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ABSTRACT

The horizontal and vertical components of the gravily gradient are
computed along equipotential surfaces at altitudes of 0, 500, 1000, 5000,
10 000, 50 000, and 100 000 km, from Kozai's (1964) and Gaposchkin's
(1966) harmonic coefficients. Accuracy estimates for the gravity gradients,
as obtained from satellite orbits, are derived from a comparison with

Kaula's (1966) CA solution.

RESUME

Les composantes horizontales et verticales de la gravité sont
calculées le long de surfaces équipotentielles aux altitudes
0, 500, 1000, 5000, 10 000, 50 000, et 100 00O km, a partir des
coefficients harmoniques de Kozai (1964) et Gaposchkin (1966).

- . L, .
Des évaluations sur la précision des gradients de gravitée,

. - . P . '
obtenus a partir des orbites de satellites, sont derivées par

comparaison avec la CA solution de Kaula (1966).

KOGHCIEKT

BeicuuTaHbn IO IapMOHMUEeCKKM kKoaddwunumeHrtam Kosas (1664) u
TanoukpHa (1¢66) ropw3OHTalbHHE M BepTHKalbHEE COCTaBAANLKE
I paIVEeHTa CHJIB TAXECTH BIOJb 3KBHIOTEHLHANBHHX NOBEPXHOCTEH
Ha BhcoTax B 0, %00, 1000, 5000, 10 C0O, 50 GO0 m 100 000 xwMm.
ClleHKH TOUHOCTH TFpajHeHTOB CHJbH THAXECTH, IOJYUEHHHX C IOMOMBI
CIy THKKOBLX OpP6MT OBJM BBBELEHH M3 cpaBHeHuA ¢ CA pemeHMeM

Kayna (1¢66).



ON THE GRAVITY GRADIENT AT SATELLITE ALTITUDES
W. Koéhnlein
1. INTRODUCTION

The earth's gravitational ficld is currently deduced from the perturbation
of satellite orbits and the analysis of gravity anomalies, i.e., direct gravity
measurements at the earth's surface. A third source may eventually become
available, namely, the gravity gradients determined with gradiometers in
orbiting satellites (Wollard, 1966). The purpose of this paper is to inves-
tigate the magnitude of the gravity gradient field components and their

St
b

accuracies at present.

However, one limitation should be mentioned: the gravity gradient field
as derived from satellite orbits gives only a relatively smooth pattern
because of the low-degree harmonics (up to 15, 14) used in the analysis.

The actual disturbances near the surface of the earth can be several mag-
nitudes larger, and it is that local short-periodic field that we would hope

to measure by orbiting gradiometers. For example, let us consider

P NS I SR R S DR Tosmn o~ wm
ite altitude of about 160 km and

ot

a gravi
on the earth's surface in an area with a linear extension of a few hundred
kilometers. Roughly speaking, this disturbance can be picked up by harmonic
coefficients of degree 100 or so, resulting in a correspondingly larger

(~ 100) effect than the low-order terms of, say, n below 10. At 160-km

This work was supported in part by grant NsG 87-60 from the National
Aeronautics and Space Administration.

*®
In one sense, this is an extension, to one higher derivative, of previous
presentations of the geopotential (K8hnlein, 1966a) obtained at satellite
altitudes.




elevation we get approximately 1/10 of this magnitude, owing to the coeffi-
cient (a/r)n of equation (1) found in Section 2. At higher satellite altitudes

(about 500 km and above) the measurable effect is well below the present

-8 -2

accuracy of string gradiometers, i.e., 10 sec



2. GRAVITY GRADIENT, COMPONENTS

Let us denote the earth's gravitational potential in free space by

o0 n n
U= GI'M [l ¥ Z Z (%) (CnmCOS A+ Snm sin m)\) an(Sin ¢)]’ (1)

n=2 m=0

where GM is the gravitational constant times the mass of the earth, a is the
equatorial radius of the earth, r is the geocentric radius, ¢ is the geocentric
latitude, N\ is the geocentric longitude, C ) are the harmonic coef-

nm’ nm
ficients, and an(sin ¢) are the associated Legendre functions. Then we

obtain the gravitation

[o5] Rab]

2 2 2731/2
(69 L6 L (3] @

r cos ¢

Hence, the gravity gradient in question is

where x, y, z are rectangular coordinates (with the origin at the mass center
of the earth), and i, j, k denote the unit vectors along their axes. To get a
picture of the magnitude of the field components, we will project Vg onto a
local coordinate system that consists of the latitude and longitude curves of
an equipotential surface and its normal, at the point r under consideration.
We can then derive the horizontal gravity gradient components along

¢ = const and \ = const, respectively, on U = const (see K8hnlein, 1967):



_ (3 dg dU/AX\ 2 2 CASHA:DN
Vg¢ = const (5—)% B ﬁ 8U78r) [r cos ¢ +<8U;3r> » (4)
and
/ > -1/2
_ (9 9g aU/0¢ 2 aU/o¢
Vg)\ = const <8_dg> —3‘; aU 81‘) [r + <8U78r> :] ? (3)

which combined give a total horizontal gravity gradient

1/2

N 2 2
Vehoriz ~ [(ng) = const) * (Vg)\ = const) ] ’ (6)

The approximate sign in equation (6) corresponds to the fact that the geo-
centric latitude and longitude curves on U = const do not, in general, inter-
sect perpendicularly. However, the deviation is so small that for practical

purposes the equal sign can be taken instead.

Analogously (Kéhnlein, 1967), we obtain the vertical component of the

gravity gradient:

1 U
+_.____.._._
2 2
¢8

r COs

[e5)
s

i dU 8g , 13U
ngert T (81' or + r2 99

e

) . (7)

L
g

i.e., the variation of gravitation along the gradient line (plumb line) of

U = const.

In the numerical analysis (Section 3) we treat the above expressions in
two steps. First, we consider only the zonal rotationally symmetric part,
and then we add to it a correction term that gives the combined zonal plus
nonzonal contributions. This procedure has the advantage of handling mainly

small numbers (see Number Maps).



The zonal part is obtained by setting all harmonic coefficients of order
m > 0 to zero. Hence, we are dealing also with a local zonal coordinate
system onto which the zonal gravity gradient is projected; the relation between
the zonal and the combined zonal plus nonzonal gravitational fields is estab-

lished by

Ur,o, N, C_, S )=T(%, ¢, C, (8)

nm nm

with the bar denoting the zonal part. Thence the expressions for the horizontal

components of Vg follow:

-1/2
= 2
- 8g 8 9U /00 BU/BQ
v —-— =
g\ = const 8r ou/or ) \: * (8U/8?> ’ (9)
with the anomalous meridional correction
6Vg)\ = const Vg)\ = const Vg)\ = const (10)

and the anomalous correction along the geocentric latitude curves

6Vg¢ const g¢_ const (11)
since

Vg¢ = const - (12)



From equations (10) and (11) we can compute an anomalous horizonal gravity

gradient
1/2
(13)

which gives the amount of deviation produced by the nonzonal harmonic

coefficients (m > 0).

The vertical component of Vg is also split up into a zonal part

= _ .1 (008, 1 oT g
Cvert ™ "% (375 + = 5% a¢> (14)
r
and a correction term
ngert = ngert - ngert ’ (15)

which follow directly from equation (7).



3. NUMERICAL ANALYSIS

The components of the gravity gradient are computed along equipotential
surfaces U = const and U = const, at altitudes 0, 500, 1000, 5000, 10 000,
50 000, and 100 000 km above the earth’s equator (zero elevation, for
example, means only that r of U = const has the value r = 6,378,165 m
at ¢ = 0°). The harmonic coefficients used are Kozai's (1964) zonal and
Gaposchkin's (1966) nonzonal sets, both of which are listed in Section 3. 5.
Kaula's (1966) CA solution, which is a combination of a satellite solution
with gravity anomalies, serves for an accuracy estimate of the gravity

gradients currently obtained at satellite altitudes.

3.1 Shapes of the Equipotential Surfaces

As mentioned in Section 2, we consider the zonal gravity gradient along

. the equipotential surface U = const and, analogously, the combined zonal

plus nonzonal gravity gradients along U = const. Both surfaces have, in

general, a different geocentric radius,
r(b, \) # r(¢) for U=T ,

whose zonal part is given in Table 1 for the different altitudes. If we add

the correction term

Ar(d, N\) = r(d, \) - r{(d) , (16)

shown in Number Maps 1, we obtain, in the geocentric direction ¢, X, the

corresponding geocentric radius r of U = const.
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Example: The geocentric radius rin¢ =30°, A =110°, and
at the altitude 500 km 1is:

r(¢) = 6 875 752 m zonal part (Table 1)
Ar(d, \) = -10 m correction term (Number Map 1)
r(¢, \) = 6 875 742 m

The cquatorial radii of Table | are obtaincd from the earth's equatorial
radius a = 6,378,165 m by adding the corresponding elevations. At 0-km
elevation, the equipotential surface U = const touches the earth only along
the equator, while the polar regions (of U = const) are about 11 km above
the earth's surface. With increasing elevation, the flattening of U = const

decreases monotonically (as shown in Figure 3 of Ké8hnlein, 1966b).

Figure 1 gives the difference between the zonal radii and the ellipsoidal
radii of an ellipsoidal potential field I—Je (see also Kshnlein, 1966a). The

radii are related by the expression

U(r, ¢, C ) =U_(r_, ¢, K) , (17)

where the harmonic coefficients Kn are Cornpu‘ed ac*-ording to Kohnlein (1966&)
This ellipsoidal field, although artificial, is a convenient tool for comparing

an asymmetric field with a regular one. The anomalous differences of

Figure 1, for example, immediately show the comrpletely different pattern

of the Northern Hemisphere from that of the Southern.
Example: The normalized difference T - T, (Figure 1) in ¢ = 70°
at 1000-km elevation is 0.42, which we must multiply by the conver-

sion factor k = 16 of Table 2 to get T - r, in meters:

T - r_ =7 m (at 1000-km elevation)
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Table 2. Conversion factors k (for zonal part) (see Figures 1, 2, and 3)>'<

Elevation
k
0 km 1000 km 10 000 km 100 000 km

Geocentric radii 23 ié 2.7 0.059

(r - re) meters
Horizontal gravity gradient 7.1 E-11 1.8 E-11 6.6 E-14 7.6 E-19

-2

(VE)\ = const Vge A= const) sec

Vertical gravity gradient 1.0 E-10 3.6 E-11 2.3 E-13 2.6 E-18
-2
(v_g-vert - Vge vert) sec

3.2 Horizontal Gravity Gradient

The zonal (meridional) component of Vg is shown in Table 3 for the dif-
ferent altitudes. The negative sign in the Northern Hemisphere indicates
that with positively increasing latitude ¢, the gravitation g along U = const
decreases. KEspecially noteworthy is the rapid decrease of Vg)\ - const with
higher elevations; compared to an ellipsoidal field Ue’ we see from Figure 2

the strong anomalous pattern at zero elevation and the rather monotonic

structure beyond 5000 km.

The meridional correction term 6Vg)\ = const is given in Number Map 2
as a function of the geocentric latitude and longitude at different elevations.
This value, added to the meridional zonal part V-é)\ - co leads to the

nst’
horizontal meridional component of Vg on U = const.

*
The normalized amplitudes of Figures 1, 2, and 3 have to be multiplied by
the corresponding conversion factor k to obtain the actual differences.

11
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Example: The horizontal meridional component of the gravity

gradient at 1000-km elevation in ¢ = 30°, X = 70° amounts to:

— _ -2
Vg)\ - const - ~1042.3 E-12 sec " (Table 3)
-2
6Vg)\ = const - 13 E-12 sec  (Number Map 2)
_ -2
Vg = -1029 E-12 sec

A = const

If we take the lows and the peaks at the various altitudes of Number
Map 2, we get the pattern shown in Table 4. The amplitudes decrease by
the power 7 from zero elevation to 100 000-km altitude; this decrease is
much greater than that for the corrections Ar in Number Map 1. However,
the steep drop of 6Vg)\ - const clearly occurs below 1000 km, although the

magnitude remains quite the same between 0- and 500-km altitudes.

A similar pattern is found from the horizontal components along latitude
curves. In Number Map 3 we have about the same magnitudes between
0- and 500-km altitudes and an analogous decrease from about 1000 km on
upward. Table 4 gives the limits between which the amplitudes vary; at
100 000-km elevation the gradient components closely resemble the pattern

of a triaxial field structure.

The nonzero (positive and negative) amplitudes at the poles are produced
by the displacement of the astronomical pole relative to the geocentric pole
(see Kdhnlein, 1966a). However, the sum of the squares of 6Vg)\ - const
hence 6Vghoriz’ leads to a constant amount, as expected

const’
from a point value. The greatest amounts of the horizontal anomalous com-

and 6Vg¢ -

ponent 6Vghoriz (see Number Map 3) are at places where the slopes of the
gravity anomalies Ag = g - g are steepest. This is particularly the case

in low altitudes, between Canada and Greenland, around the Himalayan area,
the Indian Ocean, and the Antarctic. In higher altitudes the pattern again

tends toward the triaxial field structure.

14
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3.3 Vertical Gravity Gradient

This component is of special interest because it resembles almost the
total amount of Vg. The maximum angle included by Vg and the gradient
line (plumb line) is, at zero elevation and middle latitudes, slightly smaller
than 3 arcmin and drops at 100 000 km to about 0. 6 arcsec (as shown in
K&hnlein, 1966b). The zonal part of the vertical gravity gradient is listed
in Table 5 for the different altitudes; because the gravitation g is decreasing

with increasing height, the sign of VEV is negative throughout. Figure 3

ert
demonstrates the asymmetry between the Northern and Southern Hemispheres:
we have a low at the North Pole and a peak at the South Pole. These
irregularities decrease, as usual, with increasing altitude, as seen from

the size of the conversion factors in Table 2.

Number Map 5 gives the anomalous vertical components Gvgvert; if
these are added to the above zonal part, we obtain the vertical component

of Vg at U = const.

Example: The vertical gravity gradient in ¢ = 60 °,A=20°

at altitude 500 km amounts to:

V‘g‘vert = -0.244907 E-5 sec™? (Table 5)
8Vg .. = -0.000009 E-5 sec”™ (Number Map 5)
Vg = -0.244916 E-5 sec™?
vert

The anomalous gravity gradients are used in geophysics for the analysis
of complex geological structures. Mass defects in the earth's crust are more
easily recognized from these studies than from purely gravimetric data.
According to Number Map 5 (zero elevation), the vertical anomalies
6ngert are mostly positive above the continents and take negative values
along the worldwide mountain chains. The biggest amounts are found near
Hudson Bay, in Central Asia, at the south coast of India, and above the

Antarctic (Kdhnlein, 1967).

16
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3.4 Accuracy of the Gravity Gradient

Theoretically, for the accuracy determination, we could use the uncer-
tainty of the harmonic coefficients obtained from a least-squares adjustment.
But such a procedure gives mostly internal accuracies biased by unknown
systematic errors. Hence, we compute only the spread of the Kozai-
Gaposchkin field toward the Kaula field; the latter was obtained by a com-

bination of satellite solutions with free-air gravity anomalies.

The horizontal and vertical components of the gravity gradients are
compared in the same points T along U = const and U = const {(as shown in
Table 1 and Number Map 1). However, we restrict our computations to
zero altitude and 10 000-km elevations because of the limited meaning of the

accuracy estimates.

Table 6 shows the difference of the zonal gravity gradients along a
meridian. The vertical component has the greatest discrepancy at the poles,
while the horizontal component shows most of its spread around the equa-
torial zones. Of course, parts of the deviations are due to the fact that we
compare gravitational fields with different degrees and orders (harmonic
coefficients). However, Kaula's gravitational field, although only a full

7,2 solution, has the advantage of having all available free-air gravity

[aP

P _ b, [, . 2 . ~ o~
anomalies included; it is, there

If we consider the discrepancies as errors, we can derive a standard

deviation for

1. the horizontal gravity gradient (zonal):
+2.3 E-11 sec™® at 0 km

) A = const +5.9 E-16 sec“2 at 10 000 km;

2. the vertical gravity gradient (zonal):
+4.0 E-11 sec™® at 0 km

m ert -2
v +1.4 E-15 sec at 10 000 km .
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Table 6. Spread between the zonal results (Kozai/Gaposchkin) —
(Kaula CA) in sec_2

Elevation
0 km 10 000 km

Horizontal Vertical Horizontal Vertical
gravity gravity gravity gravity

¢ ° gradient gradient gradient gradient
90 .0 - 5.2 E-11 0.0 1.4 E-15
80 L1 E-11 - 2.7TE-11 -0.8 E-15 0.5 E-15
70 0.8 E-11 2.4 E-11 -0.8 E-15 -1.2 E-15
60 -1.3 E-11 0.2 E-11 -0.2 E-15 -2.2 E-15
50 .7 E-11 - 0.5 E-11 0.4 E-15 -1.9 E-15
40 -0.8 E-11 0.7E-11 0.7 E-15 -0.8 E-15
30 .5 E-11 - 2.0E-11 0.8 E-15 0.6 E-15
20 1.2 E-11 3.0E-11 0.6 E-15 2.0E-15
10 -3.4 E-11 - 0.6 E-11 -0.1 E-15 2.7 E-15
0 2.3 E-11 - 4.4 E-11 -1.0 E-15 1.7 E-15
-10 1.7 E-11 5.1 E-11 -1.1 E-15 -0.5 E-15
-20 -3.7 E-11 - 0.8 E-11 -0.3 E-15 -1.7 E-15
-30 2.6 E-11 - 2.5E-11 0.5 E-15 -1.4 E-15
-40 -0.7 E-11 3.9 E-11 0.5 E-15 -0.4 E-15
-50 -2.1 E-11 - 4.1 E-11 0.1 E-15 0.0 E-15
-60 4.2 E-11 0.3 E-11 0.0 E-15 -0.2 E-15
-70 -1.8 E-11 5.7 E-11 0.4 E-15 0.1 E-15
-80 -5.1 E-11 - 5.6 E-11 0.6 E-15 1.4 E-15
-90 0.0 -11.8 E-11 0.0 2.2 E-15
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Hence, the vertical zonal component seems to be less accurate than the

meridional zonal gravity gradient.

Analogous considerations are applied to the combined zonal and nonzonal
fields. In Number Maps 6 and 7 we give the differences of the Kozai-
Gaposchkin sets relative to Kaula's gravity gradients. If we again compute

standard deviations, considering the area represented by the individual
numbers, we obtain for

1. the horizontal, meridional component:

{i?.l E-11 sec-2 at 0 km

m)\‘ onst 2
- cons +1.0E-14 sec”” at 10 000 km;

2. the horizontal component along latitude curves:
17.2 E-11 sec™? at 0 km
m —
¢ = const £1.2 E-14 sec™® at 10 000 km;

3. the vertical component:
n’lvert

{:tl.4E-10 sec_2 at 0 km

+4.2 E-14 sec'2 at 10 000 km.

Again, the vertical component appears to have greater uncertainty than
the horizontal components; however, the relative accuracy referred to the
full range of Table 4 gives for all components the same percentage, namely,

approximately 12%.

3.5 Constants and Coefficients Used

In the above analysis, we used the following constants:

a =6 378 165 m, the earth's equatorial radius,
GM = 3.986032 x 1020 cm? sec™?,
and
, = -0.108264 x 1072
-5
4 = 0.21 X 10 .
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Also, the following zonal harmonic coefficients by Kozai and Kaula and

nonzonal harmonic coefficients by Gaposchkin and Kaula were used:

Zonal Harmonic Coefficients (normalized)

Kozai (1964) Kaula (1966)
. % 10° x 10°
Ezo -484.174 -484.17
(—:30 0.962 0.97
640 0. 550 0. 54
650 0.063 0. 04
660 - 0.179 - 0.18
670 0.086 0.11
680 0. 065
690 0.012
610 0 0.012
(‘:.11 0 - 0.063
612 0 0.071
613 0 0.022
"14 0 - 0.033
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Nonzonal Harmonic Coefficients (normalized)

Gaposchkin (1966)

Kaula CA (1966)

C 3 S
nm nm nm nm
m NN & .6 o o 1nb 106
n 1 X 1uU X 1u n m X 1u X 1y
2 2 2.379 -1.351 2 2 2.42 -1.36
3 1 1.936 0.266 3 1 1.79 0.18
3 2 0.734 -0. 538 3 2 0.78 -0.175
3 3 0.561 1. 620 3 3 0.57 1.42
4 i -0.572 -0. 469 4 1 -0.56 -0. 46
4 2 0.330 0. 661 4 2 0. 30 0. 606
4 3 0.851 -0.190 4 3 0.92 -0.19
4 4 -0.053 0.230 4 4 -0.06 0.32
5 1 -0.079 -0.103 5 1 0.00 -0.02
5 2 0.631 -0.232 5 2 0. 44 -0.28
5 3 -0.520 0. 007 5 3 -0. 31 0.03
5 4 -0.265 0. 064 5 4 0.02 0.11
5 5 0.156 -0.592 5 5 0.10 -0.49
6 1 -0.047 -0. 027 6 1 -0.10 0.10
6 2 0.069 -0. 366 6 2 -0.01 -0.28
6 3 -0.054 0. 031 6 3 0.09 0. 04
6 4 -0.044 -0.518 6 4 -0.19 -0.43
6 5 -0.313 -0.458 6 5 -0.17 -0.60
6 6 -0.040 -0.155 6 6 -0.05 -0.26
7 1 0.197 0.156 7 1 0.06 0.07
7 2 0.364 0.163 7 2 0.29 0.08
7 3 0.250 0.018
7 4 -0.152 -0.102
7 5 0.076 0. 054
7 6 -0.209 0.063
7 7 0.055 0. 096
8 1 -0.075 0. 065
8 2 0.026 0. 039
8 3 -0.037 0. 004
8 4 -0.212 -0.012
8 5 -0.053 0.118
8 6 -0.017 0.318
8 7 -0.0087 0. 031
8 8 -0.248 0.102
9 1 0.117 0.012
9 2 -0.0040 0.035
10 01 0.105 -0.126
10 02 -0.105 -0. 042
10 03 -0.065 0.030
10 04 -0.074 -0.111
11 ol -0.053 0. 015
12 01 -0.163 -0. 071
12 02 -0.103 -0. 0051
13 12 -0.058 0. 048
13 13 -0.075 0.010
14 01 -0.015 0. 0053
15 12 -0.062 0. 058
15 13 -0.063 -0. 066
15 14 0.0083 -0. 0201
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REMARKS TO NUMBER MAPS 1 TO 7

Geocentric latitude ¢: first column on the left of each table; Northern

Hemisphere +, Southern Hemisphere - .

Geocentric longitude \: first line on the top of each table (to be multiplied

by 10); east of Greenwich +, west of Greenwich - .
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Number Map 1.
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“2~2 =1 -1 =0 0 1 1 2 2 3 3 & & 5 § &
“4 <4 =4 -4 =3 =3 -3 =21 1 2 4 7 910 1212
=4 =5 =7 =8 =8 «9 =9 =9 -8 <6 <3 2 7 12 17 21 23
=2 =§ ~8=]10-12=14=16=17-18=17-12 =5 & 14 24 3] 34
4 =] 5 ~9al2-16=19a24227-27=23=14 =0 15 29 39 44
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=3 =7-12=17-20-22-20-18-21-26-29-23 -8B 15 36 48 52
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39 22 10 0-=14-16-13-15 =8 1 9 16 3I=lé~18=16 =6
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«18=19~19=-19=18=16=)4=12 =9 ~6 =3 -0 2 S 7 9 11
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ar in meters.

=18-17-16=15~14=13=12-11=10 =9 =8 =7 =6 =5 =4 =3 =2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
=3 =2 =-2=2-2-1=1=0 0 )1 2 2 3 4 6 & 5
=4 o4 =4 =4 =4 =4 =4 =3 =2 ] 1 3 5 T 9101l
=3 =4 =5 =6 =T =8 =8 =B =7 =6 =3 1 5 10 14 17 19
=1 =3 =6 =8~10~12213«14=14=13 =9 =3 4 12 19 25 28
2 =] =5 =8~11=13<16-19-20-20-16 =9 1 13 23 31 35

5 1 =3 «7=10-14=17-21-24-25-21-13 =1 13 26 36 4l

6 ] =4 =~8~l1=16=17-2]1-24-26=264=-16 =3 13 28 39 43
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7-10-23-30-28-20-11 -3
11 =4<16223-23«]19+]14-11-10-12-15
1 =9-16-18-17~16~16-18-22-25
6 =3 =9-13-15~]17-20-24=29-32
~8~12~17-22-28-33-36
~4-10-16-22-28-33-37
-1 =7~14-20-25-29-33
~]l =5-10=15-19-22~24
-1 =3 -6 -8-10-11-12

0

0

0

0

31
20
10
-1

0

0

21
10
-1

0

0

-4

0



8s
40

70
65
60
S8
S0
45
35
30
25
20
15
10

-5
=10
-15
=20
-29
=30
«35
=40
=45
=50
=55
=60
=65
=70
~75
-840
-85
-39

-30
-35
=40
=45
=50
-5S
=60
-65
-70
=75
=80
-8S
=90

~18=17-16=15=14=13=12=11«10 =9 =8 =7 <6 =5 =4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
“3 =2 2«2 -2°2=1=1<0 01 2 2 3 &
=4 =4 =4 =4 =4 =4 -4 -3 =3 -] 0 2 4 6 8
“3 =4 =5 =6 =7 =7 «8 =7 =7 =5 =3 ] & 812
=l 3 =5 =7 «9=10=11=12~12=10 =7 ~2 4 10 16
] =2 =5 =7-10-12-16-16=16=15=12 =6 2 11 19

3 «0 =4 =7=]10-13=16~18=19=19-16 =9 0 11 22

4 =0 =5 =8-12-14~-17-19-21-2]1=19~12 -1 11 23

3 =2 =6=10-)4-16-18-19-21-22-20-14 =3 1] 24

2 =3 =8~13=17-19~20-20-20~21-20«15 =5 9 23

2 =3 ~8-14=-20~23~22-20~19-20-20=17 -8 S 20

4 =] =T=164-21-25-24=-20~18~18-19-19~12 0 15

T 3 =3-12-21-26-25-20-16~16-18-20~16 =5 10
11 7 1 =8-19226=25-]19«14-13-16=19=19=10 4
14 10 5 =5+17<24=24~18=12 =9~12-17-20=14 =0
17 12 8 =-2-14-22=23~17=10 =6 =~7=13=-19-16 =3
19 14 9 0=12«20-2]1=16 =9 =3 =3 =B=15-16 =6
22 16 10 1-10-18=20~16 =8 =1 1 =3-12-15 -8
25 17 11 2 =9-16-18-15 =8 ~0 & ] -8-13~10
29 19 11 2 ~B-lé~)o=]a =7 0 6 & =5=-12-11
31 20 10 1 =9-14=]15=]3 =7 =0 6 5 ~g=10~l1
31 19 9 =1-10~l4-14=13 =8 =] S5 6 0 =8-10
30 18 7 =3-12-15-14~13 =8 =] 4 6 2 =5 =8
26 16 5 -5-14-16-15-13 =8 -2 3 ¢ 3 =3 -¢
21 12 2 -7=15+17=15=13 =7 =2 2 S5 3 -] =4
14 7 =1 =9=16-18=16=12 =7 =2 2 & 3 =0 =2
6 0 =6-13-17~18=-16~12 =7 =2 1 4 3 1 0
=3 ~8-12-16=-19-19-16~-12 =7 =3 0 3 & 3 3
«12=16-18-20-21~19=16~11 =7 =3 0 3 4 S 6
«20-23-24224-22-20=15-11 =7 =3 0 3 6 B8 10
=26~28-28-27-24~20~16=11 =7 =3 1 & 7 10 12
=29-30-30-28-25~20~16=11 =7 =3 1 5 8 1] 14
“29-30-29=27~24-20=16~11 =7 =3 1 4 8 11 13
-25-26-26-24=22~19~15=11 =7 =4 =0 3 6 9 12
«18-19=19=18-17~15<12-10 =7 =4 =1 2 4 6 9
«9=10=10~10 =9 =B =7 =6 =4 =3 «1 0 2 3 §
¢ 0 6 9 0 0 0 0 0 6 0 0 0 0 O

Ar in meters.

=18-17216=15=]14=13=]12=11=10 =9 -8 =7
2 0 0 0 6 0 0 0 0 0 O ¢
~1 =1 =] =1 =] =1 «] =1 =0 -0 0 |
=2 =2 =2 =2 =2 =2 =2 =2 =1 =] =0 |
=2 =3 =3 =3 =4 =4 <4 «3 =3 =2 -] |
©2 =3 =3 =4 =5 =5 =5 =5 25 =3 =2 O
=] =2 =4 =5 =6 =7 =7 =7 =6 =5 =3 =]
«0 =2 =4 =5 =7 28 29 =G =8 =7 «§ =2
1 =1 =4 =6 =8 =9-10-10-10 =8 -6 =3
2 =0 =3 =6 =9ell=]2e]2all=10 =7 =4
4 1 =3 26 =9=11-13-13=12=11 -8 =5
6 2 =2 =6=]10=]12=13«lé=]3el] =9 =p
7 3 =] =6=10-13~14=14=13=12-10 =7
9 6§ =0 =5-10~13=14=14-13=12=10 =7
11 6 1 =4 =9-13=]4=14=13=11=10 =4
13 8 2 =4 =9~]12=14~14=12=]1] =9 =7
15 10 3 =3 =B-12=14=13-12«10 «8 =7
17 11 S =2 =7=11=-13=13=11 =9 =7 =6
18 |2 S5 =] =T7-ll~}2~12~10 =8 =7 =5
19 13 6 =] =6=10-12=11=10 =7 =6 =5
19 13 6 =0 ~6+10~11=1]1 =9 =7 =5 =4
19 12 6 =0 =6 =9=]1]=]0 =8 =6 -4 =3
18 12 5 -1 =6 =9=]1~10 -8 =6 =4 =2
16 10 & =2 =6 =9=)10~10 =8 =5 a3 =2
13 8 3 =2 =7 =9=10 =9 =7 =5 =3 =]
10 6 1 =4 =7 #9=]0 =9 =7 =5 -3 =]
7 3 =1 =5 =8~10«10 =9 «7 =5 =2 =}
4 1 =3 =6 «9=1G=10 =9 =7 =4 =2 =0
0 =2 =5 =7 =9-10=]0 =8 =6 =4 =2 =0
=3 5§ =7 ~9=10=10 =9 =8 -6 ~4 =2 ¢
=6 =7 =8 =9=10=10 =9 =8 =6 =4 =2 0
=7 «B =9=10=10 =9 -8 =7 =5 =3 -] |
-8 =9 =9=]0 =9 =9 =8 =6 =5 =3 -] |
=8 =B =9 =9 =8 =8 <7 ~6 4 =3 ~1 |
=7 =7 =7 =7 =7 =6 =5 =4 =3 =2 =] |
=5 «§ %5 =5 =6 ~4 -4 =3 =2 =] =1 0
*3 =3 =3 =3 =3 =2 «2 =2 =1 =1 =0 0
0 0 0 0 0 0 0 0 0 0 0 O

o=NNNNNN— o o

S RNNNAUNN- ——O

L L U
CO~NNRNNRNN = RNWFrAROY FWN—~O WV

CENWE & & SLWNN—
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CNEFEANAD NN PRNL P WWF FNPNDO

Ar in meters.

OCNVCELOOO®E®~NLNCTR~N®O

28

5 6 7 8 91011 12
6c 0 0 0 0 0 0 O
1 0 <] =1 =2 =2 =3 -3
2 =0 =2 =4 =5 <6 =6 =6
2 =2 =5 =8-10-11=10 =9
3 =3 =9+13=16-16-15-12
10 2 =6-13~-19-22-22-19-13
1 =9=17-2628-27-22~14
0-11-20-28-31-30-23~-13
~0~11-22-30-33-30-22~11
0=11-22-30=33~29=20 ~7
0-11=22=20=32=27~17 -3
1} =1-13-23-31=33-25-13 2
19 9 -4-16-27-35-35-24 -9 8
16 5 =8-22-33-41-38-23 -4 15
11 =0-14=-29-41-48-42-23 21
7 =5-21=36~49-55-46-22 26
3=11-26-43-56-61-49-22 31
=1=15=31=47-60=64=50=22 32
~4~18=-33-48-6]1-64-50-23 31
=6=19=32-45-57=-6]-45-24 26
-6-17-28-39-40=54-46-26 -2 18
=3=-12=21-30-39=46-43-29-]1]1 8
2 =6=13-20-28-36+38-32-19 -3
8 ] =4 =9-17-27-34=33-26-13
13 8 5 0 -7-18-28-33-30-20
15
20

F®O~NLr O

1-10~22-30=3]1-24-12 2

25
28
29
28
26
24
20

10
2

1
131

9 ~3-16-25-28-24~-15
3=10=20~24-22-16
T =4=14-19-]19=16-12

-3
-0 =5
2 -3

e e e 4t et
—-NWrsrrsPwrrooosrnenN

—
o

VE~NCOOCOND

16
9 9
o 0 0 0 0 O

2 -2
1 -1
[

crxTooc®
enNnuvown

elevation.

7T 8 9101112
¢ 0 0 0 o O
0 =0 =0 =1 -}
0 =1 =1 =2 =2
“] =2 =3 =3 -3
=3 =4 =5 =5 =0
-4 =6 =7 =7 =6
=3 =6 -8 =9 -8 ~7
-5 =8-10=-11-10 =7
=6=10-12-13-11 -7
=3 =8=12~15~14~12 -7
“4=10=15=17=16=12 =7
=-6-12-17-19-18-13 ~¢
-0 -8~15-20-21+19=13 -5
~2-10-17-22-24=21-14 -5
-4-12-20=-25~26=22~14 -4
=6~14222~27-28+23=15 =3
=7=16-23-28-29+24~15 =3
~8=17-24-29=30-25-15 -3
=8=17-24=29-29-25-16 =&
-8=-16-23-28-29~24=16 =4
~7=15~21~26=27=23=16 =6
=5~12-18-23-24=22~16 -7
=3 -9-15-19-21-20~-15 =8
=] «6-11~16~18=18~15 =9
2 =3 =7-12~-15-15-14 -9
1 =4 -8-11=13-12 -9
-0 =4 -8-10-10 =9
2 =1 =5 =7 -8 =8
1 -2 =8 ~6 =7
0 =3 -4 =5
2 =1 =3 =4
0 -1 =3
1 =1 =2
1 0-1
1
1
0

oococ o

-1
-2

—_WNWE s rLN—-O b
11
- D e b DN

[N
PP EN—~O OO~ WICNBOOOORNPFW—OW

L
NWR = WU ~ND OOD ~NU W=

-6
-6
-6
-6
-5
-4
-3
-2
0 -1 -2
0 =0 -l
0 0 0

———
CWAND O OO0~
ONVNOIP® OO ODOW
ONSVNE NN S
oNWSFrIVLFwW
oO~NWwWww

elevation.

17

-3
-4
-3
-0

~
N
»>
w

-6 10
-4 5
-9 =3 -0 -1 =3

=9 =8-10-12

1 =8213216-15~14-14-15-18=20
S =3 =B8-12-14~15-17-20-23-26
«8=12-15«19=23-26-29

=9=14-18-23-26~29
~7-12-16-20-23~25
-5 =9-12-15-17-18
=3 <5 =6 =8 =9 -9

6 0 0 0 0 0

17

-1
=2
-2
-2
-1

o ¢ 0 0 0 O



~18=17=16-15-14=13-12-11-10

0
-1
-1
~1
-1

)
VDN WN— o

~18-17=16~15«14=13-12-11=10

4
-1
-1

[
-1
-1
-1
-1
-1
=1
-0

—~WFErONEO®OOOT~NEU P WN =

0
-1
-1
-1

0

1

3

S

7
10
12
15
17
20
21
23
24
25
25
25
24
22
21
18

—
ONSFCD—WR

-1
-1
-1
-1

0

3
-1
-1
-2
-2
-2
-2
-2
-1
=i

E UL ) 4
PUWN=S—=NWELrFELPIWUWNN—OO

-4
-4
-3
-2
-1

0

0
=1
-1
-1
-1
-1

-9 =8 =7

o 0 0 0 0 0 0 0 0O
1 =1 =1 <1 =0 =0 =0 0 0
=1 =] =1 =] «] =1 =1 =0 O
-2 =2 =2 =2 =2 -2 -1 =1 0
=2 =3 =3 =3 =3 =3 =2 =1 =0
e =4 =4 24 24 =4 =3 2 =
=3 =4 =5 =5 =5 =5 =4 ~3 =}
=3 =5 =6 «b ~b =6 =5 =3 =]
=3 =5 =6 <7 <7 «7 <6 =4 =2
«3 =5 =7 «8 =8 -8 =7 =5 -3
=3 =6 =B -9 <G =9 <7 =6 =3
«3 =6 =B =9=]10 =9 -8 <6 -a&
=3 =6 =8 =9-10 =9 =B -6 -4
-2 =6 =8-10=10-10 -8 =7 ~4
-2 =5 =8-10~10~10 =8 ~7 =5
=1 =5 =8=10-10-10 =8 -7 -5
~1 =5 -8 -9=10 =9 -8 -6 -«
<1 =5 =7 -G<10 =9 -8 -6 -4
=0 =4 =7 =9 =G =9 =T -6 ~4
=0 =4 =7 =% =3 =8 <7 -5 -4
=0 =4 =7 -8 -8 -8 -7 =5 -3
=] =4 =7 28 =8 7 =6 =5 =3
=] =6 =6 =8 =B =7 =6 «4 =3
@] =4 =6 27 27 =7 «§ w4 =2
=2 =5 =6 =7 =7 «b =5 -3 =2
<3 =5 =6 =7 <7 =6 =5 =3 =}
<3 =5 =6 =7 ~6 =5 =4 -3 ~}
“b =5 =6 «f =6 =5 =4 =2 =]
=4 =5 =6 =p =5 =5 =3 -2 =]
~4 =5 =5 a5 =5 =4 =3 =2 =0
=4 =5 «5 o5 =4 =4 =3 -] =g
4 =4 =4 =4 =6 =3 =2 =] =0
=4 =4 =4 =3 =3 =2 =2 =1 ¢
=3 =3 =3 -3 ~2 =2 -1 =1 O
-2 =2 =2 =2 =2 -1 =1 =0 0
=1 =1 =1 «] =1 =1 ~0 =0 0

0 0 0 0 0 0 0 0 o

Ar

-9 -8 =7

00 0 0 0 0 0 0 o
«] =1 =1 =1 =1 =1 =0 =0 0
«l «2 =2 =2 =2 -2 -] -1 -0
=2 =3 =3 =4 -4 =3 =3 =2 =
=3 = =5 <6 =6 =6 ~4 =3 ~]
=3 =5 =7 <8 =9 =8 =7 &5 =2
=3 =7 =9«]1=1ll=1l =9 =6 =3
=3 =8-]1-13-14-14=«12 -8 =4
=3 =9=13-16=17-17=14~10 =5
=3-10=15=19-21-20-17=-13 ~¢
=3=11=17-21-23-23-20~15 =4
=3=11=19224=26=26-22-17 =9

~2-12-20~26-28-28-24-18-10
-2-12-21-27-30=30-26-20-11
-1-13-22~29-32-32-28=21-12
-1-13-23-30-33-33-29-22-13
-1-13-23-30-34=34=30-23~13
=0=13=23~31=34~34=30-23~13
=0=13~23=3]=34=34-30-23~13
-0-12-23=30~34-33-30-22-13
-0=12~22=29=33-33-29-22-12
-1-12-21-28-3]1~3]-27-21=12
-1-12~20=2730-29-26=20-11
~1=11-19-25-28-27-24~18-10
-2-11-18-23-26=25-22-16 =9
-2-10-17-21~23-23-20-15 -8
-3-16-15=19=21=20=17=-13 =7
-3 =9-13-17-18-17-15-11 =6
-3 ~8-12-14-15-15~13 =9 =4
-4 =7-10-12-13-12=10 -7 -3
-4 =6 =8-10-10 -9 =8 -5 =2
=3 =5 =7 =7 =8 =7 -4 =2
=3 =4 =5 =5 =5 -5 -3 -
-2 =3 =3 -4 =3 -3 -1 -0
=2 =2 =2 -2 =2 =2 =1 =1 ~g
“1 =1 =1 =] =1 =1 =0 =0 ¢

0 0 0 0 0 0 0 0 0

-6
-4
-2

Ar X 10—1

-6 =5 =4 -3

oo O

1

~n
SO NN NNRNNNNN = =~ QOO R NN JWWWLWNN~~O
CRNNWWS S FIPLLUWWWULWWWW LSOO NERROC VUL WNN—O

C=NWHFSIAVMNIINURNINONERENNODODO®® NN WN—O

O D b ot e

in meters.

-6 =5 =4 =3
0 0 0 0
o 1 1 1
1 1 2 2
1 2 3 &
1 3 5 6
1 & 7 9
1 5 911
1 6 10 1s
1 71216
0 7 14 19
0 81521

-0 9 17 23

-1 9 18 2%

-1 919 26

-1 9 1927

-2 9 20 28

-2 9 2028

-2 9 20 28

-2 9 20 28

-2 9 20 28

-2 9 1927

-2 9 18 28

-1 9 1825

-1 8 17 24

-1 8 16 22

-0 7 15 20
0 71318
0 612 16
1 611 1s&
1 5 912
1 &4 710
1 & 6 8
1 3 4 6
1 2 3 &
1 1 2 2
01 1 1
0o 0 0 o

meters.

—— e b 1 e

O-NWFIrNCCCOOCETNN~NDEOVOO~ ~~ ~ OO0 NWN=O N

-1 0 1 2 3 4 5 & 7 8 91¢ 11
0 0 0 0 0 0 0 O 0 0 O 0 O
1 1 1 1 1 1 0 0 0 =0 =0 =0 =0
2 2 2 2 2 1 1 0<-0<0-=1~-1 -1
4 & 3 3 2 2 1 0 =0 =1=1=} =1
S 5 5 4 3 2 | -0 -] -2 =2 =2 =2
7 7 6 5 4 2 0-1-2-3-3-3-3
8 8 7 6 & 2 -0 <2 =3 =& ~& -4 =3
9 9 8 7 &4 2 -} -3 =5 =6 =6 =5 =3

1810 9 7 & 1 -2 =4 =6 =7 =7 =6 =4

11 11 10 8 & ] -3 =6 =8 =9 =8 -7 =4

12 12 10 8 & 0 «4 =7 =9=10=10 =7 =4

12 12 10 8 4 =] «5 =9=«]1]~-]12~1] =8 -4

1212 10 7 3 =2 =-6-10~-13-13-12 -8 =4

12 12 10 7 3 =2 =7=12-14=15=13 =9 =4

1212 10 6 2 -3 =9-13-16-16~14 -9 ~&

1111 9 6 1 =4 -9-14=17=]17=14=10 =&

1111 9 5 1 =5-10-15=17=17=15-10 =4

10 10 8 5 0 =-5-10-15~18~18-15~10 =4
9 9 B 5 0 ~-5-10-15-17-~18-15-10 =4
9 9 7 4 (0 =5-10-14=17-17=15=]10 =4
8 9 7 & 0 =4 «G=13-]16=16-]4=]10 -4
8 8 7 S 1 =4 -8-12~15-15=14=10 -4
8 8 7 S 1 =3 -7-10~-13=14=]12 ~9 =5
8 8 7 5 2 =1 =5 =%=11-i2=11 -9 =5
8 8 7 © 3 =0 -4 =7 =%5-i-10 -8 -5
7 B 7 6 4 ]| =2 =5 =7 =8 =8 -7 =5
7 8 B 6 5 2«0 =3 =5 =6 =7 =6 -4
7 8 8 7 S8 3 1 =1 =3 =5 =b -5 -4
7 8 7T 7 6 & 2 =0 -2 =3 =4 -4 =3
7 17 7 7T 6 & 3 1 =0=2=3 -3 =3
6 7 7 6 S 4 3 2 0 =1 =2 -2 =2
6 6 6 6 5 4 3 2 1 0 =1 =1 =2
5 5 5§ 5§ 4 4 3 2 1 1 =0=1 =1
4 & 4 4 3 3 3 2 1 1 0 =0~}
2 3 3 3 2 2 2 1 1 1 0 =0 =0
1 11 1 1 1 1 1 1 06 0 0-=~0
c o ¢ 0 0 0 0 O O O O 0 0
10 000-km elewvation.

-1 0 1 2 3 4 5 6 7 8 91011
o 0 0 0 0 0 0 O 0 0 0 O 0
1 1 1 1 1 1 0 0 0«0 =0 =0 =0
3 3 2 2 2 1 0 =0=1=1=1=1~}
5 5 4 3 2 1 -0 =1 =2 =2 ~2 -2 =2
B 7 6 5 3 1 =1 =3 =6 =4 =4 =3 «2
10 10 8 6 3 0 =2 =5 =6 =7 =6 =5 =3
131310 7 & =0 =4 =7 =9=10 =9 =7 =4

17 15 13 9 & =] «6=-10-12-13-12 =9 -6

20 18 15 10 4 =3 =8«13=16~17=15~12 =7

23 21 17 11 4 =4=11-16-20=-20~18~14 =8

25 23 19 12 3 =5-14=20-24=24=2¢2-106 =9

28 26 20 12 3 ~7-16-23-27-28-25-18-10

30 27 22 13 3 =8-19-26~31-31=28-21~11

32 29 23 13 2~-10-21-29-34~34~30-22~11

33 30 26 14 2-11-23~32-37-37-33~26-12

34 3] 24 14 1-12-24-34=39-39~34=25~13

35 32 24 14 1-13-25-35-40=41-36-26-13

35 32 26 14 1-13-26-36-4]1-4]1~30~26~13

35 32 26 14 1=13-26-36=4]1-41-36~27~13

34 3] 26 13 1+13-25-35-40-41~3b6-26-13

33 30 23 13 1-12-24=34-39~39=35-25~13

32 29 23 13 1-11-23-32-37-37=33-24~-]2

31 28 22 13 2-10-21-29=34-35=31-23-12

29 26 21 12 2 =9-]19=27=3]1=-32~28=21-11

27 25 20 12 3 ~7~16=24~28-29-206-19-10

25 23 18 12 3 ~6-14~-20-24~25=23-17 -9

22 21 17 11 & -~4=11-17-2)-21-19-15 -8

20 1915 10 4 =3 =9=14=]17-18-16~-13 -7
17 16 13 9 4 =1 -6=11-13=14~13=]10 =6
1514 12 B 4& =0 =4 ~8~-10-11-10 =8 -5
121110 7 4 1 =2 =5 =7 =B =7 =6 -4
9 9 8 6 4 1 -1 =3 -4 =5 -5 ~4 =3
7 7 6 5 3 2«0 =1 =2 =3 =3 =3 =2
5 5 4 3 3 2 1 <0 =] -1 =2 =2 -1
33 3 2 2 1 1 0=0-0=1-1 -]
1 11 1 1 1 1 0 0 ©=0-00
o 0 0 0 0 0 0 O O O 0 0 O
50 000-km elevation.

29

[N I T T I I I N I R I | EIE I I 2 T N I I I Y
O =NNRNRNNRNNN-O~ ~ N WWWWWWN~OO =~ NN~ ~0O N

LI I I R B N I B ) -~
C o e e e = © W N

S = NN NN = —O

-0
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-2
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-1
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-1
-1
-0

0

L I I | —
- ot bt - O W
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N WP ND LSO OOPRNFF WO
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-30
=35
=40
=45
=50
=55
-60
=65
=70
=15
-80
-85
=90

=18~17=16=]5-14=13=]12=11~10

0

0 0

a0 = =0

COOO=NWUNOTG®O

-0 -0
0 =0

[ ]
COCQOO = NNWLSNNRRN~NN~NNCOONANIFWWN~~OO

o

0
-0
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Number Map 7. Horizontal and vertical spread of the gravity gradient;
10,000-km elevation
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