012-009 1.0117-008 32 17 -5.1489-009 2.4058-008
31 14 -2.1207-008  4.9653-010 32 18 1.0111-008 -1.0133-008 |
31 15 7.0456-009 -9.8074~010 32 19 6.1332-010 8.1722-009 ‘
31 16 -1,2143-008 -1.5477-009 32 20 -2.3962-009 -3.6060-009 ‘
31 17 -4,2389-009 -1.7734-010 32 21 9.6297-010 6.5385-010 :
31 18 5.4699-009 -7.6421-009 32 22 -1,1488-008 -8.2425-009 ‘
31 19 -8.4632-010 -9.9970-009 32 23 -2.6723-009 -6.8337-009 i
31 20 1.2485-008 1.3051-008 32 24 -7.3106-009 3.6428-009 |
31 21 -3.0593-009 1.1319-008 32 25 -1.9380-008 1.2894-008 |
31 22 7.4952-009  5.9595-009 32 26 -5.2796-009 4.7498-009
31 23 9.3283-009 1.0546-008 32 27 1.4839-008 -1.5705-009
\ 31 24 -4.7489-009 2.2528-008 32 28 5.2486-009 -4,7670-009
31 25 -2.0998-008 -4.0930-009 32 29 1.2495-008  -3.4335-009
31 26 -1.3183-008 -7.1439-011 32 30 8.3172-009 -1.1662-008
31 27 -7.7371-009 -4.5024-009 32 31 -5.9841-009 -3.5921-009
31 28 1.2996-008 1.3028-008 32 32 -1.2470-008 3.2328-009
31 29 -9.3617-009 5.5192-009 33 0 1.0765-008
31 30 -2.1935-008 7.5223-009 33 1 6.7366-009 -8.9765-010
31 31 -5.2880-009 8.6702-009 33 2 1.1215-008 -1.7496-008
32 0 -8.1376-009 33 3 6.9965-010 1.9654-008
32 1 1.2346-009 -1.6821-009 33 4 -9.1302-009 1.7181-008
32 2 1.0875-008 -1.0814-008 33 5 7.5552-009 2.4072-008
32 3 5.6385-009 -7.3007-009 33 6 -3.1229-009 -2.0349-009
32 4 -9.3093-010 2.7371-009 33 7 -3.0487-008 -3.3296-009
32 5 2.2133-008  2.3414-008 33 8 5.8711-009 2.6116-008
32 6 9.4587-009 -1.7077-008 33 9 1.1496-008 5.1349-009
32 7 7.9634-009  7.0317-009 33 10 6.2998-009 -1.4666-008
32 8 1.9899-008 -6.9606-009 33 11 3.3616-009 -2.0414-009
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' TABLE G-1 (Cont'd)
HARMOGRAV

l EARTH GRAVITATIONAL MODEL
Degree Degree

l and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients

‘ — — — —

conoon nn Snm nomn Cnm Snm
33 12 8.3831-009 -6.9641-009 34 13 -1.1213-009 -3.2882-011
33 13 1.4664-008 -2.4665-009 34 14 6.2121-009  -3.9087-009
33 14 2.8437-010 2.4627-009 34 15 -1.2635-008 4.1618-009
33 15 7.0293-009 2.2800-009 34 16 -4,6049-009 1.6258-009
33 16 3.1104-009 5.3999-009 34 17 -1.6466-009 1.0472-008
33 17 1.4401-008 1.5692-008 34 18 ~1.2481-008 -4.1103-009
33 18 -1.6798-009 -5.6957-009 34 19 -7.8401-009 7.1572-009
33 19 1.5890-008 5.6169-009 34 20 -1.1090-008 -1.1153-008
33 20 1.4039-008 -9.1327-010 36 21 -1.1069-008 -1.1624-008
33 21 -2.7041-009 6.2430-009 34 22 8.9187-009 1.4358-009
33 22 3.2089-009 -1.8102-009 34 23 4.1902-009 -5.6155-009
33 23 -2.9084-009 7.5115-009 34 24 -1.4228-008 -1.8777-009
33 24 3.1333-009 -6.9970-009 34 25 -6.5178-009 3.6710-010
33 25 2.1047-009 3.0410-010 3% 26 ~6.4376-009 -3.8198-009
33 26 ~8.3017-010 -1.1296-008 34 27 1.6596-008 -1.0517-008
33 27 ~2,9807-009 6.1953-009 34 28 9.0023-009 -1.0068-008
33 28 -2,1563-009 1.0877-009 34 29 -2.4011-009 -1.9435-008
33 29 -1.8334-008 1.4920-008 34 30 -2.3681-009 8.1140-009
33 30 -9.5332-009 -1.5737-008 34 31 -1.0506-008 -5.1814-009
33 31 1.4452-008 4.6550-009 34 32 3.7267-009 -2.1066-009
33 32 3.5245-008 2.7248-009 34 33 1.0609-008 9.6473-010
33 33 1.9853-008 9.0512-009 34 34 -1.4526-008 -1.1003-008
3 0 ~3.6943-008 35 0 2.7228-008
36 1 4.2606-009 5.1151-009 35 1 -2.3055-009° -2.6808-010
36 2 -1.0910-008 -3.1817-009 35 2 1.5743-008 1.9118-008
3 3 2.9330-009 -4.7219-009 35 3 3.6577-009 -1.2250-010
34 4 1.2750-008 1.3457-008 35 4 -5.0144-008 1.8754-008
34 5 -1.0784-008 1.4755-008 35 5 -1.3560-008 5.9068-009
34 6 1.5739-008 3.3206-009 35 6 3.1720-009 1.7390-008
34 7 5.6570-009 -6.4862-009 35 7 -6.1502-010 6.8109-009
34 8 4,9865-009 8.3597-011 35 8 -1.3889-008 1.6613-008
3 9 9.1847-010 -1.8644-008 35 9 -7.3350-010 1.1027-008
34 10 -1.8206-008 6.6785-009 35 10 6.5923-010 1.9083-008
34 11 5.7636-009 1.1601-008 35 11 3.1498-009  -5.0448-009
34 12 6.7838-009 7.0620-010 35 12 -2.8245-009 -1.3917-008




TABLE C-1 (Cont'd)
HARMOGRAV
EARTH GRAVITATIONAL MODEL

Degree Degree

and Normalized and Normalized
Order Geopotential Coefficients Order Geopotential Coefficients
n n cnm nm nom nm Snm
35 13 -8.8203-009 9.7574-009 36 14 -1.3874-009  ~7.3142-009
35 14 -4.4209-009 7.0312-010 36 15 -3.8893-009 -2.5758-009
35 15 -1.6346-008 -2.1497-009 36 16 3.0288-009 1.8781-009
35 16 -1.8464-008 -1.3978-008 36 17 1.2607-008  -9.4544-009
35 17 -1.7702-008 -1.0990-008 36 18 -3.6716-009 1.3848-008
35 18 -1.1438-008 -2.2028-008 36 19 -1.5926-008 -4.8045-009
35 19 9.6071-009 -1.4167-008 36 20 -1.3182-008 -4.5491-009
35 20 7.6495-009 -1.2424~-009 36 21 6.1432-009 -1.0665-008
35 21 5.5997-009 2.1572~008 36 22 -2.1941-009 -8.4266-009
35 22 -6.9924~009 -6.8164-009 36 23 -6.2590~-009 -4.9936-009
35 23 -6.1961-009  1,4978-009 36 24 1.7261-009 -6.0430-009
35 24 3.8859-009 -4,5141-009 36 25 7.4130-009 1.2027-008
35 25 1.7007-008 -1.6844-009 36 26 -3.0558-009 6.2052-009
35 26 1.3488-008 6.9427-009 36 27 ~3.9464-010 1.7071-008
35 27 7.5052-009 -~2,4568-010 36 28 6.7556-009 1.8210-008
35 28 9.9186-010 -3.7353-D09 36 29 6.0063-009 1.0631-008
35 29 ~1.3359-008 3.6744-~009 36 30 ~2.2387-008 -5.5624-009
35 30 -7.2105-009  1.7520-009 36 31 ~3.1563-009 4.8261-009
35 31 1.7189-008 ~2.,9934~009 36 32 1.8600-008 -3.0196-009
35 32 ~4.4453-011 -2.8624~009 36 33 -1.2172-009 ~1.3351-009
35 33 ~5.6402-009 -2.0311-008 36 34 ~7.9841-009 -8.5717-009
35 34 -8.4139-009 -5.8825~-009 36 35 7.8398~009 4.9381-009
35 35 -1.4546-009 ~-7.2126-009 36 36 2.2273-009 ~6.1321-008
3 O ~1.6593-008
36 1 ~-1.7728-008 -1.0032-008
36 2 ~4.5895~009 -2.0669-009
3 3 ~6.3408~009  3.4154-008
36 4 2.4981~009  4.2447-009
36 5 1.8914~008 -4.1839-008
36 6 4.5116~009  2.4912-009
36 7 -1.7199~008 9.7325-009
36 8 1.9350~009 9.7232-011
36 9 2.4268-008 -1.4723-008
36 10 -7.8810-009 3.5871-009
36 11 -1.4670-008  1.4502-008
36 12 3.3416-009 -8.8792-009
36 13 3.6863-009 1.0281-008
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HARMOGRAV

Appendix D

HARMOGRAV's Degree Variances




Gravity Anomaly Variances

(Unit = Mgals?)
n —_— —_—
on mgg (Aop® + Bpy?)
Degree Variance Degree Variance
2 18.61 20 4.73
3 28.51 21 6.08
4 13.32 22 5.22
5 17.35 23 4.76
6 25.60 24 6.74
7 21.42 25 5.44
8 9.06 26 5.50
9 10.91 27 5.30
10 11.73 28 5.31
1 12.88 29 5.16
12 6.28 30 4.47
13 5.31 31 5.29
14 7.82 32 5.80
15 6.50 33 7.77
16 4.59 34 5.36
17 7.92 35 8.40
18 7.75 36 7.19
19 4.59
D-l
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